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ABSTRACT
Epigenetic phenomena are essential for the regulation of gene expression and
consequently, cell fate. At the forefront is the methylation of DNA at cytosine in CpG
nucleotides, which causes histone remodeling and eventually leads to gene repression.
This is particularly important in cancer, as DNA methylation is used to repress tumor
suppressor genes. Our purpose is to develop a rapid and direct approach for detecting
DNA methylation to enhance DNA diagnostic systems. We began by developing a
protein-based sensor that utilizes the capabilities of split-protein reassembly, tethering
target-detecting domains to different halves of split-firefly luciferase. By translating these
fusion proteins in vitro, we were able to rapidly profile a panel of proteins known to
recognize methyl-CpG sites and found the protein MBD1 to have over 90-fold preference
for methylated DNA over unmethylated DNA. The next-best protein, MBD2,
demonstrated below 30-fold preference. We chose to further study MBD1, using our
system to execute a complete alanine scan of the 69-residue domain. We identified five
loss-of-function alanine mutations that were consistent with previous literature and also
found an additional seven residues that are necessary for recognition of methylated
cytosine. We also carried out a small-scale alanine scan of MBD2 and found similar
results, further supporting the validity of in vitro alanine scanning. Finally, using the
results from the alanine scanning experiments, we are proceeding towards the
development of a library of 3×107 MBD constructs to which we intend to apply a
selection process via phage display to identify improvements in binding affinity, allowing
us to engineer new MBD variants for cancer diagnostics.

!

3

INTRODUCTION
DNA methylation is a process by which cells perform epigenetic regulation of
genomic stability, gene expression, and repression of transposable elements1,2. Common
examples of cell functions affected by DNA methylation include the suppression of
deleterious DNA elements, programming of embryonic cell development, and Xchromosome inactivation3,4. DNA methylation is also highly visible in monozygotic
twins, who harbor identical genomes but exhibit different DNA methylation and histone
acetylation profiles, which affects their overall gene expression portrait5. Thus, DNA
methylation’s effects begin at the cellular level and become very apparent through
phenotypic differences.
DNA methylation occurs when DNA methyltransferases (DNMTs) catalyze the
addition of a methyl group to the 5′ position of cytosine in a CpG dinucleotide6,7. DNA
methyltransferases can perform de novo methylation on symmetrically unmethylated
CpG sites or they can methylate sites in which methylation is present on only one strand,
which occurs during DNA replication8. In this instance, the methylation status of the
parent strand serves as a guide for the addition of a methyl group to CpG dinucleotides of
the daughter strand. Although CpG is the most commonly methylated dinucleotide,
methylation can also occur in CpA and CpT sites9. Regions of DNA containing high CpG
content are aptly named “CpG islands” and are typically found at or near gene promoters,
providing ease of access for epigenetic regulation10. Approximately 60%-90% of all CpG
sites are methylated in mammals at any time12. Methylation of CpG sites is recognized by
methyl-CpG binding domain proteins (MBDs) that subsequently recruit a complex of
proteins that can modify histones, resulting in the overall alteration of chromatin
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structure13. These histone modifications include acetylation and/or methylation of
residues in their N-terminal tails and are the crux of the hypothesis that histone
modifications and DNA methylation comprise an overall epigenetic code for the
regulation of gene expression14. Generally, hypermethylation of CpG islands results in
transcriptional silencing and repressed gene expression via chromatin remodeling.
However, DNA methylation has also been shown to physically inhibit the binding of
transcription factors15.
DNA methylation is of particular interest because of its implication and
involvement in diseases, particularly cancer. Cancer is a disease of the cell in which
division occurs without regulation; hallmarks of the disease include self-sufficiency in
producing growth signals, the ability to evade apoptosis, and the ability to invade tissue
and metastasize16. These are pathways that can be modulated by DNA methylation; in
fact, previous studies have demonstrated significant discrepancies in DNA methylation
patterns between normal cells and cancer cells17. These differences include significant
tissue-specific hypermethylation in the promoter regions of tumor suppressor genes for
various cancer subtypes, resulting in transcriptional silencing18. Consequently, tumor
cells also exhibit genome-wide hypomethylation19,20. Genes found to be repressed in such
a manner are involved in processes such as DNA repair, apoptosis, and cell cycle
regulation21, all of which are vital in development of the various hallmarks of cancer.
Furthermore, aberrant methylation of gene promoters has been shown to be singlehandedly indicative of pathways disrupted in nearly every type of cancer21. Thus, DNA
methylation represents a significant target for detection that can be utilized for reliable
and efficient cancer diagnostics.
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Current methods for detecting DNA methylation include bisulfite sequencing and

chromatin

immunoprecipitation6.

Bisulfite

sequencing

consists

of

converting

unmethylated cytosine to uracil through a reaction with bisulfite; this process leaves
methylated cytosines unchanged. After performing such a reaction, there are a variety of
methods for analyzing methylated sites, including methylation-specific PCR22. However,
bisulfite sequencing is hindered by degradation of DNA and can also be hampered by an
incomplete conversion of 5′-methylcytosine to uracil, resulting in false positives7. The
alternative technique, immunoprecipitation of methylated DNA, consists of using
antibodies developed against 5-methylcytosine in order to isolate methylated DNA
fragments23. Despite its utility, immunoprecipitating methylated DNA is extremely time
and labor-intensive. Due to the implications of DNA methylation in the detection of
cancer, there is significant interest in a more rapid, direct, and reliable detection system
for DNA methylation at sequence-specific levels24,25. Development of such a technique
would be extremely useful for the early detection of cancer, which is of the utmost
importance if the disease is to be treated successfully.
We hypothesize that it is possible to develop a novel protein-based sensor for the
direct and rapid detection of DNA methylation using proteins that naturally recognize the
epigenetic phenomenon. There exists a family of proteins known as the methyl-CpG
binding domain proteins (MBDs) that coordinate recognition of genomic methylation
patterns27,28. Proteins that carry the methyl-CpG binding domain include MBD1, MBD2,
MBD3, MBD4, and MeCP2, which have been studied relatively extensively in literature.
This family of proteins can recognize hypermethylated CpG islands and initiate the
recruitment of histone modifying enzymes whose activities ultimately result in
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transcriptional silencing29. MeCP2, MBD1, MBD2, and MBD4 have all been
demonstrated to bind DNA methylation while MBD3 has not been found to bind methylCpG sites in vivo or in vitro30. MeCP2 and MBD1 in particular have been implicated in
recognition of sequence-independent methylation that ultimately results in gene
repression. Beyond the MBD family there are two other families, the ZBTBs and UHRFs,
that are known to recognize methylated DNA. The ZBTBs are a family of Cys2His2 zinc
fingers that include ZBTB4, ZBTB33 (nicknamed Kaiso), and ZBTB38. ZBTB4 and
ZBTB38 have been demonstrated to recognize single mCpG sites31. ZBTB33, however,
has been shown to recognize methylated CGCG sites and also binds the sequence
CTGCNA, which is also known as the Kaiso Binding Sequence, and lacks a CpG that can
be methylated32. Like MBDs, the ZBTBs are also able to repress transcription of
methylated genes but the two do not overlap in function. Beyond these two groups is a
third family of proteins that can also recognize DNA methylation, named UHRFs. The
family includes UHRF1 and UHRF2, which contain the SET and ring-finger associated
domains. UHRF1 is involved in the translation of DNA methylation to histone
modifications and aids the recognition of hemimethylated DNA by methyltransferases33.
UHRF2’s function is not as clear, but the two have been demonstrated to bind
symmetrically methylated as well as hemimethylated DNA.
The fact that there are so many proteins in nature that are capable of recognizing
methylated DNA provides exciting prospects for developing a protein-based sensor.
Previous literature has demonstrated the efficacy of using split-protein reassembly to
probe interactions between proteins and other proteins, small molecules, and DNA34. This
system is based on the capabilities of proteins that can be split but are able to reassemble
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to perform enzymatic activities. Reporter proteins that have been split and demonstrate
activity upon reassembly include GFP35, β-lactamase36, and firefly luciferase37. In this
system, target detection domains are linked to split-reporter halves; recognition of the
appropriate target brings the split-reporter fragments into close proximity, promoting
reassembly. Upon reassembly, the reporter protein resumes enzymatic activity and
provides detectable output that is indicative of protein-target interaction. By using this
system, we hypothesize that it is possible to develop a sensor capable of detecting DNA
methylation in vitro and possibly even in vivo.
Our overall purpose is to study methyl-CpG binding proteins towards developing
a novel detection system that can perform rapid and direct detection of DNA methylation.
The first step is to profile proteins from the MBD, ZBTB, and UHRF families using splitreporter reassembly through translations performed in vitro. This is particularly important
for observing which proteins demonstrate the highest binding affinities when used in such
a system and provides preliminary information in building a methyl-CpG sensor. After
identifying proteins that work well in our system, we can also apply our methodology to
further elucidate the molecular basis of mCpG recognition. Among the many proteins
that bind methylated DNA, MBD1 has been extensively studied through use of alanine
mutations38. However, these experiments evaluate the importance of only select
positions. We can use utilize our in vitro translation system to expand previous alanine
scans to encompass the entire domain much more rapidly than through protein
expression. Successful use of the split-luciferase alanine scan technique would provide
validity for the method while also increasing our understanding of the mechanism by
which MBDs recognize mCpG sites. With this information, we would be able to proceed
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towards MBD optimization through residue randomization. After cloning an expansive
library of MBD constructs, we could perform selections in vitro using phage display to
find which amino acids allow for improved binding affinity. Phage display is a powerful
technique that has been previously used by the Ghosh Group to develop highly specific
kinase inhibitors39; thus, applying it towards improving protein binding abilities presents
an exciting prospect. With this information, we would be able to learn very much about
the true importance of individual residues, observing whether randomization would result
in drift towards a different amino acid or a tendency to remain as found in nature. Herein,
we describe our project to develop a novel protein-based sensor for the direct detection of
DNA methylation by studying methyl-CpG binding proteins.
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MATERIALS & METHODS
Plasmid construction and mRNA production. PCR was used to generate DNA
encoding the N and C-terminal fragments of firefly luciferase, which are hereon referred
to as PWNFluc and PWCFluc, respectively. These constructs were digested separately
from a pcDNA3.1 vector and inserted through a ligation. DNA segments that encoded
MBDs (MeCP2, MBD1, MBD2, MBD3, and MBD4), ZBTBs (ZBTB4, ZBTB33, and
ZBTB38), and UHRFs (UHRF1 and UHRF2) were also generated through PCR and
cloned into a pcDNA3.1 vector in a similar process and were connected to PWNFluc by a
glycine-serine linker. The 3-finger Cys2His2 zinc finger Zif268 was cloned with
PWCFluc as was MBD1 (for the di-MBD1 sensor). Sequences were verified by
dideoxyoligonucleotide sequencing. In order to process the plasmid constructs for in vitro
translations, a forward primer with a T7 RNA polymerase promoter and a reverse primer
containing a BGH site were used to generate PCR fragments corresponding to the desired
fusion proteins that were then transcribed into mRNA. RiboMAX Large Scale RNA
Production System kits were used to produce mRNA as per the manufacturer’s protocol.

In vitro split-luciferase reassembly assays. These assays were applied towards
evaluation of proteins with methyl-CpG recognition capabilities. Duplicate 25 µL in vitro
translations were performed using Flexi Rabbit Reticulocyte Lysate (Promega) according
to

the

manufacturer’s

protocol.

For

these

translations,

1

pmol

each

of

MBD/ZBTB/UHRF-PWNFluc and PWCFluc-Zif268 RNA, 10 µM ZnCl2, and 0.5 µL
RNase inhibitor were added to 16.5 µL lysate with 0.5 µL amino acid mixture and 0.7 µL
KCl, which were provided by the manufacturer. The mixture was incubated at 30oC for
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90 minutes. 10 nM methylated and unmethylated DNA target (CpG-10-Zif268) was
added post-translation to different aliquots and the resulting mixtures were incubated at
room temperature for 30 minutes. Translations were assayed using 80 µL luciferin
reagent per 20 µL translated lysate. Light emission was monitored after 1 minute using a
Turner 20/20n luminometer with a 3-second delay and 10-second integration time.

Rabbit Reticuloctye Lysate from Luceome Biotechnologies was used for all alanine scan
translation experiments. These were performed in the same manner but translations were
quenched via incubation with 4 mM EDTA at room temperature for 30 minutes. The
target was also added during incubation with EDTA.

Generation of MBD1 and MBD2 single-alanine mutant libraries. Site-directed
mutagenesis was used to create single-alanine mutants for MBD1-PWNFluc and MBD2PWNFluc. Mutagenesis primers consisted of approximately six codons flanking the
amino acid of interest, for which the codon was altered to encode alanine (GCA).
Reactions were performed using Agilent PfuUltra II HotStart DNA polymerase. Mutants
for MBD2 were chosen based on MBD1 mutants that exhibited varying degrees of loss of
function. Mutations were verified through DNA sequencing and their effects were
evaluated using in vitro split-protein translations.

Phage display in vitro selections. Molecular cloning techniques were used to transfer the
MBD genes into a pCANTAB vector encoding the pIII gene of the M13 filamentous
phage. The target used for selection binding was a biotin-methyl-CpG hairpin (100 nM),
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which was incubated with 5 µL M-280 Streptavidin-coated beads for 1 hour at 4oC.
Before selection, 1.3 × 109 phage were mixed with the Streptavidin-bound mCpG target
and incubated on ice for 45 minutes. The selection consisted of seven 10-minute wash
cycles on ice with a HEPES buffer (1 mM DTT). Afterwards, the bound phage was
eluted with 0.2 M glycine (pH 2) for 10 minutes and neutralized with 20 µL Tris buffer
(pH 11) on ice. The sequences were amplified in E. coli and analyzed through
dideoxyoligonucleotide sequencing.

Preparation of MBD2 library. A 65-base forward primer was ordered from IDT DNA
with the randomization code “nnk” at positions K161, E163, V165, I166, and R167 of
MBD2 (145-213). These positions were flanked by XmaI and PstI restriction
endonuclease sites. Each nnk codon represents 32 distinct base triplets (n represents all
possible bases while k is an equal mixture of G and T). The reverse primer consisted of
twenty bases. Primers were annealed then extended with Klenow fragment from Thermo
Scientific as per the manufacturer’s protocol before being digested using XmaI and PstI
restriction endonucleases and ligated into pCANTAB MBD2-TEV using T4 DNA ligase.
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RESULTS
Direct comparison of MBDs, ZBTBs, and UHRFs. We embarked on our journey
to develop a novel sensor for DNA methylation by developing a system in which we
could compare the fold preferences of proteins known to recognize methyl-CpG sites.
This would provide us with a basic sensor for DNA methylation that we could also use to
profile binding affinities for DNA methylation, providing a solid foundation for our
project. We chose to evaluate our panel of methyl-CpG binding proteins consisting of the
MBD, ZBTB, and UHRF families using split-reporter reassembly in vitro. In our
platform, the binding protein of interest was linked to the N-terminus of firefly luciferase
and to facilitate reassembly, we linked the C-terminus of firefly luciferase to the threefinger Cys2His2 zinc finger, Zif268. Zif268 binds its DNA target 5’-GCG-TGG-GCG-3’
with a Kd of 6 nM41 and helped ensure localization of the C-terminus fragment to the
target DNA for complementation. Thus, the three components comprising our desired
ternary complex were MBD/ZBTB/UHRF-PWNFluc, PWCFluc-Zif268, and the DNA
target CpG-10-Zif268, which was either methylated or left unmethylated (Figure 1). In
order to perform cell-free translations, we first transcribed mRNA from the cloned DNA
that encoded these fusion proteins, which we then translated before adding appropriate
target (Figure 2). The post-translational addition of appropriate substrate for firefly
luciferase allowed for the extent of binding to be quantified through luminescent output.
By dividing the signal produced in the presence of methylated target by that of the
unmethylated target, we determined the fold preference of each protein for methyl-CpG
target.
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In vitro assays for our panel of methyl-CpG binding proteins demonstrated the

utility of using split-protein reassembly for probing protein-mCpG interactions. Our
translations showed that of the proteins tested, four (MeCP2, MBD1, MBD2, and MBD4)
demonstrated over eight-fold preference for mCpG sites (Figure 3). MBD1 had the
highest preference at 95-fold, and selectivity decreased as follows: MBD2 (26-fold),
MBD4 (9.2-fold), and MeCP2 (8.5-fold). The remaining MBDs, ZBTBs, and UHRFs
showed little preference for methylated DNA, remaining below 2-fold selectivity for
methylated DNA target. MBD3 had previously been reported to be unable to bind DNA
methylation, so it was not surprising that we saw the same result. ZBTBs are reported to
recognize mCpG sites but in order to achieve high-affinity binding, they require either
multiple CpG sites or due to their nature as zinc fingers, specific DNA sequences33.
Because our target incorporated only one CpG site and did not contain the binding
sequence for any of the ZBTBs, it is not surprising that the ZBTBs demonstrated little
preference for mCpGs. UHRF proteins also demonstrated little affinity for mCpG sites.
They have been reported to have preference for both symmetrically methylated and
hemimethylated DNA42, but we saw no evidence of such activity. Since MBD1 was by
far the most selective sensor in our system, we sought to further apply MBD1 for
detecting global methylation by creating a di-MBD1 sensor. To test this sensor, we
translated MBD1-PWNFluc with PWCFluc-MBD1 instead of the zinc finger fusion
PWCFluc-Zif268. We experimented with two different methylated targets in addition to
their unmethylated counterparts. One was a fully methylated pET plasmid and the other
was an oligonucleotide consisting of two CpG sites spaced by 6 base pairs. The di-MBD1
sensor demonstrated 40-fold selectivity for the methylated pET vector over unmethylated
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pET vector and 15-fold selectivity for methylated CpG-6-CpG as opposed to the
unmethylated oligonucleotide (Figure 4). These represent relatively strong binding
preferences but experimental results from in vitro translations are not completely
representative of how experiments performed in vivo may progress. One issue with these
global methylation detection experiments is MBDs with complementary halves of firefly
luciferase are not guaranteed to recognize adjacent mCpG sites; for example, two MBD1PWNFluc fusions may bind in close proximity but the two N-terminus fragments would
not reassemble, thus lowering the overall signal output. Nonetheless, this still
demonstrated the efficacy of a di-MBD1 sensor that could be further applied towards
profiling global levels of DNA methylation and provided additional reinforcement that
MBD1 can recognize methylation status on oligonucleotides as well as plasmids.
Alanine scans of MBD1 and MBD2. Our profiling of proteins with mCpG
recognition capabilities demonstrated that although there is high similarity between
members of the MBD family, there is significant variability in their affinities for mCpG
sites. This piqued our interest in performing an alanine scan on MBD1, which we found
to be the most sensitive for mCpG. Although previous studies have provided invaluable
mutational data for MBD1, their methods did not allow them to feasibly perform an
alanine scan on the entire 69-residue domain. With our in vitro translation system, we are
able to perform many rapid interrogations of protein-mCpG binding interactions
simultaneously; applying this system to perform a complete alanine scan on MBD1
demonstrated great promise, as it has not been previously accomplished. Thus, we chose
to perform this alanine scan not only to provide a comprehensive understanding of the
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molecular basis of mCpG recognition, but to also pioneer a technique that can be applied
to study other proteins beyond the scope of this project.
We created mutants through site-directed mutagenesis and evaluated them
through in vitro translations using mRNA encoding MBD1-PWNFluc with PWCFlucZif268

and

adding

CpG-10-Zif268

target

post-translation,

as

per

previous

experimentation. By calculating the inverse of the signal output of the mutant divided by
that of the wild type, we were able to obtain a value representing the “fold change” in
target recognition for each mutant. Among the first alanine mutants we evaluated were
R22A, D32A, Y34A, R44A, and S45A (Figure 5) because they have been previously
demonstrated to be critical for mCpG recognition38,40. Of these five mutants, all
demonstrated at least 10-fold loss of signal for methylated DNA compared to wild-type
MBD1 except for Y34A, which demonstrated only 2-fold decrease in signal (Figure 6a).
Excluding D32, these residues, in conjunction with V20, are involved in maintaining a
hydrophobic environment that facilitates methylation of cytosine at mCpG sites.
Furthermore, R22, Y34, RR44, and S45 are all conserved across the entire MBD family,
which reinforces their importance in mCpG recognition.

R22 and R44 are also of

particular interest because they recognize guanine bases of methylated CpG
dinucleotides. R22 interacts with guanine through its guanidinium side chain and also
forms hydrogen bond interactions with the phosphate backbone of DNA. R44 works
similarly, donating a hydrogen bond via its guanidinium group through geometric
alignment that is facilitated by Y34’s aromatic side chain. Our mutational data for R22A
and R44A demonstrates that the fold change for mCpG recognition is -50 and -35,
respectively, indicating that recognition of methyl sites cannot be performed without
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binding of adjacent guanine bases. R22’s function is also facilitated by the side chain
interactions it makes with that of D32, which also explains why an alanine mutation at
D32 results in 14-fold loss of mCpG binding despite D32 not making direct contact with
DNA. Y34 has a function similar to that of D32, supporting R44 in recognizing guanine
bases and also works with V20 in creating a hydrophobic environment for recognizing
methylation. However, an alanine mutation at Y34 resulted in only 2-fold change, which
implies that Y34 may not be as critical for mCpG recognition as previously reported.
However, a mutation to alanine provides a methyl group that could still aid in creation of
the hydrophobic environment critical for binding to methylation, which could help
explain the small fold change. S45 is not known to make significant interactions with any
of these other critical residues but is still important in maintaining the hydrophobic
environment for DNA methylation. It is also worth noting that the fold change for all of
these mutants for unmethylated target is below -6, which further demonstrates MBD1’s
natural specificity for methylated CpG (Figure 6b) .
The success we found with testing previously published critical mutants
encouraged us to proceed with a complete alanine scan encompassing the entire MBD
domain. We created a library of single alanine mutants for each residue and excluded
positions that were alanine, glycine, or proline. It is worth noting that we tested the P55
position because it is not conserved through the MBD family, unlike at other positions. It
is also important to take into account that the in vitro assays are rather sensitive toward
protein concentrations; thus, we determined a fold change of less than 10 to be negligible
when evaluating mutational effects. Figure 7a provides illustrations of the results of our
alanine scan, from which we found twelve mutants to exhibit a change in preference that
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was beyond the 10-fold threshold for methylated target. Of these twelve, four (R22A,
D32A, R4A4, and S45A) had already been found to be vital for mCpG function. In
almost all cases, alanine mutations affected recognition of mCpG sites more than they did
unmethylated sites (Figure 7b). Mutants that exhibited strong change in recognition of
methylated target include L11A, W15A, Y35A, I43A, L49A, F62A, and F64A. These
positions potentially form the critical hydrophobic core in the MBD fold and are highly
conserved across the MBD family40. T33, L53, and L59 are also involved in formation of
the hydrophobic core but exhibited little change in methyl-CpG recognition when their
corresponding alanine mutants were evaluated. F62 and F64 in particular are integral for
formation of the β-like hairpin loop near the C-terminal and have been demonstrated to
disrupt tertiary structure when folding, resulting in a loss in binding. The final mutant that
was found to have a significant fold change in binding was R17A, which is known to be
associated with Rett syndrome when mutated in the MeCP2 analogue position. It
exhibited nearly a 30-fold loss in binding, which certainly implicates it as a vital position
for mCpG recognition. In conjunction with W15, it also exhibited a large fold change in
binding in the presence of methylated target, which also may provide some indication
that these two positions are either critical for structure or recognizing the CG
dinucleotide. Two other unmentioned mutants, D58 and T60, also exhibited over 10-fold
loss in unmethylated signal. These two residues reside in a loop far from methylated CpG
when MBD1 binds and their side chains also face outwards and do not appear to make
contact with the CpG site or maintain folding structure.
We decided to verify if similar residues among the MBD family members
contribute in a similar manner to methyl-cytosine recognition. Thus, we undertook the
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alanine scan of MBD2, which shares a Smith-Waterman score of 74% similarity with
MBD1. When their structures are overlaid, the two demonstrate nearly identical
recognition of methyl-DNA (Figure 8). The high number of conserved residues between
the two proteins led us to hypothesize that mutating the same positions would result in
similar changes in signal output, which in turn would validate our split-protein approach
towards alanine scanning. In order to cover a broad spectrum of mutational results, we
created nineteen MBD2 mutants to comprise a variety of different mutational effects
based on MBD1 positions. The MBD1 positions that we mutated to alanine in MBD2
were L11, W15, R18, V20, K23, S24, T33, Y35, D41, R42, I43, V47, L49, D59, L59,
L61, F62, and F64, and their MBD2 analogues are L156, W160, E163, V164, K168,
S169, V178, Y180, K186, K187, F188, P192, L194, D203, L204, L206, F207, D208, and
F209. We evaluated the MBD2 mutants in the same fashion as with the MBD1 mutants,
and the results are shown in Figure 9. The general trend was that mutational effects were
similar between MBD1 and MBD2. MBD2 mutants W160A (W15A in MBD1), Y180A
(Y35A), and L194A (L49) all demonstrated over 10-fold decrease in affinity; these
positions comprise the hydrophobic core of MBD1 based on the crystal structure and
their importance appears to be similar for MBD2. L156A (L11A), F188A (I43A), F207A
(F64A), and F209A (F64A) also showed reduction in binding affinities but the degree of
loss was not as significant as with MBD1; nonetheless, these residues are still similar in
function to the three that exhibited the greatest fold loss in signal. There were also
interesting occurrences in which an alanine mutation resulted in a decrease in binding
ability in one protein and an increase in the other. This was evident with MBD1 residues
V20, T33A, D41A, V47A, and D63A, implying that these may be critical in explaining
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the difference in binding selectivity and affinity demonstrated in the initial protein
profiling experiments.
Applications of phage display towards improving MBDs. With the information
gained from our alanine scan of MBD1, we proceeded from mutational studies to
variational studies. By developing a library of different MBD constructs, we can
potentially study importance of multiple amino acids at particular positions through
application of a selection process. The results of these experiments could show
conservation of specific residues despite the possibility of many others or even a shift
towards a new amino acid at certain positions that ultimately improves mCpG binding.
This is pivotal towards the desired optimization of MBDs around which a novel DNA
diagnostics system can be built. Our selection system allows us to experimentally
compare binding affinities for a wide variety of protein-target interactions. We perform
our trial selections using phage display and the process is shown in Figure 10. We begin
by cloning MBD constructs into a pCANTAB vector, allowing us to express the MBD
with the pIII gene of the M13 filamentous phage. Our selection process consists of first
incubating biotinylated methyl-CpG hairpins with Streptavidin-coated beads, adding the
MBD-phage and mixing, then using a magnet to immobilize bound constructs while
washing out those with lower affinity. We wanted to validate the selection process to
cover an assortment of six MBD2 alanine mutants that had been evaluated in the MBD2
alanine scan. In order to ensure proper coverage, we chose mutants that represented low,
moderate, and high values for fold changes in binding affinity as demonstrated by the
data garnered from the translation assays for the alanine scan. R167A (R22A) and Y180A
(W15A) represented mutants with a high fold-loss in binding affinity, K187A (R42A)

!

20

and L194A (L49A) were indicative of a moderate loss of binding, and E163A (R18A)
and K186A (D41A) represented mutants that exhibited almost no change. After
performing in vitro selections, the output in the presence of methylated target was 14
E163A/K186A, 5 K187A/L198A, and 0 R167A/Y180 (Figure 11). This difference in
output for the three tiers demonstrates that the selection enriches for mutants that
exhibited almost no loss in binding ability. It also indicated that these mutants were able
to recognize the methylated DNA target while those that were found to be loss-offunction mutants were washed out in the selection process. In the presence of
unmethylated target, the output was 6 E163A/K186A, 3 K187A/L198A, and 7
R167A/Y180A, which shows that base level expression is roughly similar. This
experiment demonstrated that we are able to have reasonable results when comparing
methyl-CpG binding affinities and provided promise that we would be able to expand the
input library for additional experimentation.
We proceeded to begin creation of the MBD2 library using data garnered from
our alanine scan. We chose to first focus on residues near the critical R167 (R22 in
MBD1) position, creating an “nnk” library at positions K161, E163, V165, I166, and
R167. Because each nnk codon represents a permutation of 32 base triplets, our library
encompassed 325 sequences, which is approximately 3×107 MBD2 constructs. In
choosing these positions, we sought to cover a gamut of importance in residues.
Excluding R167, the analogues for these positions in MBD1 demonstrated virtually no
change in binding when mutated to alanine. V165A had also been evaluated in MBD2
and it demonstrated very little change in binding, thus indicating that these are most
likely not vital for MBD structure or function. R167 on the other hand is analogous to
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MBD1’s R22, which has been shown to be extremely important for mCpG recognition,
as it forms interactions with both the guanine base and the DNA backbone. By varying
this position, we would be able to determine whether arginine is the best amino acid for
this function. I166 and V165 reside very close to R167 (Figure 12), and are also in close
proximity to the CpG dinucleotide. It is possible that variation at this position would
result in a consensus type of amino acid that would improve binding ability for MBD2
due to their location. V165 is conserved in MBD1 but I166’s MBD1 analogue is F21; this
difference is significant and may be important in accounting for the difference in binding
affinity. E163 and K161 sit farther away from the binding site and their location supports
the mutational data for the two positions; variational data would indicate whether these
residues are necessary for what appears to be neither structure nor function. Furthermore,
E163’s MBD1 analogue is R18, and similar to how I166 differs from F21, it would be
exciting to see whether selection would push the two to represent MBD1’s positions or if
it would yield new amino acids altogether.
Having created the library and demonstrated the ability to clone in the segment,
we sought to perform large-scale cloning of the library with a goal of 10-fold expression
to ensure complete coverage of all possible MBD constructs. For this method, we used
highly concentrated enzymes for digestion and ligation in order to work with large
quantities of DNA. We are currently seeking success in high-efficiency transformation of
this library in order to use all possible constructs as input for phage display to ensure the
best possible representation of possibilities for each position. Once we are able to find a
method for cloning the entire library, we will be able to perform our experiments to
determine how MBDs vary under selectional pressure. If we are successful in this
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endeavor, we can apply such a method to study additional positions in MBDs to provide a
more comprehensive understanding of how recognition of DNA methylation can be
improved. This will also allow us to potentially find an improved construct that
demonstrates an increased affinity for DNA methylation, which can be further applied
towards a novel cancer diagnostic system.
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CONCLUSION
Biochemical research has provided a variety of fascinating and practical
discoveries; many have developed into applications that utilize proteins and nucleic acids
to study molecular phenomena in novel fashion. We have incorporated a variety of these
findings into building a sensor for DNA methylation. The demand for an efficient
detection method for DNA methylation stems from its application in cancer diagnostics,
as current methods have important shortcomings ranging from a high prevalence of false
positives to a simple lack of efficiency. Our research has evolved a system for the direct
and rapid profiling of protein-mCpG interactions by use of a protein-based sensor.
Through our studies, we have demonstrated that we are able to evaluate mCpG
recognition in vitro using a split-protein reassembly system, identifying MeCP2, MBD1,
MBD2, and MBD4 as domains that exhibit significant mCpG recognition capabilities,
which is consistent with previous literature. Our results from this experiment further
support the viability of our translation system as a less laborious and more efficient
alternative to protein expression and purification. They also led to the development and
testing of a di-MBD1 sensor, which has demonstrated the ability to detect methylation on
both oligonucleotides and plasmids and can be further applied to profile changes in
global levels of DNA methylation.
In addition to our development of a detection system for DNA methylation, we
found exciting results with our complete alanine scan of MBD1 and its selective
application to MBD2. Alanine scanning is a common technique that has been used to
investigate the importance of individual residues in both protein structure and function.
However, the main drawback is that most alanine scans are performed by expressing and
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purifying each alanine mutant, which is a nontrivial process. In addition, these studies
generally require crystallographic data in order to provide guidance for which residues
may be of greater importance since expressing a large number of mutants is simply not
feasible. We tested the capabilities of our translation system by applying it to perform an
alanine scan of the 69-residue MBD1 domain in rapid manner. Our evaluation of certain
positions known to be pivotal for binding provided data that were congruous with
previous MBD1 alanine mutation experiments in literature, providing promise for our
technique. When we expanded to evaluate all positions, we saw the importance of many
conserved hydrophobic residues that are critical for protein structure and even identified
residues R17 and Y35 as vital for recognition of mCpG sites. Thus, our experimentation
demonstrated that using an in vitro translation system for alanine scanning provides a
significantly quicker and less laborious alternative to standard techniques that still yields
legitimate results. Our further application of the alanine scan to MBD2 for the most part
supported the mutational data for MBD1, providing additional support for our technique.
It also revealed interesting results that may provide valuable information regarding the
differences between MBD1 and MBD2 that explain the discrepancy in their fold
preference for methylated DNA. Our alanine scan performed via in vitro translation of
proteins evaluated through split-reporter reassembly can also be applied to other proteins
to provide a more comprehensive understanding of individual residue importance in
structure and function, which provides exciting prospects for biochemical research.
The final phase of our research project represents a divergence from the previous
methods used to evaluate molecular interactions, seeking to study MBDs through library
construction. Our alanine scan provided data that could be used to supplement additional
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testing of residue function and importance. By creating a library of MBD constructs with
variation at different positions, we intend to investigate the favored constructs that remain
after applying a selection process to the library. This would be performed through phage
display, and the results could demonstrate whether certain residues are necessary and/or
if they can be improved to optimize mCpG binding. Our initial studies provided strong
promise that we would be able to progress with such an initiative but we have yet to find
success in incorporating such a large library into our selection system. However, this
project provides exciting prospects, as it delves into the realm of studying whether we
can engineer improvements in protein function through sequence variation. If we are
able to find success in our library experiments, this would provide evidence that we can
study additional positions and even other proteins in a similar fashion. Eventually, the
comprehensive understanding of mCpG recognition could yield information critical for
engineering an improved MBD to be used as a sensor for DNA methylation that can then
be applied for medical diagnostics techniques, which would greatly benefit cancer
diagnoses.
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FIGURES

Figure 1: Schematic representation of split-protein complementation assays. This
figure demonstrates the split-luciferase reassembly assay that was used to evaluate the
methyl-CpG binding abilities of various proteins and for the MBD1/MBD2 alanine scan.
The overall ternary complex consists of the detection protein linked to the N-terminus of
firefly luciferase (MBD/ZBTB/UHRF-PWNFluc), the zinc finger Zif268 linked to the Cterminus of firefly luciferase (PWCFluc-Zif268), and a DNA target consisting of either
methylated or unmethylated CpG followed by 10 base pairs and the Zif268 binding
sequence, 5’-GCG-TGG-GCG-3’. Experiments were performed in duplicate.
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Figure 2: The in vitro translation system. The process begins with cloning each
detection domain with its appropriate fragment of split-luciferase. The DNA encoding the
new fusion protein is then amplified through PCR and transcribed into mRNA. The
mRNA is then added into a cell lysate mixture that contains all the necessary components
for translation, allowing for the desired protein fusions to be translated. DNA target is
then added and the subsequent addition of appropriate substrate allows for binding
activity to be monitored through signal output.
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Figure 3: Interrogation of methyl-CpG recognition by MBD, ZBTB, and UHRF
families. These assays were performed as per the scheme represented in Figures 1 and 2.
The vertical axis represents the fold preference for methylated sites, which was calculated
as the signal output via the reassembly of firefly luciferase when incubated with
symmetrically methylated target divided by that of the unmethylated target.

!

29

120

Fold Preference

100
80
60
40
20
0
CpG-10-Zif268

pET

CpG-6-CpG

Methylated Target

Figure 4: Comparison of MBD1 fold preference for three different methylated
targets. Assays were performed in Promega lysate as represented in Figures 1 and 2.
When recognizing CpG-10-Zif268, MBD1-PWNFluc was paired with PWCFluc-Zif268.
For pET and CpG-6-CpG, MBD1-PWNFluc was paired with PWCFluc-MBD1, forming
a di-MBD1 sensor.
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Figure 5: Identification of critical residues in MBD1. R22, D32, Y34, R44, and S45
have been previously suggested to be directly involved in mCpG recognition and are
represented in stick format. Methylated cytosine bases are shown in orange.
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!!!!!!!!!!!!!
Figure 6: Evaluation of critical residues in MBD1. The fold change values were
obtained by translating MBD1-PWNFluc mutants with PWCFluc-Zif268 and adding
CpG-10-Zif268 target post-translation. Signal output was normalized with respect to that
of wild-type MBD1. These residues were chosen because published literature has
demonstrated their importance in MBD1 binding activity.
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Figure 7a: Analysis of MBD1 through single-alanine mutant scanning. The vertical
axis represents the fold change in luminescent output in the presence of methylated DNA
target (mCpG-10-Zif268) resulting from mutating each residue to an alanine. Assays
were performed as per Figure 1.
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Figure 7b: Analysis of MBD1 through single-alanine mutant scanning. The vertical
axis represents the fold change in luminescent output in the presence of unmethylated
DNA target (CpG-10-Zif268) resulting from mutating each residue to an alanine. Assays
were performed as per Figure 1.
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Figure 8: Molecular overlay of MBD1 and MBD2 structures for comparison of
homology. MBD1 and MBD2 demonstrate 74% similarity. MBD1 is shown in purple
and MBD2 is shown in green. Many of the residues implicated in binding methylated
DNA are conserved between the two. The methylated CpG dinucleotide is shaded in
orange.
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Figure 9: Analysis of MBD2 through selective alanine scanning and comparison to
MBD1. This provides a side-by-side representation of the fold change for each alanine
mutation for positions analogous between MBD1 and MBD2 in the presence of
methylated DNA (mCpG-10-Zif268).
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Figure 10: Schematic representation of in vitro selections. MBD2 variants were
expressed on M13 phage through a pCANTAB vector. The phage-protein fusions were
incubated with biotin-mCpG hairpins bound to immobilized Streptavidin-coated beads.
Successive wash cycles were used to remove constructs with low binding affinities and
propagation revealed the sequences of constructs that exhibited the strongest binding of
mCpG hairpins.
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Figure 11: Results of phage display output with select MBD2 mutants. Six mutants
were used in accordance with results from the alanine scan. Each tier of fold loss in
binding affinity was represented by two mutants. R167A and Y180A demonstrate a
complete loss in binding ability, K187A and L194 a demonstrate a moderate loss in
binding ability, and E163A and K186A demonstrate virtually no loss in binding.
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Figure 12: Molecular representation of MBD2 library sites. This is the crystal
structure of chicken MBD2 as opposed to human MBD2, which has not yet been
published; the two are similar but not exact homologues. The methylated CpG
dinucleotide is represented in orange. The R167 site is the only one of the five that has
been demonstrated to be critical in recognizing DNA methylation.
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