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Abstract: Currently there are no direct methods for the sequence-specific detection of DNA-methylation
at CpG dinucleotides, which provide a possible diagnostic marker for cancer. Toward this goal, we present
a methodology termed mCpG-SEquence Enabled Reassembly (mCpG-SEER) of proteins utilizing a split
green fluorescent protein (GFP) tethered to specific DNA recognition elements. Our system, mCpG-SEER,
employs a zinc-finger attached to one-half of GFP to target a specific sequence of dsDNA, while a methyl-
CpG binding domain protein attached to the complementary half of GFP targets an adjacent methylated
CpG dinucleotide site. We demonstrate that the presence of both DNA sites is necessary for the reassembly
and concomitant fluorescence of the reassembled GFP. We further show that the GFP-dependent
fluorescence reaches a maximum when the methyl-CpG and zinc-finger sites are separated by two base
pairs and the fluorescence signal is linear to 5 pmol of methylated target DNA. Finally, the specificity of
this reporter system, mCpG-SEER, was found to be >40-fold between a methylated versus a nonmethylated
CpG target site.

Introduction domain can specifically recogriza 3 bptract of dsDNA in the
major groove’. Moreover, protein design and selection ap-
proaches have helped identify an almost complete lexicon of
zinc-fingers for targeting 3 bp tracts'® These seminal advances
allow for the design of sequence-specific proteins to recognize
virtually any dsDNA target of interedt. Another elegant
approach for dsDNA detection has also been recently demon-
strated using sequence-specific polyamitfeds However, nei-
ther zinc-fingers nor polyamides alone can currently detect subtle
chemical modifications such as DNA methylation in a sequence-
specific manner.

We present a new approach for the direct detection of specific
sites of cytosine methylation building upon our recently
developed methodology for the detection of double-stranded
DNA (dsDNA) calledSEquenceEnabledReassembly (SEER).
Direct detection of specific sequences of double-stranded DNA

Underlying the complex cellular regulatory pathways are
intricate patterns of covalent modifications of DNA comprising
the epigenomé.These modifications are integral to normal
cellular processes such as transcriptional regul@ti@NA
methylation in higher eukaryotes occurs at cytosines in CpG
dinucleotides by the transfer of a methyl group from S-
adenosylmethionine to the C5-position of cytosine catalyzed by
DNA methyltranferases. In normal cells methylation is pre-
dominantly found at repetitive genomic regions, such as
transposable elements and satellite DNA. Strikingly, CpG islands
associated with the promoter regions of genes involved in cancer
are generally unmethylated in normal cells but aberrantly
methylated in tumor celld? Thus, the detection of aberrant
patterns of methylation is an emerging area of early detection
for human carcinomas. To recognize specific sites of DNA .
methylation we would need a system that can recognize specific(dSDNA) utilizing the SEER approach was recently demon-

sequences of double-stranded (dsDNA) as well as methylatedsrrated using modular zinc-finger DNA-binding domains at-
DNA. tached to split reporter proteins, such as &Fahd S-lacta-
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maset® In our current design we chose GFP as our split-reporter
protein due to its undetectable background fluorescéhcayve
envisioned that the direct detection of mCpG sites could be
achieved by redesigning the SEER system to recognize CpG
methylation. In this new design we envisioned that a sequence
specific DNA-binding protein could recognize a dsDNA site
adjacent to the mCpG site, while a second DNA-binding protein,
selective for mCpG sites, could then be used to detect site-
specific methylation. We hypothesized that the two DNA
binding proteins attached to two halves of GFP would localize
on adjacent sites on a target dsDNA resulting in the reassembly
of the parent GFP fold. The DNA-localized split-GFP would
then autocatalyze fluorophore formation, thus producing an
observable signal that directly reports on the methylation status
of a specific methylated CpG site.

To recognize methylated DNA we have focused on the
naturally occurring methyl-CpG binding domain (MBD) family
of proteins that consists of MBD1, MBD2, MBD3, MBD4 and
MeCP2181% NMR structures of MBD1 (with and without
DNA)2921 and of MeCP2 (without DNA¥? have shown that
these MBDs have similar structures and make specific contacts
in the major groove of DNA. We envisioned that by using a
protein from this family we could detect methylation in CpG
islands by redesigning our previously described SEER meth-
odology.

As a first test of our proposed detection system for mCpG
sites, we chose the well-characterized MBD2 protein from
humans. MDB2 has a binding affinity of 2.7 nM for mCpG
sites, while its binding affinity for nonmethylated-CpG sites is
at least 70-fold les% We hypothesized that this difference in
binding affinities would allow us to selectively target mCpG

CGFP-MBD2

NGFP-Zif268
A

NH,

Add DNA sequence
which contains both a
mCpG and zinc-finger
site.

A
Recognition of a mCpG site ‘h
upstream of the Zif268 site !
leads to catalysis of
chromophore formation.

R = deoxy-
Ribose

mCpG-SEER

Figure 1. mCpG-SEER strategy. CGFMBD2 (pink and red) and
NGFP-Zif268 (cyan and blue) are shown in ribbon form. The mCpG island
is shown as spheres, cytosines are colored cyan with methyl groups
highlighted in green, the zinc-finger binding site is highlighted in orange.
(Inset) Structure of 5-methylcytosine as well as the surface of an MBD
bound to DNA.

sites versus nonmethylated-CpG sites. Since nhumerous sites on

a genome are methylated, we also needed to introduce sequenc%1e

specificity, which can be readily achieved by either natural or
designed zinc-fingers. As proof of concept, we employed the
well-studied Zif268 zinc-fingery = 6 nM)2* to recognize a
site adjacent to the mCpG site. Molecular modeling suggeste
that attachment of the zinc-finger specificity domain to the
N-terminal GFP fragment and the MBD to the C-terminal GFP
fragment would result in a viable protetbDNA complex
positioned for reassembly of the GFP halves (Figure 1). Each
protein fragment was designed with a 15-amino acid linker
separating the split-protein reporter from the DNA-binding
domain to ensure conformational flexibility as 30 amino acids
can theoretically span a distance of approximately 100 A. We
considered possible steric clashes due to the juxtaposition of

d
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MBD and zinc-finger domains (Figure 1, inset) on DNA
and chose to focus initial experiments in the context of a dSDNA
target containing a 10 bp spacing (34 A) between the mCpG
and zinc-finger site. The 10 bp spacing had been shown to be
optimal in the context of our previous SEER systems. We
hypothesized that this separation between binding sites would
both minimize steric clashes and position the mCpG-SEER
proteins on the same surface of dsDNA.

Experimental Section

General Materials. All materials were obtained from Sigma-Aldrich
unless otherwise noted. 2XYT media was purchased from Becton
Dickinson, and ZnClwas obtained from EM Sciences. Urea and DTT
were obtained from Research Products International.

Cloning, Expression, and Purification of mCpG-SEER Proteins.

A plasmid containing arEscherichia colioptimized gene for human
MBD?2 (residues 14+7215) was obtained from GenScript. The follow-
ing primers were used to clone MBD2 into an existing cassette
(containing the C-terminal portion of GFP, residues-1388, separated

by a 15-amino acid linker): 'SGCGTATGAATTCGGAAAGCG-
GCAAACGC-3 and 3-CGGTTAACCGGTCATTTTGCCGGTACG-

3'. The pETDuet plasmid containing the CGFMBD2 gene was then
transformed into electrocompetent BL21(DE3) cells (Novagen). An
overnight culture of these cells was used to inoculate a 1-L culture of
2XYT with Amp (Research Products International) at ans63bf 0.05.
Protein expression was induced at anggDf 1.32 using 1 mM IPTG
(Research Products International) for 3 h. Cells were pelleted and frozen
overnight at—20 °C. Cells were then lysed using sonication and
clarified by centrifugation. SDS-PAGE analysis showed that CGFP
MBD2 was expressed in both the soluble and insoluble fractions.
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Table 1. Specificity Targets for mCpG-SEER 2.0E+05
2 bp Targets 10 bp Targets
8
mCpG-2-Zif268 mCpG-10-Zif268 T 1.6E+05
GCGTA,CGTACGCCCACGCCACCE GCGTALCGTAGGACGATACGCCCACGCCACCG 2
CGCATEC ATECEEETECEETEEE CECATEC, ATCCTEGCTATGCGEETECEETEEC 3
| =
CpG-2-Zif268 CpG-10-Zif268 8 1.2E+05
GCGTA  TACGCCCACGCCACCG GCGTA  TAGGACGATACGCCCACGCCACCG §
CGCAT  ATGCGGGTGCGETGEC CGCAT  ATCCTGCTATGCGGGTGCGGETGGEC g
mCpG Only mCpG Only > 8.0E+04
GCGTA,CCTAGCACATAGGCACCG GCGTALCGTAGGACGATAGCACATAGGCACCG
CGCATEC AT CT TCOETGES CBCATGC ATCCTGCTAT CTETATCCGTGEC _-g
E=1
-
mCpG-2-Zif268 Gto T mCpG-10-Zif268 Gto T < 4.0E+04
GCGTA,, CGTACGCCCACGCCACCG GCGTA, CGTAGGACGATACGCCCACGCCACCG
CGCATGCL ATGCE ' GTGCEGETGEE CGCATGC ATCCTGCTATGCG GTGCGETGEC
a o . . ) 0.0
Red, blue, and pink indicate the respective MBD2, Zif268, and mutation 300 440 490 540
sites. Wavelength (nm)

. . . Figure 2. Fluorescence excitation (monitored at 505 nm) and emission
CGFP-MBD2 from either fraction was purified separately under (excited at 468 nm) spectra of NGFEif268 (5 uM) + CGFP-MBD2

denaturing conditions using Ni-NTA resin (Qiagen) using Buffer A (20 M) in the presence (green) or absence (blue) of:dbtarget DNA
(10 mM Tris-HCI at pH= 7.5, 100 mM NaCl, 1 mM DTT, and 100 (mCpG-10-Zif268) in buffer A.

uM ZnCly) plus 4 M Urea. The protein was characterized by SDS-

PAGE and mass spectrometry (Supporting Information), concentrations

were determined using absorbance measurements at 280-nf¥(440 Fluorescence Measurement\ll spectra were acquired on a Photon
M-1cm). Technology International spectrofluorometer with excitation and emis-

sion wavelengths of 468 and 505 nm, respectively. Slit widths were

GFP) was expressed and purified as described previstiSiGFP— set to 5 nm for excitation and 10 nm for emission. Relative intensities

Zif268 was characterized by SDS-PAGE and mass spectrometry were determined by subtracting background emission values at 505
(Supporting Information), concentrations were determined using ab- ™M for refolded mCpG-SEER proteins at th_e same cpncentra“on with
sorbance measurements at 280 (17 210 M cmY). no DNA,; these samples were then normalized relative to the sample

Detailed information including the sequences of NGIZ#268 and with the highest fluorescence intensity.
CGFP-MBD2 as well as detailed purification procedures can be found
in the Supporting Information.

Refolding Expirements. HPLC-purified target DNA sequences were Initial mCpG Detection. Initial modeling studies suggested
obtained from IDT, and herring sperm DNA was purchased from that 3 target oligo containing a 10 bp separation between the
Invitrogen. Oligos were annealed in<1BamHl Buffer (NEB) using  ncn and zinc-finger sites would allow the DNA-binding
the following procedure: heating to 9& for 7 min, cooling to 56C . i .

o~ I X ; proteins to be positioned approximately on the same face of
at a rate of 1°C/min, equilibrating at 56C for 5 min, and finally d hil idi . bl ic clash bindi
cooling to 25°C at a rate of 1°C/min using a Techne Genius SDNAW '.e avoiding noticea ?Stenc clashes upon binding.
To test this idea &M of NGFP-Zif268 and 2QquM of CGFP—

thermocycler. :
All refolding experiments were conducted using 3.5 kD MWCO MBD2, were refolded in the presence or absence of a methylated

Slide-A-Lyzer Dialysis Cassettes (Pierce). Sequences for all DNA (MCpG-10-Zif268) dsDNA target which contained a 10 bp

targets used for testing the specificity and dependence on target-sitespacing between the mCpG and Zif268 sites. Fluorescence
spacing of mCpG-SEER are given in Table 1 and the Supporting spectra were acquired 2 days post refolding by exciting at 468

The NGFP-Zif268 fusion protein (containing residues-157 of

Results and Discussion

Information (Table S1), respectively. nm and monitoring emission at 505 nm. Signal due to GFP

For experiments used to determine mCpG-SEER specificity and reassembly was observed only for samples containing both
dependence on target site spacing, NGER268 (5 uM), CGFP- halves of GFP in the presence of the methylated target
MBD?2 (20 4M), and target DNA (2.5:M for 10 bp targets; 1M for oligonucleotide (Figure 2), whereas no fluorescence was

2 bp targets) were mixed in Buffer A contaigimt M Urea. These  ghsaryed without DNA. These experiments clearly validated our
samples were refolded by gradually dialyzing into Buffer A containing design and indicated that the designed mCpG-SEER system

2,1, and 0.5 M urea and then twice into Buffer A with no urea (final . . .
concentration of ures 350 nM) over a period of 2 days. All refolding CQUId detect mCpG islands and that the split-protein reporter
did not spontaneously reassemble.

experiments were conducted at°@ in uncovered chambers; after
refolding, each sample was placed &Gl Fluorescence spectra were mCpG-SEER Specificity. To further address the specificity
acquired 2 days post-refolding for the 10 bp targets and 7 h of the mCpG-SEER system, we independently varied each target

post-refolding for the 2 bp targets. site and assayed the ability of the GFP fragments to refold and
For experiments used to determine the limit of detection of dsSDNA produce a fluorescence signal. Control DNA sequences contain-
for mCpG-SEER, NGFPZif268 (54M), CGFP-MBD2 (20 «M), and ing a 10 bp spacer between the MBD2 and Zif268 sites were

decre_a;ing concentrgtions of target DNA (500, 250, 100, an_d 50 nM) designed as follows: (1) no methylation (CpG-10-Zif268), (2)
cqntalqlrg az bpspacmg.b.etween the mCpG and zinc-finger sites were no Zif268 site (MCpG only), and (3) a single bp mutation in
mixed in Buffer A containig 4 M urea. These samples were refolded the Zif268 site (MCpG-10-Zif268, G to T). Mixtures of the two

by gradually dialyzing into Buffer A containing 2, 1, 0.5 M urea, and . .
twice into Buffer A with no urea (final concentration of urea350 proteins, NGFP Zif268 (5 «M) and CGFP-MBD2 (20 uM),

nM) over a period of 2 days. All refolding experiments were conducted Were allowed to refold separately in the presence ofu/eof
at 4°C in uncovered chambers; after refolding, each sample was pIacedeaCh target dsDNA sequence as well as an equivalent amount
at 4°C. Fluorescence spectra were acquired 2 days post-refolding.  of herring sperm DNA (Figure 3). Importantly, a very low level

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9763
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@ CGCATGCr, (N) 1 0GCGGGTGCGETGGC 3
g Wors{ 1
8 0.501 mCpG-10-Zif268 G to T pY
] GCGTARCG (N) 1 oCGCACACGCCACCG o
8 CGCATGCr, (N) 1 0GCEGTGTGCGETGGC g
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@
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mCpG-10- CpG-10- mCpG mCpG-10- Herring  No @
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Figure 3. Fluorescence emission at 505 nm of NGFARf268 (5 uM) + o
CGFP-MBD2 (20 «M) in the presence of indicated double-stranded DNA (14 D D |_|
controls (2.5¢M each). 000+—LA LI e B IR IR e
01 2 3 456 7 8 9 10111213
of fluorescence was observed for the CpG-10-Zif268 site, which Spacing (bp)
was 15-fold lower than the cognate methylated target (Figure Figure 4. mCpG-SEER fluorescence emission spectra at 505 nm. NGFP
3). Zif268 (5uM) + CGFP-MBD2 (20 «M) in the presence of target dsDNA

These data clearly demonstrate the ability of mMCpG-SEER (2.5uM each) as a function of increasing spacing between target sites.
to discern between methylated- versus nonmethylated-CpG sites
via the use of the methyl-CpG binding domain. Additionally,
the requirement for the adjacent zinc-finger binding site was
verified by the lack of fluorescence in the presence of the target
that contained an arbitrary DNA sequence adjacent to a
methylated-CpG site. Furthermore, the exquisite sequence
specificity of the zinc-finger was validated by almost a complete
loss of fluorescence by a single-base pair mutation (G to T) in
the zinc-finger target site. Last the absence of an observable
signal for the sample containing nonspecific herring sperm DNA
reconfirms the requirement for both a mCpG site and a zinc-
finger site to be in close proximity to induce reassembly of GFP.

mCpG-SEER Dependence on Target Site Spacinglo
further address the requirements for target site spacing between
the CpG and zinc-finger sites we devised a set of experiments =
to probe the GFP reassembly-dependent fluorescence signal
intensity as a function of target site distance. Fourteen dsDNA 0.00 J . . [ |
targets were tested with spacings of zero through thirteen bp’s 500 nM 250 nM 100 nM 50 nM
between the mCpG and zinc-finger binding sites. Mixtures of [MCpG-2-Zif268]
the two proteins, NGFPZif268 (5 uM) and ,CGFP_MBDZ Figure 5. Relative fluorescence emission at 505 nm of NG#Z#268 (5
(20 uM), were allowed to refold separately in the presence of ,m) + cGFP-MBD2 (20 uM) in the presence of the decreasing
2.5 uM of each target dsDNA sequence (Figure 4). An concentrations of MCpG-2-Zif268 target DNA. (Inset) Linear fit to the data.
analogous experiment usingd¥ of each mCpG-SEER protein
was also performed and produced similar results (Supporting reassembly as observed by the fluorescence intensity changes
Information, Figure S6). as a function of DNA length and pitch. We attribute this

The results of these experiments yield several interesting phenomenon to the increasing distance as well as positioning
insights into the requirements for maximum signal generation of each DNA-binding protein of the surface of dsDNA. As the
for the mCpG-SEER system. No reassembly is observed whendistance between target sites is increased, the orientations of
DNA-binding domains are juxtaposed next to one another (0 the binding sites also change along the helical axis. This yields
bp spacing), presumably caused by the inaccessibility of both discrete maxima and minima and is further supported by results
target sites simultaneously by the DNA-binding proteins (mo- from similar experiments using our SEER-GFP system (Sup-
lecular modeling indicates that MBD2 occupies a surface area porting Information, Figure S2) and SEER-Lac systém.
greater than just the mCpG site on dsDNA, Figure 1 inset). mCpG-SEER Limit of Detection. The limit of detection of
Second, a sharp increase in fluorescence is observed for targemCpG-SEER was determined for an oligo contagnan 2 bp
site spacings at 1 and 2 bp spacing. These results suggest thateparation between the mCpG site and the zinc-finger site
at 2 bp the two GFP halves are best oriented for reassembly(mCpG-2-Zif268). Mixtures of the two mCpG-SEER proteins,
probably due to the relatively close proximity (the local NGFP-zif268 (5 uM) and CGFP-MBD2 (20 uM), were
concentration of each half determined by modeling is ap- allowed to refold in the presence of decreasing amounts of
proximately 5 mM). Third, the helical nature of dsDNA is mCpG-2-SEER target DNA (Figure 5). These experiments show
visualized in the repeating maxima and minima of GFP that 50 nM dsDNA (5 pmol) is readily visible over background
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=
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5 8
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1.00+ build upon these concepts by employing a naturally occurring
DNA-binding protein which recognizes the methylation of

mCpG-2-Zif268 : cytosine residues in CpG sites to assemble a ternary protein
GCGTACGE (N) 2CGCCCACGCCACCG complex for the site-specific detection of CpG methylation. This
CGCATGC, (N) 2GCGEETGCGETGGC . . . .

0.75- detection system builds upon our previously described meth-
mCpG-2-Zif268 G to T: odology for detecting DNA in its native state utilizing split-
GCGTARCE (N) 2CGCACACGCCACCG reporter proteins termed SEER.

COCATCCm () 26CEHGTGCEGTACC The specificity of mCpG-SEER for methylation will allow

for a sensitive alternative method for the direct detection of
mCpG sites. Future experiments in this area will be focused on
optimizing conditions to generate efficient reassembly of the
current split-GFP or other GFP variatt&?as well as analyzing
the ability of mMGpG-SEER to detect mCpG in a genomic context
where numerous mCpG sites will be present.

The sensitivity of mCpG-SEER to the helical turn of dsDNA

0.25+

Relative Fluorescence at 505 nm
(=]
3

yields insights into the application of this system for detection

0.00 — i I-r_l i i i of mCpG sites on specific promoters. Unexpectedly, we found

 mCpG-2- CpG-2- mCpGOnly mCpG-2- Herring  No DNA that, while the mCpG-SEER signal is dependent on the helical
Zif268  Zif268 ZGi'tzcﬁg Sgﬁ:“ nature of dsDNAa 2 bpseparation between the mCpG island

roure 6. Fl <sion at 505  NGREN268 (5 M) + and zinc-finger site yielded maximal GFP reassembly. Systems
Figre 5 Forscenceeasn 1508 v NGEI 100 i omploy 7ncfngers, wieh ae specifc for prometer
controls (1uM each). sequences 2 bp’s downstream of a suspected mCpG site, would
therefore be the most sensitive. These principles will be used
and that the signal scales linearly with dsDNA concentration jn future experiments to determine the methylation status of
(Figure 5, inset). specific promoter sites of genes associated with human cancers
Specificity of mMCpG-SEER at 2bp SpacingFor a final set such as BRCAB3 p1534 and GSTP$5 Thus, our approach
of experiments we interrogated the sensitivity for mCpG islands toward the direct recognition of methylated DNA may be
of mCpG-SEER at the optimal 2 bp spacing between target sites.ytjlized in the early diagnosis of human carcinomas based on
Mixtures of the two meG'SEER proteins, NGFRif268 (5 site-speciﬁc patterns of methy|ation_
uM) and CGFP-MBD2 (20 uM), were allowed to refold in We have clearly demonstrated the successful detection of site-
the presence of DNA controls (Table 1) atxM and an  specific CpG island methylation in dsDNA with our rationally
equivalent amount of herring sperm DNA. Results of these designed mCpG-SEER system. This strategy could be expanded
experiments are given in Figure 6. to other split-proteins, such gklactamas®3 or luciferase’’
These experiments reconfirmed the requirement for an which could further amplify signal by substrate turnover and
adjacent zinc-finger site to achieve efficient reassembly, and possibly increase sensitivity. We believe that our approach is
the choice of the 2 bp spacing resulted in significant optimization modular, and given the available lexicon of zinc-finge#4?
of signal from the target site. The specificity for our system aimost any sequence of interest adjacent to a mCpG site could
can be observed in the40-fold difference in signal due to  pe targeted. Thus, mMCpG-SEER represents a new and potentially
GFP reassembly between the methylated and nonmethylated;seful method for the direct detection of CpG methylation,

target dsDNA site. It is possible that this high degree of \hich may find applications in delineating the epigenome and
specificity at high protein concentrations may be due to a in cancer research.

decreased affinity of MBD2 for unmethylated CpG sites when
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