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Dnmtl, the principal DNA methyltransferase in mammalian cells, is a large
and a highly dynamic enzyme with multiple regulatory features that can control
DNA methylation in cells. This chapter highlights how insights into Dnmtl
structure and function can advance our understanding of DNA methylation in
cells. The allosteric site(s) on Dnmtl can regulate processes of de novo and
maintenance DNA methylation in cells. Remaining open questions include
which molecules, by what mechanism, bind at the allosteric site(s) in cells?
Different phosphorylation sites on Dnmtl can change its activity or ability to
bind DNA target sites. Thirty-one different molecules are currently known to
have physical and/or functional interaction with Dnmtl in cells. The Dnmtl
structure and enzymatic mechanism offer unique insights into those interac-
tions. The interacting molecules are involved in chromatin organization, DNA
repair, cell cycle regulation, and apoptosis and also include RNA polymerase 11,
some RNA-binding proteins, and some specific Dnmtl-inhibitory RNA mole-
cules. Combined insights from studies of different enzymatic features of
Dnmtl offer novel ideas for development of drug candidates, and can be
used in selection of promising drug candidates from more than 15 different
compounds that have been identified as possible inhibitors of DNA methyla-
tion in cells.
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l. Introduction

DNA methylation is a fundamental mechanism in functional organization
of the human genome. Studies of DNA methylation can help us to tackle some
of the key questions in the current biomedical sciences, such as carcinogene-
sis,' host infection by different viruses,” " cell differentiation,® autoimmune
diseases,” different types of mental illness and neurological disorders,'* ' and
environmental ’toxicology.l'3 Unfortunately, effective therapies and preventive
treatments targeting DNA methylation are still very underdeveloped. This is in
large part due to lack of knowledge about the molecular mechanism of DNA
methylation, starting with the principal DNA methyltransferase in human cells,
Dnmtl (DNA methyltransferase 1).

The first evidence for DNA methylation was reported in 1948, and 27
years later, the first attempts to purify mammalian DNA methyltransferase
were described.'” Over the next 15 years, Dnmtl was found to be a very
large and a complex enzyme. Dnmtl has catalytic preference for hemimethy-
lated sites,'®'" and its activity can be regulated by a specific group of DNA and
RNA molecules.'® Dnmt1 has high kinetic preference for poly(dI-dC) sub-
strate, and a distinct allosteric site.'® The molecular biology era of Dnmtl
began with cloning of its ¢DNAY and the full-length gene in 1992.%° The
first complete purification from mammalian cells*! Taid ground for more than
a dozen mechanistic studies (reviewed in Ref. 22). Mechanistic studies of
Dnmtl were greatly aided by the first crystal structure of a flipped-out target
base by bacterial enzyme M.Hhal?® and the numerous subsequent mechanistic
studies that were inspired by that landmark achievement.

Dnmtl expression using a baculovirus vector™ 2% allowed preparation and
characterization of different fragments of Dnmtl, and made purification of
Dnmtl almost routine for many research groups (today, purified Dnmtl1 can be
also purchased from several commercial sources). The majority of Dnmtl
studies have been focused on the function of its allosteric site,”>** on
selectivity between de novo and maintenance nrlethylation,303“3 and on charac-
terization of different Dnmtl fragments.2&29’34’35 Relatively little work has
been done on characterization of the catalytic mechanism in the active
site,>*37 on the mechanisms of action for proposed inhibitors of Dnmt
and on the multiple phosphorylations of Dnmt1.%940 A large research effort
has been devoted to search for molecules that interact with Dnmt1 in cells. At
this writing (December, 2010), 31 different molecules have been found to
interact with Dnmtl (Table I). Many of those interactions have been mapped
to different parts of Dnmtl sequence,&s’72 only a small fraction of those inter-
actions have been functionally characterized. The majority of Dnmtl studies
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TABLE I

SUMMARY OF MOLECULES CURRENTLY KNOWN TO INTERACT PHYSICALLY AND/OR FUNCTIONALLY WiTH DNMTL

Core chromatin replication complex

DNA repair, cell cycle control, and regulation of apoptosis

RNA-directed DNA methylation

— Dnmt3a and Dnmt3b*!

SNF2h-containing chromatin-remodeling complex NoRC*
LSH protein (lymphoid-specific helicases) protein related to the
SNF2 family of chromatin-remodeling ATPases™

PCNA, DNA clamp processivity-promoting factor**
UHRF145:46

HP1B, heterochromatin protein 1p isoform (chromobox
protein)47’48

SUV39HI, histone-lysine N-methyltransferase*®

— G9a histone mvsthyltransffsrase49

HDACI and HDAC2, histone deacetylase 1/250-52
PML-RAR promyelocytic leukemia-retinoic acid receptor,
oncogene transcription factor™

RIP140, metabolic repressor, also known as NRIP1 (nuclear
receptor interacting protein 1)51

CFP1 CXXC finger protein 1 (PHD domain)™*
MBD2/MBD3, methyl-CpG-binding domain protein55
PcG-EZH2 Polycomb-group proteins enhancer of Zeste
homolog 2%

— pRb/E2F1, Retinoblastoma tumor suppressor protein, control

— P33, tumor suppressor, regulation of cell cycle and apoptosis®!
— DMAPI, DNA methyltransferase 1-associated protein
— RGS6 member of mammalian RGS (regulator of G-protein

— PARP-1 (poly(ADP-ribose) polymerase 1) and poly(ADP-

)a 7,58

— MeCP2, methyl-CpG binding
domain protein 2 (Rett
syndlrome)m‘68

— RNA Pol 11"

— Specific tRNA and mRNA'®2*

ribose
of G1/S transition and S-phase® %

150,62,(53

signaling) proteins(ﬁ

— CK18/e kinase that phosphorylates Dnmt1*’
— Annexin V, scaffolding proteins that anchors other proteins to

the cell membrane and participates in apoptosis64

— Hsp90, chaperon("'S
— p23, cochaperone66
— SET 7, protein lysine methyltransferase (Chapter by Shannon

R. Morey Kinney and Sriharsa Pradhan)

— ATKI, serine/threonine protein kinase (Chapter by Shannon

R. Morey Kinney and Sriharsa Pradhan)

The interacting molecules are arranged in different classes in an attempt to highlight the various physiological processes that can regulate DNA methylation in cells.
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and murine enzymes ; the two enzymes
share 78% sequence identity and many of the fine details in catalytic
mechanism.*®

Today, 35 years after the first reported study of mammalian DNA methyl-
transferase,'” the results from different studies of Dnmt1 structure and function
have been summarized in a number of excellent review articles. These cover
distinct areas, including a general description of different DNA methyltrans-
ferases and DNA methyl‘cltion,%’77 different Dnmtl fragments and their expres-
sion,>>"" enzymatic properties and enzymatic assays of Dnmtl,? and functional
interactions with molecules involved in DNA me’thylaltion.72’78’79 This chapter is
written as an extension of the earlier review articles in the desire to motivate use of
the knowledge about Dnmt1 structure and function to advance our understanding
of DNA methylation in cells. One of the major limiting factors in current DNA
methylation research is a poor connection between cell-based, enzyme-based,
medicinal chemistry, and pharmacological studies of DNA methylation. In
Section IL I will highlight the major points about Dnmtl structure and enzymatic
function with a specific emphasis on development of Dnmtl inhibitors. In Section
IT, T'will discuss how Dnmtl structure and its enzymatic mechanism can help us to
understand its functional interactions with other molecules involved in DNA
methylation in cells. Finally, in Section IV, I will summarize the results of a new
Dnmtl crystal structure, published as this chapter was being completed.

used human

Il. The Functional Domains of Dnmt1 and Dnmt1 Inhibitors

The first landmark study of the catalytic mechanism of bacterial DNA methyl-
transferase M.HhaI®" was followed by more than a hundred crystallographic,
enzyme kinetics, biophysical, and computational studies to reach the current
knowledge about this relatively small enzyme. M.Hhal is about five times smaller
than Dnmtl; nevertheless, the success of M.Hhal studies greatly advanced our
understanding of Dnmtl and showed how much work is needed to understand
large complex enzymes like Dnmtl. Studies of Dnmt1 structure and function can
answer many of the key questions in physiology of DNA methylation, such as: (i)
design of Dnmtl inhibitors and activators, (ii) interaction with other molecules,
(iii) Dnmt1 phosphorylation and methylation, or (iv) the mechanism that controls
the difference between de novo and maintenance methylation activity of Dnmtl.

We still do not know to what extent Dnmt1 can function as maintenance or
de novo methyltransferase in cells.™™ This is one of the key questions in DNA
methylation research since the changes in methylation patterns can trigger
pathological events.”>%%2 Dnmt] is often described in the literature as the
maintenance methyltransferase, based on the initial studies that reported higher
activity on hemimethylated sites relative to unmethylated sites more than 20 years
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ag().]ﬁ‘]7 The crucial insights about Dnmtl mechanism that have accumulated in
the past 20 years have not yet been incorporated into the great majority of the
current publications that have attempted to describe DNA methylation in
cells, "2 P8L8384 The often quoted large preference for hemimethylated sites
can be observed only in the early presteady state that represent only one segment
of different features of allosteric regulation of Dnmt1.?>* In the case of allosteric
regulation with fully methylated DNA, Dnmtl is almost equally effective as a
maintenance and a de novo 1nethyltransferase30; under those conditions, the
catalytic activity of Dnmtl can be about 10-fold higher than that of the alleged
de novo methyltransferases Dnmt3a and Dnmt3b.****365556 Fingally in certain
conditions, the allosteric regulation can completely inhibit Dnmt1 activity on any
DNA substrate.”*” In sum, our ability to understand DNA methylation and
Dnmtl activity in cells directly depends on our ability to understand its allosteric
regulation.zz"30 To complete our understanding of allosteric regulation of Dnmtl,
we still have to answer several key questions: (i) How many different allosteric sites
exist on Dnmt1P**3+38 (ii) Is there cooperativity between the different allosteric
sites? (iii) How allosteric regulation affects the catalytic activity of Dnmtl and its
ability to bind the substrate DNAP™ (iv) What is the binding specificity of the
allosteric site(s) (i.e., DNA or RNA, unmethylated or premethylated, single
stranded or double stranded)?**

Studies of Dnmtl1 structure and function can also help us to understand its
interaction with other molecules, or different phosphorylations that target
Dnmtl. As noted above, 31 different molecules were reported to interact with
Dnmtl (Table I), and this number is likely to grow in the future. Itis a delusion to
think that we can understand 31 different interactions in situ in cells if we do not
understand the enzymatic properties of purified Dnmtl. Purified Dnmtl is first
needed for description of different functional properties of this unique enzyme,
and then the acquired insights can be used to understand the interaction with
other molecules or the functional consequences of different phosphorylation
events targeting Dnmt1. In essence, the interacting molecules or phosphoryla-
tions can (i) stimulate or inhibit Dnmtl activity, (ii) guide Dnmtl to methylation
sites, (iii) facilitate dissociation from target-DNA sites, and (iv) modulate the
ability of Dnmtl to interact with other molecules. All four of these events can be
measured with purified Dnmtl using currently available methods.?>%*3%34 The
basic principles for building correlations between Dnmtl activity in cell-based
and enzyme-based assays have been described.”® The studies of interaction
between Dnmtl and retinoblastoma protein (Rb) are one example of an admira-
ble success in studies of Dnmtl structure and function, its interaction with other
molecules in cells, and the physiological significance of those events. 260

The third key segment where studies of Dnmt1 structure and function can
have a major impact is the development of Dnmtl inhibitors or activators.
Both, Dnmtl inhibitors and activators, are acutely needed as a research tool for
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studies of different physiological processes that depend on DNA methylation,
and ultimately in clinics for treatment of cancer, viral infections, mental illness,
or autoimmune diseases. Both activators and the inhibitors are attractive, as the
pathological processes related to DNA methylation depend on both an increase
and a decrease in DNA methylation at specific genomic loci.®%2 Dnmtl has a
number of regulatory mechanisms and a number of potential target sites that
can be exploited in developing inhibitors and activators. Unfortunately, we still
do not have a satisfactory inhibitor of Dnmtl. A number of compounds that
inhibit or alter DNA methylation in cells have been described in the literature.
Based on their structure and/or putative mechanism of action, the inhibitors
can be divided to different groups: (i) cytosine analogues,89 (ii) AdoMet analo-
gues,22’9() (iii) hydrazines,‘gl (iv) phthalimides,92 (v) polyphenols,93 (vi) amino-
benzoic derivatives,*% (vii) modified oligonucleotides,87 (viii) antisense
oligos,96 and (ix) disulfide analogues.97

A comprehensive analysis of different Dnmtl inhibitors indicates that,
despite the impressive number of inhibitors reported in the literature, all of
those compounds are plagued with fundamental problems.g&‘g3 Many lack
reproducibility,98 some do not target-DNA methyltransferases and affect
DNA methylation only indirectly, and many have unacceptable toxicity. Some
compounds that target Dnmtl have weak inhibition potency, so additional
mechanistic studies are needed to increase the potency. Finally, some of the
inhibitors share structural features with environmental toxins.'® Very little of
the current knowledge regarding the enzymatic mechanism of mammalian
DNA methyltransferase has been used in inhibitor development. Some excep-
tions are studies of procainanrlide,94 single-stranded oligonucleotide inhibi-
tors,”” or cytosine analogues.*>* Despite of described limitations, some of
the compounds have entered clinical trials, some have even reached late
stage clinical trials, while 5-aza-2'-deoxycytidine (Dacogen®) and 5-azacytidine
(Vidaza®) have been approved for treatment of myelodysplastic syndlrome.38

Dnmtl has about 1620 amino acids; the actual length depends on the
species and the expression of tissue-specific exons.” The studies of large
enzymes like Dnmtl can greatly benefit if the enzyme can be divided to smaller
domains. Historically, Dnmt1 is divided into a smaller catalytic domain and the
large N-terminal regulatory domain.'” The separation into catalytic and the
regulatory domains will be used in the next two sections, to highlight key
aspects of Dnmtl structure and function, with emphasis on development of
Dnmtl inhibitors.

A. The Catalytic C-Terminal Domain

Sequence analysislo !and the crystal structures of bacterial DNA methyl-
transferases® showed that cytosine carbon 5 DNA methyltransferase, such as
Dnmtl, needs at least three structural elements for catalytic activity: an
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AdoMet-binding domain, a target base-binding cavity, and a target sequence
recognition domain. The first two can be identified, based on conserved
sequence motifs.'! In Dnmt1, the AdoMet-binding site and the target base-
binding cavity can be found within the C-terminal region after multiple Gly-
Lys mpeats.20 The target recognition domain (TRD) is not precisely defined by
the conserved sequence motifs, and cannot be assigned with certainty based on
the DNA sequence. Historically, catalytic domain is defined as the C-terminal
sequence after the Glg/—Lys repeats.wo This “catalytic domain” does not have
catalytic 'acti\/it>/.29’34’l For catalytic activity, Dnmtl needs to have about 1000
amino acids from the C-terminal region; precisely the human Dnmtl con-
structs missing the first 121, 501, 580, or 621 amino acids are still active, but
those missing the first 672 amino acids or more are not active 252935

Almost everything that is known today about the catalytic mechanism in the
active site of cytosine carbon 5 DNA methyltransferases, such as Dnmtl,
comes from studies of bacterial enzymes, most notably M.Hhal. Computation-
al studies, enzyme kinetics, and protein crystallography have been used to
describe fine details of its DNA binding, AdoMet binding, base flipping, and
catalytic mechanism, encompassing more than 100 relevant studies. About 20
different crystal structures of M.Hhal can be used to trace different catalytic
steps in atomic detail *>'%*3 The crystal structures of M.Hhal also gave
valuable insights into the mechanisms of inhibition by cytosine analogues.””*?
In contrast to M.Hhal, only a handful of studies have analyzed the catalytic
mechanism in the active site of Dnmtl. There is a general assumption that
Dnmtl and M.Hhal share the same mechanism in the active site based on the
conserved sequence motifs, 2101 3H exchange reaction,”®* and inhibition by
5-fluoro-cytosine™ and other cytosine analogues.®** Further comparisons
between Dnmtl and M.Hhal can be a productive strategy to advance our
understanding of the catalytic mechanism in the active site of Dnmtl, and
the mechanisms of inhibition for the inhibitors that target the catalytic domain.

Methylation and SH exchange reactions with different AdoMet analogues
showed that Dnmtl and M.Hhal share some very fine features in the catalytic
steps that take place once the target base is positioned in the active site cavity.*>''*
In particular, M.Hhal and Dnmtl have very similar catalytic processes at the
carbon 5 of the activated target base including the methyltransfer step.%’l 1 The
observed similarity is encouraging for studies of Dnmtl inhibitors, as many of
the current inhibitors exploit catalytic processes at the carbon 5 of activated target
base. The methyltransfer step is the rate-limiting step for both enzymes.*>''*
Interestingly, even though Dnmtl and M.Hhal share the same rate-limiting step
in methylation and SH exchange reaction, M.Hhal can have more than a 100-fold
faster catalytic rate.’®!" The difference in catalytic rates can be attributed to the
difference in the rapid equilibrium between the initial steps that lead to the target
base attack, that is, the recognition of the target base, the base-flipping steps, and
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formation of the unstable covalent adduct intermediate®® (base-flipping experi-
ments have never been reported for Dnmt1; however, it is very likely that Dnmt1
like other DNA methyltransferase flips the target base out of DNA helix?®). Due to
such rapid equilibrium, both M.Hhal and Dnmtl have a unique feature that their
catalytic rates can be controlled independently at two levels: (i) the rate-limiting
methyltransfer step and (ii) the rapid equilibrium prior to the irreversible rate-
limiting s‘cep.zz’%’1 4 Changes in the rapid equilibrium between the initial catalytic
steps is the most likely explanation for the surprisingly high kinetic preference for
poly(dI-dC) substrates that are unique to Dnmtl and cannot be observed with
M.Hhal.'%3¢ Also it appears that the allosteric regulation of Dnmtl leads to
changes in the methylation rates as a result of changes in the rapid equilibrium
between the early catalytic steps.QZ’%’1 14

The conserved sequence motifs defining the active site cavity translate into
very fine similarities in the catalytic steps in the active sites of Dnmtl and
M.Hhal. Dnmtl and M.Hhal also share conserved sequence motifs that define
the AdoMet-binding site; however, the two enzymes show a number of signifi-
cant differences in interaction with AdoMet. Dnmtl has a relatively high K, for
AdoMet in comparison to the bacterial enzymes, up to 100-fold higher than the
value measured with M.Hhal.>2%315116 Wwith Dnmtl, DNA binding does not
lead to a large change in AdoMet-binding affinity as in M.Hhal**36-115:116
However with Dnmtl, AdoMet binding at the start of catalysis can control
enzyme activity through slow structural changes that appear to be coupled to
allosteric inhibition.?*??® Unlike Dnmt1, M.Hhal shows very rapid rates of
target base attack in the absence of AdoMet. This is very surprising, as target
base attack in the absence of AdoMet will greatly increase the chances of
mutagenic deamination.'””** The ability to support mutagenic deamination
might be an inherent deficiency of the bacterial enzymes, or a physiological
adaptation that can be advantageous to bacterial enzymes but not to
Dnmt].56:114 Briefly, under conditions of AdoMet insufficiency, mutations in-
duced by the bacterial methyltransferase might slow digestion of host DNA by
cognate endonucleases by changing occurrences of the recognition sequence.
Deamination (affecting one strand) can subsequently be repaired effectively or,
if not repaired, there is a good chance that it can result in a tolerable mutation. 121
The double-strand breaks caused by the nucleases are much more difficult to
repair, cannot be tolerated, and therefore are much more lethal.'?! In contrast,
AdoMet interaction with Dnmtl has regulatory features that might prevent
Dnmtl from attacking the target base in the absence of the cofactor.?*% Tt
remains to be seen if these regulatory features complicate or facilitate design of
Dnmtl inhibitors that target the active site and the AdoMet-binding site.

The comparisons between Dnmtl and M.Hhal are often oversimplified,
with arguments that Dnmt1 has a large preference for hemimethylated DNA
(relative to unmethylated DNA) that cannot be observed with M.Hhal %*1%2
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The ability of M.Hhal to discriminate between hemimethylated and unmethy-
lated sites is often forgo‘c‘cen,(‘;ﬁ"122 even though it is well documented by kinetic
and crystallographic studies.'%>">116 Dpmtl has much more complex inter-
actions with DNA molecules than M.Hhal.?>3® With Dnmtl, the reported
difference in catalytic activity between hemimethylated and unmethylated
substrates vary between 3- and 40-fold; some reports indicated that the differ-
ence may vary as much as 2- to 200-fold.>* 58123 gych wide range can be
confusing; to avoid misleading conclusions, it is necessary to understand the
mechanism that can lead to such large variability. Briefly, Dnmt1 has at least two
DNA-binding sites, the active site and the regulatory allosteric site.**573"5%
Depending on the DNA bound to each site, Dnmtl can show different catalytic
activity.22’30

For example, a comparison of Dnmtl methylation reactions on hemi-
methylated and unmethylated DNA revealed that in the early presteady
state, the measured methylation rates can differ by 30-fold or more.?>3° The
large difference is due to allosteric inhibition that is caused by an excess of
unmethylated substrate.?* However, slow conformational changes at the start
of catalysis lead to relief from allosteric inhibition,>® so that the observed
difference between the presteady state methylation rates for the two substrate
is only about fivefold® (a slow relief from allosteric inhibition at the start of
catalysis can be seen only if the catalytic rates on given substrates are faster that
the rate of relief from allosteric inhibition). With further progress of the
reaction to the steady state, the unmethylated and hemimethylated substrates
show almost equal rates.”>?" A decrease in Dnmtl saturation with AdoMet
results in slower relief from allosteric inhibition and therefore elevated selec-
tivity for premethylated substrate.”* The described features depend on DNA
bound at the active site and the allosteric site®>**%; therefore, different
experimental setups will show variations as described in detail else-
where.?23%5% In sum, Dnmtl is a large and somewhat unique enzyme; design
and the interpretation of its activity studies is a unique challenge.zz’36 The
established enzyme assay and enzyme kinetics textbooks were written primarily
for much faster enzymes that target simple small-molecule substrates. There-
fore, established approaches for the studies of enzyme activitymzH26 have to be
adapted for Dnmtl studies™®° to avoid inconsistencies and confusion in the
future activity studies.

A number of Dnmtl inhibitors can probably be improved by exploiting
details of the catalytic mechanism in the active site and the AdoMet-binding
site. Initial design and optimization of such inhibitors can take advantage of the
conserved features between Dnmt1 and M.Hhal.” Cytosine analogues are the
best known active site inhibitors.>*%%% The cytosine analogues cannot inhibit
Dnmtl directly, but have to be incorporated into DNA, where they trap Dnmt1
in the process of DNA methylation by forming a covalent bond with the
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enzyme.&() This results in a “suicide inhibition,” but also excessive DNA damage
and high toxicity. The cytosine analogues are most effective at low concentra-
tion that represents a balance between desired interference with DNA methyl-
transferase and acceptable toxicity.”>”” The cytosine analogues are also
valuable tool for cell-based studies of DNA methyla’(ionlm‘128 and biochemical
studies of DNA methyl‘uransfelrase‘w’89 (the cell-based studies that use cytosine
analogues to study DNA methylation often do not differentiate between the
inhibitor’s effects on DNA methylation from the cellular response to DNA
damage that is caused by the inhibitor). Different cytosine analogues show
different toxicity, pharmacodynamics, and pharmacokinetic properties in clini-
cal and cell-based studies.>® Interestingly, the rate of inactivation'2%713! has
never been reported for any of the analogues, so we cannot correlate the
potency and the toxicity for any of the analogues with its ability to form the
covalent adduct with the enzyme (the rate of inactivation by 5-fluoro-cytosine is
likely to be comparable to the methylation rates, as 5-fluoro-cytosine is methy-
lated only about two times slower than cytosine'*?)

Despite the continuing effort to improve the pharmacology of cytosine
analogues, the reality is that none of the analogues in their current form can
reach the true potential that inhibitors of DNA methylation can have. The
cytosine analogues have a number of desirable features as lead compounds;
however, they need to be modified to achieve the suicide inhibition without the
need for toxic incorporation into genomic DNA. It is very likely that Dnmtl,
like other DNA methyltransferases, flips the target base out of the DNA helix.?
Thus, we need to design small-molecule lead compounds that can position
cytosine analogues in the active site cavity, mimicking the flipped-out base. The
base-flipping mechanism has been described in numerous studies. Design of a
compound that can mimic the flipped-out base appears to be very challenging,
as base flipping is a dynamic process that depends on an equilibrium between
networks of competing interactions.”>?*13% Stivers and colleagues reported
small-molecule derivatives of uracyl that can inhibit uracyl-glycosidase,135
another base-flipping enzyme that depends on dynamic equilibrium between
base-flipping and base-restacking process.'* However, the most favorable ICs
value is about 9 pM, '’ indicating that we are still far from design of a potent
small-molecule inhibitor that can mimic the flipped-out base. An alternative, to
incorporation of cytosine analogues into small molecules that can mimic the
flipped-out base, is to attach cytosine analogue to a small molecule that can exploit
binding interactions between Dnmtl and AdoMet. [1,2-dihydropyrimidin-2-
one]-5-methylene-(methylsulfonium)-adenosyl is currently in development as a
potential lead compound for such class of Dnmtl inhibitors.?? Moreover, due to
known action mechanism, [1,2-dihydropyrimidin-2-one]-5-methylene-(methyl-
sulfonium)-adenosyl could be continually modified to increase its binding affinity
and specificity.**
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Procaine and procainamide are two other small molecules that have been
reported to inhibit Dnmtl.”* The two inhibitors are attractive due to known
pharmacological properties and good tolerance. Procainamide inhibits DNA
methylation in cells and purified Dnmtl, and the ICs, for purified Dnmtl is
about 10 pM.** This IC5, value can be a good starting point for a promising lead
C()mp()und94; however, additional optimization and a higher potency are required
for possible application. An elaborate mechanistic study suggested that procaina-
mide binds at the AdoMet-binding site.”* A fortunate situation, for all studies of
Dnmtl inhibitors that target the AdoMet site, is that Dnmt1-AdoMet interaction
is the only Dnmtl measurement that can use steady state approximations and
related equations to determine competition and binding afﬁnity.36 Unlike sub-
strate DNA, AdoMet is always in a large excess relative to Dnmtl, and catalytic
rates with poly(dI-dC) substrates are fast enough to assure multiple turnovers and
linear reaction profiles, the key requirements for every steady state analysis.%’ 124

RG108 is another small molecule that can inhibit DNA methylation in cells
and purified Dnmtl.” The reported ICs5y value for Dnmtl inhibition in
enzyme-based assay is a very impressive 115 nM.”® However, RG108 has the
basic structure of a phthalate, and phthalates are known to be genotoxic.l% It
remains to be seen if the genotoxic effects are a result of interference with
DNA methylation only, or if other targets are involved. The initial results with
RG108 are encouraging: the cell-based studies did not reveal multiple targets
or excessive toxicity.'g3 The binding site for RG108 has not been confirmed
experimentally, though initial molecular modeling studies indicated that
RG108 might target the active site.”® This is consistent with the observation
that both Dnmt1 and the bacterial enzyme M.SssI can be inhibited by RG108,
as the two enzymes share conserved sequence motifs in the active site and the
AdoMet-binding pocket.92 Another still untested possibility is that both
enzymes are inhibited by RG108 indirectly as a result of inhibitor’s intercala-
tion into substrate DNA. RG108 structure has planar conjugated hydrophobic
rings that in principle could intercalate into DNA and interfere with all
molecules that bind to DNA. In sum, additional mechanistic studies are
needed to show how and if RG108 can directly bind and inhibit Dnmt1.

B. The Regulatory N-Terminal Domain

The bacterial enzyme M.Hhal shows that three basic domains and 327
amino acids are enough for cytosine methylation within a GCGC sequence,
with preference for hemimethylated sites. Mammalian Dnmtl has about 1620
amino acids, suggesting that Dnmt1 has evolved far beyond its basic function of
DNA methylation. The N-terminal domain of Dnmtl appears to have three
functions: (i) allosteric regulation of the catalytic activity, (ii) multiple phos-
phorylation and methylation sites (see Chapter by Shannon R. Morey Kinney
and Sriharsa Pradhan) that regulate catalytic activity of Dnmtl, and (iii)
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orchestration of interactions between Dnmtl and other molecules that affect
DNA methylation (of 31 molecules known to interact with Dnmtl (Table I),
only one of them, cochaperone p23, was found to bind the C-terminal do-
main®®). In sum, the N-terminal domain has multiple regulatory mechanisms
that control the activity and the specificity of DNA methylation. Interestingly,
we still do not have a Dnmtl inhibitor that targets any of the regulatory sites.
One possible exception is a single-stranded DNA oligonucleotide with one 5-
methyl-(iytosine that has been developed as an allosteric inhibitor of mouse
Dnmt1%” (it remains to be seen if the same oligonucleotide inhibits human
Dnmtl). Design of small-molecule inhibitors or activators that target the N-
terminal domain is especially attractive. The inhibitors that target the catalytic
domain can only inhibit catalytic activity of Dnmtl, the wide spectra of regu-
latory features in the N-terminal domain indicate a potential for design of
Dnmtl inhibitors and activators, or the compounds that destabilize the
Dnmtl-target-DNA complex. Both activators and the inhibitors are attractive,
as the pathological processes related to DNA methylation depend on both an
increase and a decrease in methylation at specific genomic loci.®"*?

Today, we think that the N-terminal domain has a loose structure and acts as a
collection of interacting and yet somewhat separate subdomains that can even fold
independently.**'*" This thinking is based on the observations that isolated seg-
ments of the N-terminal domain can bind DNA,2%2%3* or interact with proteins
that bind to Dnmt1*® (some of those interactions are listed in Section I11 of this
chapter). The Dnmtl fragments that can interact with other molecules range in
length from 20 to more than 300 amino acids (the protein fragments bigger than
100 amino acids can be expected to form the secondary structure that is close to
their native structures'?*). The isolated segments of the N-terminal domain can
effectively mimic Dnmtl] in its interaction with other molecules only if they can
form a structure that is very close to their native structures. (To remind the reader,
a structural change of one hydrogen bond can lead to a decrease in binding energy
that can correspond to a decrease in binding affinity of about an order of magni-
tude'> 10, some nice experimental examples of that principle are shown in Ref.
141.) The multiple-independent domains connected by flexible linkers will make
determination and interpretation of crystal structures of Dnmtl1 very challenging.
It appears that at this moment, one productive research strategy would be to
continue characterizations of the functional fragments of Dnmtl. For example,
crystal structure of human Dnmtl replication foci-targeting sequence is available
at 2.3 A resolution (PDB code: Sepz,142 268 amino acids, residues 350-618), while
the approximate structure for some parts of Dnmtl can be deduced from the
homology modeling of the conserved structural motifs. " 143

Different segments of murine Dnmtl have been expressed and purified
from Escherichia coli cells and to some extent functionally characterized.>*
Baculovirus expression was also used to prepare different segments of human
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Dnmt1,2***37 human Dnmtl that had increasingly shorter N-terminal do-
main, 2729137 or full-length human Dnmt1 with specific mutations,?” or human
Dnmtl missing sections of its sequen(:e.28 Yeast two-hybrid systems have been
used to identify interactions between different fragments of Dnmtl1.'%2 The
studies of enzymatic function of different Dnmtl fragments have been focused
on two major questions: (i) which parts of the N-terminal domain are required
for the catalytic activity and (ii) which parts of the N-terminal domain represent
the regulatory allosteric site(s). Steady, admirable progress has been achieved
in addressing both questions, and the future prospect for additional insights
look very promising.

The search for catalytically active Dnmtl fragments started with the first
report of a successful separation of functional fragments of Dnmtl using partial
proteolysis.wo The proteolysis resulted in admirably clean cleavage of Dnmtl
into a C-terminal fragment that shows catalytic activity, and an N-terminal
regulatory domain that binds radioactive zinc ions. The cleaved “catalytic
domain” appeared to be free from allosteric inhibition at high substrate con-
centration, suggesting that the N-terminal domain contains the allosteric site
that leads to substrate inhibition.'®*® The initial success by Bestor inspired
numerous studies; however, none of those studies could prepare the active
catalytic domain that was described in the original Bestor’s study.>” 2***!3" The
human Dnmtl constructs missing the first 121, 501, or 580 amino acids are still
active, and show the ability to discriminate between hemimethylated and
unmethylated DNA substrates similar to the full-length erlz>frlle.29’35 Human
Dnmtl constructs missing the first 621 amino acids are still active, but con-
structs missing the first 672 amino acids are not. 2

Interestingly, even though the first 580 amino acids are not necessary for
activity, this segment has multiple phosphorylation sites that can control catalytic
activity of Dnmt] 39:40:144.145 Possibly, the phosphorylation sites are not directly
involved in catalysis, but conformational changes in the flexible protein structure
allow the phosphorylated sites to interact with different Dnmt1 parts and cause
inhibition. This proposal is supported by the observation that a very specific
peptide mimic of the phosphorylation site at Ser515 can inhibit activity of
mouse Dnmtl, apparently by altering the interactions between different
domains.® Dnmtl phosphorylation at Ser515 is needed for enzyme activity.39
Additional phosphorylation sites on mouse Dnmtl are found within amino acid
region 1-290 that binds casein kinase 18/e (CK18/€).* The first phosphorylation
takes place at Ser146, and then additional phosphorylations spread to the sur-
rounding amino acids.* Described phosphorylations appear to inhibit Dnmtl asa
result of destabilization of the Dnmt1-DNA complex.40 Phosphorylated peptides
that can control Dnmtl activity are potentially interesting as Dnmt1 inhibitors,>
though additional mechanistic studies are needed to show if there are practically
feasible strategies. Interestingly, Dnmtl missing the first 501 amino acids has
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higher activity than the full-length er12}71116,27’32 and the missing phosphorylation
sites could be one of the reasons for this. Apart from the phosphorylation sites, the
first 580 amino acids contain exons specific to mammalian enzymes, one of the
regulatory DNA-binding sites, 252934 exons specific for different tissues and cell
types,” ™3 and phosphorylation and methylation sites that control Dnmtl
turnover in cells (Chapter by Shannon R. Morey Kinney and Sriharsa Pradhan).

Two studies, using different experimental approaches, showed that Dnmt1
has two DNA-binding sites in the N-terminal domain and one DNA-binding
site in the C-terminal domain.?*>* The first DNA-binding site is located in the
human enzyme within the region 261-356, and more specifically amino acids
Lys 284, Lys 285, His 286, and Arg 287.* The second DNA-binding site is
located within the Zn-finger domain, in the amino acid segment 580-697.
Interestingly, functional studies suggest that the two DNA-binding sites
might function, at least to some degree, independently. Activation by fully
methylated DNA can be observed with full-length Dnmtl and Dnmt1 missing
the first 121 amino acids; however, the activation cannot be observed with the
constructs missing the first 501 or 580 amino acids.” Nevertheless, the con-
structs missing the first 501 or 580 amino acids can differentiate between
hemimethylated and unmethylated substrates,?>?” which is one of the features
that depends on the allosteric inhibition at high substrate concentrations.>®
Thus, the allosteric activation by the fully methylated DNA and the allosteric
inhibition by an excess of unmethylated DNA substrate appear to be at least
partially independent. Strictly speaking, we do not know if fully methylated
DNA activates Dnmtl, or if instead it leads to higher activity by reducing
inhibition. The activation by fully methylated DNA is among the strongest
evidence of allosteric regulation of Dnmt1,** a number of other more subtle
evidences have been reported.22

The DNA-binding site between amino acids 261 and 356 does not show
sequence homology with any of the known DNA-binding proteins; however,
the Zn-finger domain has strong similarity to MBD1 protein, a chromatin
modification protein that binds to unmethylated CpG sites (MBD proteins
are covered in Chapter by Pierre-Antoine Defossez and Irina Stancheva
and in Ref. 79). Human Dnmtl missing the first 580 amino acids shows
slightly higher binding affinity for unmethylated substrate relative to hemi-
methylated and fully methylated DNA, thou%h interestingly the opposite
preference is observed in the catalytic activity. ® This is consistent with the
well-known observation that unmethylated DNA can induce Dnmtl inhibi-
tion by binding at the allosteric site.'%3% The isolated Zn-finger (amino
acids 651-697) shows obvious binding preference for unmethylated DNA,
though its DNA-binding affinity is about 100-fold lower than the DNA
affinity of full-length Dnmtl. This suggests that additional amino acids
around the Zn finger also participate in DNA binding. Consistent with



DNMT1: STRUCTURE AND FUNCTION 235

this proposal, full-length Dnmtl that is missing the Zn-finger domain shows
clear evidences of inhibition by increasing concentration of unmethylated
substrate and about 10-fold reduced activity.% In sum, the accumulated
evidence suggests that the Zn-finger domain could be the allosteric site that
leads to inhibition by an excess of unmethylated DNA. The inhibition by
excess unmethylated substrate was the first textbook evidence for allosteric
regulation of Dnmt],16:124-126 Although somewhat subtle, the inhibition by
excess unmethylated substrate has been reproduced in numerous studies
over the last 30 years.22

A number of key questions remain open. First, there is a question about
positive or negative cooperativity between the two allosteric sites on Dnmtl.
Precisely, even though externally added fully methylated DNA can activate
Dnmtl in methylation reactions on unmethylated substrates,?”>* Dnmtl is not
self-activated by the methylation sites produced in its methylation reaction on
unmethylated substrate.’® The evidence of self-activation in the enzymatic
reaction is easy to detect. In the case of product activation, the reaction time
profile after the first turnover shows a continual increase in the catalytic rates as
the product accumulates with time, 1247126.140 Following the first turnover, the
Dnmtl methylation reactions show linear reaction time profiles and a decrease
in catalytic rates,>*-3333:36.74

The allosteric decreases in catalytic activity can be rather drastic. In the early
presteady state, the methylation reaction on unmethylated DNA can be more
than 30-fold slower than that on hemimethylated DNA or on unmethylated
DNA in the presence of allosteric regulation by the fully methylated DNA.%
However, after the first turnover (i.e., the progress from presteady state to the
steady state), the rate difference between different reactions drops drastically
and the time profiles for all reactions show very similar rates.?>3%%3:36 This rate
drop cannot be attributed to any of the common causes such as gfoduct inhibi-
tion, enzyme inactivation with time, or substrate depletion.3 "™ The whole
process represents an outstanding display of allosteric regulation of Dnmtl.

The second group of interesting questions is which molecules, by what
mechanism, bind at the allosteric site(s) of Dnmtl in cells®*? The answers to
these questions are likely the key for understanding of Dnmtl function in cells.
Apart from the allosteric activation by fully methylated DNA, or the allosteric
inhibition by unmethylated DNA, a number of other molecules were found to
bind and/orinhibit Dnmt1, such as specific RNA and tRNA molecules,'®** single-
stranded oligonucleotides with one 5-methyl-C site,” poly(ADP—n'bose),57
poly(dA)'poly(dT),18 or p()ly(dA—dT).74 It remains to be seen if any of these
interactions compete for the same binding sites or cooperate in control of
Dnmtl activity in cells. Apart from their physiological significance, all insights
into the mechanism of allosteric regulation could be exploited in development
of Dnmtl inhibitors and activators.
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lll. Structure and Function of Dnmt1 and lts Interaction
with Other Molecules

In cells, DNA is organized in chromatin structures that have multiple
functions, including DNA packing and protection from DNA dall1age,121’146’147
and organization of dynamic physiological processes such as transcription,
replication, repair, and recombination. DNA methyltransferases affect each
of these processes by acting within different multimolecular structures. The
interacting molecules can control the access of Dnmtl to the target sites'*®
and/or Dnmtl activity at the potential target sites. 22149150 A¢ noted above,
about 31 different molecules have been reported to interact with Dnml
(Table I); this number is likely to grow in the future. The interacting molecules
include proteins, RNA molecules, and poly(ADP-ribose). Nice maps of Dnmtl
fragments that interact with other proteins are provided in earlier publica-
tions.>> ™ Interestingly, all of the interacting molecules are found to bind the
regulatory N-terminal domain, except co-chaperone p23, that was found to
bind the catalytic C-terminal domain.%

A full list of different molecules that are known to interact with Dnmtl is
summarized in Table I, the reader is also referred to Jafar Sharif and Haruhiko
Koseki in this volume, and to some relevant publica’rions.18’3‘5’47’72’7&79 Here, 1
want to point out that it is highly unlikely that all of the interacting molecules bind
to Dnmtl at the same time, thus it will be very useful to group the different
interactions according to their physiological functions (Table I). It appears that
Dnmtl participates in four different yet functionally integrated interactions: (i)
Dnmtl dimerization; (ii) core chromatin replication complex; (iii) interaction with
molecules involved in DNA repair, cell cycle control, and apoptosis; and (iv)
interaction with RNA Pol II, RNA-binding proteins, and specific RNA molecules.
The function of different Dnmtl interactions overlaps to some extent, and this
overlapping probably explains why inactivation of many of the interacting proteins
results in only partial loss of DNA methylation.84 In the coming paragraphs, I will
discuss some examples of how insights in enzymatic properties of Dnmtl can help
us to understand the interaction between Dnmtl and other molecules in cells.

A. Dnmt1 Dimerization

Dnmtl dimers can be observed with purified Dnmtl and in cells over-
expressing Dnmtl."”" Several bacterial enzymes including M.Hhal can also
form dimers.'"®> Dnmtl dimers are formed by interaction between the regu-
latory N-terminal domains (amino acids 310-629). It has been proposed that
dimerization increases enzyme specificity for hemimethylated sites, but unfor-
tunately this has not been confirmed in studies of enzyme activity. Activity
studies at different concentrations of Dnmtl can reveal differences in the
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enzymatic properties of Dnmtl monomers and dimers. I have observed that an
increase in Dnmtl concentration leads to partial inhibition of Dnmtl activity
on unmethylated DNA, independent of DNA concentration.>® If similar inhi-
bition cannot be observed with premethylated substrate, we could argue that
Dnmtl activity studies support the idea that its dimerization leads to increased
selectivity for premethylated substrate. In sum, it is still unknown how, and if,
dimerization can affect the enzymatic properties of Dnmtl; the experimental

tools re(;uired to answer those questions in the future studies are
. 92.27,29,30,32,36
available.

B. Core Chromatin Replication Complex

During the process of DNA methylation in cells, Dnmtl is a part of a large
multiprotein complex that acts as epigenetic code replication complex.*™**1>°
The primary function of such complex is preservation of the existing epigenetic
organization and chromatin structures. I will highlight some of the functions of
the core chromatin replication complex that can directly depend on enzymatic
properties of Dnmtl (see also Chapters by Xiaodong Cheng and Robert M.
Blumenthal; Jafar Sharif and Haruhiko Koseki).

It has been suggested that Dnmtl can methylate DNA wrapped in nucleo-
somes, and that nucleosomes influence DNA methylation patterns.wz’155
Studies with purified Dnmtl and mononucleosomes indicate that Dnmtl
activity on nucleosomes is as high as 20-40% of the activity observed with
free DNA, while for some DNA sequences nucleosomes are methylated to a
similar extent as the free DNA.'?* Using a very similar approach, another group
showed that Dnmtl and Dnmt3 can methylate nucleosomes at rates two times
higher than the free DNA.'? That study also indicated that Dnmtl binds
tightly to nucleosomes and, surprisingly, that the methylation sites can be
found in different translational and rotational setting in the nucleosome. >
In both studies, the bacterial enzyme M.SssI was inhibited by nucleosomes to a
much higher degree than Dnmt]. 3154

Mapping of DNA methylation sites in Arabidopsis thaliana and human
genomic DNA showed that nucleosomal DNA is methylated at a higher
frequency and with 10 bp periodicity. The methylation sites are presumably
facing away from the histone-DNA interface.'®® This prompted the authors to
speculate that DNA might be methylated while it is still bound to the nucleo-
somes and that the rotational setting on nucleosomes surface could guide DNA
methyltransferases. However, there are alternative explanations that have not
been considered. First, 5-methyl-cytosine makes DNA more rigid especially
for compressions in the major groove,mﬁ157 so that DNA methylation patterns
might have evolved in cohort with the nucleosome ?ositioning sequences to
adapt to DNA bending and breading in nucleosomes. 58-161 Gecond, the 10-bp
periodicity might not be a result of guided action of DNA methyltransferase,
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but an adaptation of methylation sites that can facilitate the methylation
readout by the proteins that bind to methylated and hemimethylated sites
while DNA is in compact chromatin structures.

To fully appreciate the unique features that Dnmtl (and Dnmt3 enzymes)
needs in order to methylate nucleosomes, we have to briefly describe the general
principles of how nucleosomes affect DNA interaction with proteins. In nucleo-
somes, 147 bp of DNA is wrapped 1.67 times around a histone octamer so that
the DNA sites are not freely accessible to DNA-binding plroteins.lw’165 DNA
sites are only transiently released from the surface of histone octamers™® in
correlation with DNA flexibility and the translational and the rotational setting of
each site.'%*71%+1% I 4 truly landmark study, Polach and Widom used about a
dozen different restriction enzymes to show that nucleosomes can block enzyme
activity by approximately factors of 10, 100, and 1000 relative to free DNA. 16
The progressive decrease in enzyme activity corresponds to different transla-
tional settings starting from the loose DNA ends toward the nucleosome
dyad. An enzyme’s ability to act on nucleosomes is directly proportional to
the enzyme concentration, while the rate-limiting step appears to be the
enzyme’s k,/K,, ratio rather than nucleosome unwinding.165 Dnmtl has excep-
tionally slow turnover rates in comparison to other enzymes,36 which would
make Dnmtl relatively inept to act on target sites positioned in nucleosomes.

Some DNA-binding proteins can access DNA sites on nucleosomes since
they do not completely encircle the DNA helix upon binding. For example,
uracyl-glycosidase binds DNA asymme’urically167 so it can effectively access
DNA repair sites even at the nucleosome dyad axis.'®2 However, even the
enzymes that bind DNA asymmetrically can be inhibited by different rotational
settings of the DNA target site on the nucleosome surface.'®*'* With a
molecular mass of 186 kDa, Dnmtl is about 1.5 times bigger than nucleosomes.
For all of us working on nucleosomes, it would be fascinating to understand
how, and if, a large and slow enzyme like Dnmtl can methylate and bind
nucleosomes keeping the original rotation setting of the target sites as the
initial studies sugges’(ed.l'sz_15 However, if future studies continue to compare
total activity of Dnmt1 to that of M.SssI, the authors need to take into account
that M.SssI is 100- to 200-fold faster than Dnmt1.°%"* In the time it takes for
Dnmtl to methylate one of the most accessible sites in nucleosomes, M.SssI
can methylate all of the easy and many not-so-easy accessible sites. This can
give the false impression that in comparison to free DNA, the nucleosome-
bound DNA affects the activity of M.SssI much more than that of Dnmtl. In
sum, the key requirement in studies of enzyme activity on nucleosomes is the
ability to quantitatively differentiate between the activity on the easily accessi-
ble site at the free DNA ends from the activity on the progressively less-
accessible sites toward the nucleosome dyad.lm_166 This key requirement was
never achieved in any of the Dnmtl studies.
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Independent of the possibility that Dnmtl can act on nucleosomes, the
reported interactions between Dnmtl and proteins involved in chromatin remo-
deling indicate that some forms of chromatin relaxation take place before Dnmt1
can access its target sites. Dnmt1 is functionally associated with SNF2h-containing
chromatin-remodeling complex NoRC,** and with LSH protein (lymphoid-
specific helicases), another protein related to the SNF2 family of chromatin-
remodeling ATPases.*® LSH function showed that even inactive Dnmt1 is crucial
for its function. Both studies indicated that functional interactions between Dnmt1
and chromatin-remodeling proteins are closely associated with the function of two
histone deacetylases HDAC1 and HDAC2. The two deacetylases were also
reported to interact directly with Dnmt1.%” A number of other histone modifying
proteins interact with Dnmtl, like histone-lysine N-methyltransferase
SUV39H1,*® G9a histone methyltransferase,49 and heterochromatin-binding pro-
tein HP1B.*"** A close functional link between DNA methylation and histone
modification is driven by the shared function; the main unanswered questions are
as follows: (i) What is the precise order of these events? (ii) What type of coopera-
tivity exists between DNA methylation and histone modification events?®

Many of the proteins involved in histone modification that interact with
Dnmtl also interact with DNA methyltransferases Dnmt3a and Dnmt3b*"™
(Dnmt3 enzymes are described in Chapter by Frédéric Chédin). Dnmtl also
interacts with Dnmt3a and Dnmt3b.*! Studies of the mechanism of interactions
between Dnmtl and Dnmt3 enzymes can offer answers to some of the key
questions about the alleged physiological function of these three enzymes, that
is, Dnmt] as the maintenance methyltransferase and Dnmt3a and Dnmt3b as de
novo methyltransferases. Many of the cell-based studies suggested that the classi-
fication of Dnmtl as a maintenance methyltransferase and Dnmt3 enzymes as de
novo methyltransferase is not justified, as both Dnmtl and Dnmt3 enzymes
participate in de novo methylation via unknown molecular mechanisms.™

The enzyme-based studies support this conclusion, as purified Dnmtl and
Dnmt3 enzymes have (within experimental error) equal catalytic rates as de
novo methyltransfemses.323“3 368586 owever, it is very important to notice that
in the presence of fully methylated DNA, Dnmtl can have more than 10 times
higher de novo catalytic activity than Dnmt3 enzymes. In those conditions, de
novo catalytic activity of Dnmt1 is almost identical to its activity as a mainte-
nance methyltransferase.153 The allosteric effects appear to be the main regu-
lator of Dnmtl activity as de novo and maintenance methyltransferase, the
remaining important question is “How do different DNA molecules bind at the
allosteric site of Dnmt1 in cells?” It has been suggested that catalytic product of
Dnmt3 can stimulate catalytic activity of Dnmt1, but the actual mechanism is
not known.'®® It is possible that Dnmt3 can increase catalytic activity of Dnmt1
by feeding its methylated DNA directly to the allosteric site on Dnmtl. This
proposal is supported by the observation that Dnmt3 binds the regulatory
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domain of Dnmt1.*' Direct feeding of premethylated DNA to the allosteric site
on Dnmtl can be crucial, since in free solution different DNA molecules
randomly compete for different DNA-binding sites on Dnmt1, a mere presence
of methylated DNA does not lead to activation (as described in Section II.B).

Apart from Dnmtl, the methylated DNA sites are also recognized by other
proteins, such as UHRF1 (ubiquitin-like with PHD and ring finger domain 1) and
MBD (methyl-CpG-binding domain) proteins (see also Chapters by Jafar Sharif
and Haruhiko Koseki; Pierre-Antoine Defossez and Irina Stancheva). The hemi-
methylated sites are small, so it is impossible for large proteins like Dnmtl,
UHRF1, or MBD to bind such sites simultaneously. This raises the question of
whether those molecules cooperate to increase the sensitivity of Dnmtl for
hemimethylated sites and maintenance methylation.sg’lzg’lso Here, I will discuss
interaction between Dnmtl and UHRF1 (the interaction with MBD proteins is
described later in this text in the section on RNA-directed DNA methylation).
UHRF1 protein is indispensable for Dnmtl activity in cells (Ref. 45 and Chapter
by Jafar Sharif and Haruhiko Koseki). UHRF1 is a large multidomain protein that
appears to be the central molecule in the epigenetic code replication complex.45
UHRF1 can recognize hemimethylated sites and histone methylation, and bind
both Dnmtl and histone methyltransferase (G, 46169170 T UHRF1
appears to link histone methylation and DNA methylation.*”

The known enzymatic features of Dnmtl can help us to address the debate
how, and if, UHRF1 and Dnmtl cooperate in preserving hemimethylated sites
during replication.sg’lzg’mo Dnmtl preference for the hemimethylated sites is
primarily a result of kinetic preferences that depend on the allosteric regula-
tion.”*3%™ UHRF1 or any other molecule can affect the specificity of Dnmtl
for hemimethylated sites only if the process affects the allosteric regulation of
Dnmtl (Section II.B and Refs. 22,30). Dnmtl preference for hemimethylated
DNA sites is not a result of preferred binding equilibrium%‘”l; therefore,
UHRF1 cannot increase Dnmtl’s preference for hemimethylated sites by
increasing its binding affinity for such sites.”> UHRF1 and Dnmtl are too big
to bind hemimethylated sites simultaneously, and the binding affinity of Dnmt1
for hemimethylated site depends only on its interaction energy with that site.
Thus, UHRF1 cannot preactivate Dnmtl by binding at the hemimethylated
site prior to Dnmt1*® since such “preactivation” would be against the basic
chemistry principle that the binding equilibrium does not depend on the path
by which the equilibrium is achieved.'**1%5-140

C. DNA Repair, Cell Cycle Control, and Regulation

of Apoptosis

The actions of multiprotein complex involved in epigenetic code replication
have to be closely correlated with cell cycle regulation. The chromatin structures

and the proteins involved in chromatin organization are known to block the access
of DNA repair proteins to the damage sites.'?! Therefore, it can be expected that
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the molecules involved in response to DNA damage can stop DNA methylation or
even facilitate dissociation of DNA methyltransferases from the target sites. The
actual experiments have shown that the molecules involved in response to DNA
damage can stop DNA methylation at the level of Dnmtl tmnscription”z’17“3 orby
direct interaction with Dnmt1,"*°"" or regulate apoptosis in complex with
Dnmt] 56063 Probably, one of the best understood examples of such regulation
is Dnmt1 interaction with the Rb that results in Dnmt] inhibition and dissociation
of Dnmtl1-DNA corr1ple><.29’59 The amino acid region 261-356 in the N-terminal
domain of Dnmtl binds to specific pockets on Rb.?” The interaction between
Dnmtl and Rb protein could compete with the allosteric regulation of Dnmtl by
fully methylated DNA.%

Dnmtl is also inhibited by poly(ADP-ribose) and PARP1.°"*® The mecha-
nism of Dnmtl inhibition by poly(ADP-ribose) has not been investigated. It is
not known if the interaction leads only to inhibition, or also to destabilization of
Dnmtl binding to its target site.™ Tt is unknown if poly(ADP-ribose) binds at
the regulatory N-terminal domain, and whether such binding interferes with
other molecules that regulate Dnmtl activity by binding to the regulatory
domain.?>*3° Dnmt1 can be inhibited by poly(dA)-poly(dT) and poly(dA-
dT), but not by poly(A) or poly(dA).l&74 It remains to be seen if the inhibiting
molecules bind at the same site as poly(ADP-ribose). The specificity of the poly
(ADP-ribose)-binding site can be explored as a potential target for design of
small-molecule Dnmtl inhibitors as drug candidates. The experimental tools
required to answer the questions related to Dnmtl inhibition by poly(ADP-
ribose) have been developed.22’27’29’30 »32,36,74

Dnmtl interacts with p53, and this interaction affects expression of the
survivin gene, an inhibitor of apoptosis.”’ Dnmtl and p53 appear to be
involved in downregulation of protein phosphatases that regulate the cell
cycle.174 DNA repair and cell cycle regulation are two closely related processes;
therefore, it is no surprise that Dnmtl also interacts with some of the kinases
involved in cell cycle 1regulation.40’144 As noted above, Dnmt1 is phosphory-
lated at a number of sites in its regulatory N-terminal domain,?40144145
Decreased DNA-binding affinity is observed after phosphorylation of serine
146 and surrounding sites by the CK18/e.%° In sum, it appears that Dnmtl
interaction with the molecules involved in response to DNA damage leads to
inhibition of DNA methylation (by the release of the DNA target sites), cell
cycle arrest, and regulation of apoptosis.

D. RNA-Directed DNA Methylation

The interaction with specific RNA molecules was probably the first report
of Dnmtl interaction with other molecules.'® The original study is almost 30
years old; nevertheless, many of the fine features that were reported by
Weissbach and colleagues almost 30 years ago are fully reproducible.22 Similar
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to Weissbach and colleagues, we routinely found during Dnmtl purification
that its activity is strongly inhibited in cell extracts.”* The inhibition was found
to be due to tightly bound RNA molecule(s).'®?* RNA-directed DNA methyl-
ation has been described in plant cells, and a comparative analysis of plant and
mammalian cells shows that mammalian cells have counterparts for the mole-
cules involved in RNA-directed DNA methylation.”’s Growing evidence indi-
cates that RNA molecules are involved in control of DNA met}}ylation in
mammalian cells, through the mechanism is poorly understood' * 1% (see
Chapter by Anton Wutz).

Several studies reported evidence of physical or functional interaction
between Dnmtl and RNA Pol IL%™ but the actual mechanism and the
consequences of that interaction are not understood. RNA Pol II is involved
in synthesis of the noncoding RNA molecules.'™ Dnmt1 interacts with several
members from the family of methyl-CpG-binding domain (MBD) pro-
teins®>">1%2 that bind several types of RNA molecules™ and interact with
histone modifying components.67 Most notable is MeCP2 (Rett syndrome
protein68); MeCP2 participates in displacement of histone H1'841% and its
functional interaction with Dnmt1 can be crucial for neuronal development.68
Methylated DNA sites are too small to bind Dnmtl and MBD proteins at the
same time, so it is unclear how these proteins act together in the recognition of
methylated sites. Interestingly, MBD proteins cannot bind methylated DNA
sites when they bind RNA molecules, ' suggesting that RNA molecules might
coordinate the access to methylated DNA sites between MBD proteins and
Dnmtl. Dnmt3a, another protein that can bind Dnmtl, also binds RNA
molecules in cells.'®® Dnmt3a binds the antisense strand of siRNA molecules
in cells, acting in cohort with RNA Pol II and histone metlrlylation.186

Interestingly, Dnmtl cannot be inhibited by every RNA molecule, only
some mRNA and tRNA molecules can cause inhibition and it appears that
some of them have higher potency than others, with poly(G) being the most
preferred sequence known to date."® It remains to be seen if tRNA molecules
are really involved in DNA methylation, or some tRNA molecules just mimic
some of the noncoding RNA molecules that participate in DNA methylation.
A puzzling link between DNA methylation and tRNA molecules is also an open
question in Dnmt2 studies'"'®%, If RNA molecules control Dnmtl activity by
binding to an allosteric site, the sensitivity of allosteric regulation to 5-methyl-
cytosine suggests that an RNA methyltransferase might methylate the regu-
latory RNA molecules and thus control Dnmtl and DNA methylation.22 In
sum, the allosteric regulation of Dnmtl, and Dnmtl inhibition by the RNA
molecules, unfairly remains to this day the two least-explored enzymatic fea-
tures of Dnmt1.22 The two features are likely to be related, and likely to be the
key for our understanding of differences between maintenance and de novo
DNA methylation, the two processes that can drive the changes in methylation
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patterns that lead to diseases.”"** The future studies of Dnmt1 interaction with
RNA molecules are likely to have a significant impact on our understanding of
Dnmtl action in cells, and on rational design of novel modulators of Dnmt1
activity in cells.”?

IV. New Crystal Structures of Large C-Terminal Fragment
of Mouse and Human Dnmt1

Just as I finished writing the final version of this chapter, new crystal
structures of the large Dnmtl fragment have been published.189 The first
structure shows mouse Dnmt1 (residues 650-1602) in complex with S-adenosyl
homocysteine and a 19-bp DNA duplex that contains two unmethylated CpG
sites separated by 8 bp (3.0 A resolution; Fig. 1). The second crystal structure
shows human Dnmtl (residues 646-1600) in complex with the same 19-bp
DNA and S-adenosyl homocysteine (3.6 A resolution). The new structures
complement the existing structure of human Dnmt1 replication foci-targeting

=X
A
7S

BAH-2

Fic. 1. Structure of mouse Dnmtl. Two orthogonal views of mouse Dnmt]1 (residues 650-1602)
in complex with unmethylated DNA substrate and cofactor S-adenosyl homocysteine (AdoHcy)
(PDB 3PT6).'* The domain structure from N-to-C terminal are Zn-finger CXXC domain (magenta),
BAH-1 (yellow), BAH-2 (orange), methyltransferase (green), and target recognition domain (blue).
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domain (residues 350-618, PDB code: SszMQ). The new structures represent a
landmark achievement that will accelerate the future studies of Dnmtl and
design of novel inhibitors or activators.

I will briefly discuss here how the new structural insights add to three
decades of Dnmtl studies that were summarized in the earlier sections. The
crystal structures are consistent with Dnmtl fragments that were prepared
following activity studies,?®? and confirm predictions that Dnmtl is composed
of multiple subdomains that are connected with flexible regulatory loops.
Flexible protein loops are known to develop in protein evolution to facilitate
protein—protein interactions, protein phosphorylation, or dynamic structural
changes that control enzyme activity.190 191 Loops from BAHI1 and BAH2
domain penetrate into the catalytic domain, suggesting a possible explanation
for the earlier observations that separated catalytic domain is inactive,?>?° but
it can become active by binding the other domains.>* Similar binding sites for
penetrating loops might explain Dnmtl inhibition by phosphorylated peptide
with specific amino acid sequence.®

The crystal structure confirmed that Dnmtl and M.Hhal share very similar
structure in both the active site and the AdoMet-binding domain,?® with one
major difference. Specifically, the active site cysteine is in a retracted position in
Dnmtl. This retracted position might explain why Dnmtl1 (unlike M.Hhal) is
very slow in attacking its target base in the absence of cofactor, and/or why
Dnmtl shows slow activation (i.e., enzyme hysteresis) at the start of catalysis on
unmethylated DNA substrate.>>3%-114 Big differences between Dnmtl and
M.Hhal are observed in the target (DNA methylation site) recognition domain.
For both enzymes, the TRDs are composed from flexible loops. The Dnmtl
TRD is about twice the size of the one in M.Hhal, even though its target sequence
(CG) is only half the size of the M.Hhal target sequence (GCGC). The loop from
the BAH2 domain penetrates the TRD, suggesting that the relatively large
domain is an adaptation to regulatory interactions with other parts of Dnmtl.
Finally, it appears that (unlike M.Hhal) the TRD of Dnmt1 does not completely
encircle the target DNA, and molecular modeling studies might be used to
test whether Dnmtl can dock sideways onto DNA bound to nucleosomes'*?
and methylate the target sites facing away from the nucleotide surface. 1?2174

The new structures offer insights into the earlier observations that Dnmtl
is inhibited by unmethylated substrate, 622367487 ¢ appears that the Zn-finger
CXXC domain binds DNA first, and this interaction depends on existing DNA
methylation. In the case of hemimethylated sites, the Zn-finger CXXC domain
will not bind DNA, and the active site should be open for DNA binding and
maintenance methylation. In the case of unmethylated substrate, Zn-finger
CXXC domain binds the unmethylated CpG site so that the loop between
BAH1 and CXXC domain is in position where it can block the DNA binding at
the active site, while the TRD is in retracted position bound to the loop from
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BAH2 domain. The inhibitory structure must be unstable and dynamic, since
Dnmtl is active on unmethylated substrate. The slow relief from allosteric
inhibition that can be observed at the start of catalysis with unmethylated
substrate could be a direct consequence of the underlining structural
cl1anges.22‘36

In sum, multiple domains connected by flexible loops, multiple phosphor-
ylation sites, > and multiple interacting molecules (Table I) indicate that
Dnmtl has a very dynamic structure with many subtle regulatory features.
Thus, we always have to bear in mind that the static crystal structures do not
reflect many of the catalytic and regulatory features of the active enzyme.
Future insights into Dnmt1 function, and design of its inhibitors and activators,
will strongly depend on building a correlation between the available structures
and the enzyme assays that are designed to capture apparently subtle and yet
important regulatory features.”® I am excited about the possibility that in the
next decade, we could expect a burst in enzymatic studies of Dnmt1 that could
surpass the burst in M.Hhal studies that came after the first structure with the
flipped-out base.”
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