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INTRODUCTION

Enzymological characterization of catalytic mechanisms of single enzymes is
important even in the post-genomic era, when an increasing number of studies rely on
high-throughput methods. The detailed knowledge of the catalytic mechanisms
facilitates the development of new drugs, discovery of new drug targets and help to
engineer enzymes with the improved properties to be used in biotechnological
applications. In addition to merely practical goals, the investigation of the catalytic
mechanism bears a wider significance. Deciphering mechanism of a new enzyme (or
enzyme family) contributes to creating new techniques and improving the existing ones,
thereby facilitating investigation of yet uncharacterized proteins.

DNA cytosine-C5 methyltransferases (C5-MTases) have been intensively studied
during several decades. DNA C5-MTases catalyze the transfer of the methyl group from
the cofactor S-adenosyl-L-methionine (AdoMet) to their target nucleotides within 2—8 bp
sequences in DNA (Dryden, 1999). In most eukaryotes S5-methylcytosine serves as
epigenetic mark, thereby expanding the content of the genome-encoded information.
Although the molecular mechanisms are not always clear, the changes in DNA
methylation levels are related to cancer, schizophrenia, diabetes, as well as to other
complex diseases and genetic syndromes in humans (Cedar and Bergman, 2009;
Pogribny and Beland, 2009; Cheng and Blumenthal, 2010). A mechanism-based
inhibitor of DNA C5-MTase, 5-azacytosine, has been recently approved for treatment of
mielodisplastic syndrome (Kaminskas ef al., 2005).

Despite the utmost importance, the investigation of molecular mechanisms of
eukaryotic DNA C5-MTases is hampered by their large size and complex regulation of
their activity by interactions with other cellular proteins (Goll and Bestor, 2005; Cheng
and Blumenthal, 2008). Therefore most mechanistic studies of C5-methylation are
performed using smaller and less complex prokaryotic enzymes as model systems.
Prokaryotic DNA C5-MTases share high sequence and structure similarities among
themselves, as well as with the catalytic domain of eukaryotic DNA MTases. Due to
their high structural similarity, eukaryotic and prokaryotic DNA C5-MTases are believed
to share many aspects of the catalytic mechanism. Several years ago the analogs of
cofactor AdoMet were synthesized, allowing the MTase-catalyzed transfer of the
functional groups onto a base in the target sequence. This allows site-specific labeling of
DNA molecules and paves a way for prokaryotic DNA MTases to become important
tools in modern molecular biology (Klimasauskas and Weinhold, 2007).

The paradigm model for structural and mechanistic studies of cytosine C5-
methylation is the Hhal MTase (M.Hhal), a component of a type II restriction-
modification system from Haemophylus haemolyticus (Sankpal and Rao, 2002). M.Hhal
recognizes the tetranucleotide sequence GCGC and methylates the inner cytosine residue
(underlined). Crystallographic studies revealed that M.Hhal folds into two domains. The
larger (catalytic) domain contains most of the highly conserved residues and forms the
cofactor binding pocked and the active site (Cheng et al., 1993). The smaller (target
recognition) domain is formed by the highly variable protein region and by making
contacts to the DNA bases is responsible for the recognition of the specific target
(KlimaSauskas et al., 1994). Thus the catalytic and DNA recognition functions are
largely segregated in two distinct domains. Furthermore, the target recognition domain
(TRD) itself has an in-built modularity. Crystal structures of M.Hhal (KlimaSauskas et



al., 1994) and M.Haelll (Reinisch et al., 1995) show that these enzymes recognize their
targets via two distinct recognition loops (Loop-1 and Loop-2) which form multiple
base-specific contacts with two distinct segments of their target sequences. These
features together with a great variety of target specificities make prokaryotic DNA
C5-MTases an attractive system for studying mechanisms of specific DNA recognition.

DNA binds in a cleft of the bilobal protein leading to dramatic conformational
changes in both the DNA and the enzyme itself (Cheng ef al., 1993; KlimaSauskas et al.,
1994). A MTase-mediated rotation of the target nucleotide out of the DNA helix (base
flipping) serves to deliver the base into a concave catalytic site of the enzyme. Base
flipping is accompanied by a massive movement of the catalytic loop (residues 81-100)
towards the DNA which locks the flipped-out base for methylation. The enzymatic
catalysis involves the transient formation of a Michael adduct between the catalytic
cysteine (Cys81) and the C6 of the cytosine, permitting a direct S\2 transfer of the
methyl group onto C5. Although the rates of methyl transfer (Vilkaitis et al., 2001),
cofactor binding and final product release (Merkiené and KlimaSauskas, 2005) are
known, the order and kinetics of initial key steps such as target cytosine flipping, loop
closure, covalent bond formation have not yet been established. The elucidation of these
reaction steps have been impeded by lack of the adequate methods. For example, kinetics
of the target base flipping was investigated using DNA substrates with a fluorescent base
2-aminopurine (P) in the target position (Vilkaitis et al., 2000). However P:G is a weak
base pair and the mode of 2-aminopurine binding in the active site differs from that of
cytosine (Neely et al., 2005). Therefore it is unclear whether mechanistic details derived
from these studies are applicable to M.Hhal reaction with the cognate DNA substrate.

During this work two aspects of the M.Hhal reaction have been investigated.
First, taking advantage of vast structural and biochemical information available to date,
the target specificity of M.Hhal was changed from GCGC to GCG, thereby creating the
MTase of a unique specificity. The newly constructed MTase may become a useful tool
for studying the mechanisms of eukaryotic maintenance DNA methyltransferases and for
site-specific DNA labeling. This study also provided new insights into the mechanism of
specific DNA recognition.

Second, the kinetics of yet poorly characterized pre-catalytic conformational
transitions in the MTase and DNA has been investigated in great detail. To this end, a
new method to follow the target cytosine flipping and its subsequent covalent activation
has been introduced, which allows a direct real-time observation of these processes by
monitoring associated UV absorbance changes.

Specific aims

1. Experimental validation of a new strategy for the construction of catalytically
efficient DNA cytosine-5 methyltransferases with novel target specificities by
functional elimination of one of the two target recognition elements:

a. functional deletion the target recognition Loop-2 by rational protein design
and directed evolution approaches, in order to alter the target specificity of
M.Hhal (GCGC to GCQG);

b. characterization of the catalytic properties and target specificity of the
constructed MTases.



c. determination of the impact of the introduced changes in the protein on its
interactions with DNA, cofactor and synthetic cofactor analogs.

2. Development of a method for a direct real-time observation of the
methyltransferase-induced flipping of the target cytosine out of DNA helix and its
covalent activation in catalytic centre by monitoring hyperchromicity and other
associated UV absorbance changes.

3. Kinetic characterization of the target cytosine flipping and its covalent activation
in relation to the catalytic loop closure and the chemical methyl transfer during
the catalytic cycle of M.Hhal.

Scientific novelty

The present work for the first time provides an experimental demonstration of a
design strategy for altering the target specificity of DNA C5-MTases by functional
elimination of one target recognition loop in an enzyme. This provides an illustration to
the general principle of DNA-enzyme interaction that impaired catalytic efficiency due
to the loss of specific contacts to the target nucleobases can be recovered by enhancing
non-specific protein contacts to the DNA backbone.

This work for the first time describes a method for direct real-time observation of
the cytosine flipping and its covalent activation in a chemically unperturbed DNA by
monitoring associated UV absorbance changes. It is the first to show that the flipping of
the target cytosine and the closure of the catalytic loop in M.Hhal proceed
simultaneously. The rate of these processes (~10-20s™) is strongly dependent on the
stability of the target base-pair. The rate of the covalent activation of the target cytosine
by M.Hhal (0.3-0.6 s™') has been determined, which is closely followed by, but is not
coincident, with the methyl transfer (0.1-0.2 s™).

Practical value

Due to a non-palindromic nature of the GCG target, the engineered MTase can be
used for creating hemimethylated CpG sites in large natural DNA molecules, which are
unique substrates for mechanistic studies of the maintenance DNA methylation in higher
eukaryotes. The GCG-specific MTase is also compatible with mTAG
(methyltransferase-directed transfer of activated groups) technology and can be used for
site-specific labeling of DNA with reporter groups.

The present work also describes the first method that allows a direct real-time
observation of enzymatically induced cytosine flipping and its covalent activation in a
chemically unperturbed system. Since this new approach is based on the general
phenomenon of hyperchromicity, it is thus applicable to many other base-flipping
systems.

Findings presented for defense

1. A novel strategy has been demonstrated (proof of principle) for the construction
of catalytically efficient and sequence-selective DNA C5-MTases via functional
elimination of one of the two target recognition elements.

2. Enhancing of non-specific protein contacts to the DNA backbone can compensate
for the loss of base-specific DNA interactions incurred upon removal of a
recognition loop.



. The catalytic efficiency and sequence fidelity of the engineered GCG-specific
hemimethylase are comparable to those of other wild-type MTases and are thus
sufficient for its use as a tool in molecular biology.

. The GCG-specific MTase catalyzes efficient transfer of extended groups from
synthetic AdoMet analogs onto DNA and therefore can be used for site-specific
labeling or hemimethylation of natural DNA.

. Flipping of the target cytosine out of DNA double helix and its covalent
activation in the active site of M.Hhal can be directly observed by monitoring
small changes in UV absorbance in chemically unperturbed (natural) DNA
substrates. Since the hyperchromicity is a general feature of double helical nucleic
acids, this method is applicable to many other base-flipping systems.

. Flipping of the target cytosine and the closure of the catalytic loop in M.Hhal
occur simultaneously; the rate of this concerted motion is highly dependent on the
strength of the target base-pair.

. The covalent activation of the target cytosine and the transfer of the methyl group
are temporally distinct steps in the catalytic cycle of M.Hhal.



MATERIALS AND METHODS

Materials

All restriction enzymes, DNA polymerases, exonuclease I, proteinase K, shrimp alkaline
phosphatase, A DNA (dam’, dem”), pBR322 DNA, pUC19 DNA and kits for molecular
biology were obtained from Fermentas and were used according to manufacturer’s
instructions.

Cofactor and cofactor analogs

AdoMet: S-(5’-adenosyl)-L-methionine chloride (purity ~70 %), and S-(5’-adenosyl)-L-
methionine p-sulfonate salt (purity 91 %) were from Sigma Aldrich. Commercial
AdoMet was further purified to remove contaminating AdoHcy by passing through a
short column of Cg-Reversed phase Silica gel 100 (Fluka), using 25 mM HCOONH,
pH 3.5 as an eluent, or by cation-exchange chromatography on a Dowex 1 column using
0.1 mM HCOOH as an eluent. The resulting AdoMet was at least 95% pure and
contained no detectable AdoHcy. It was concentrated to 21-23 mM and stored at -20°C
in small aliquots. [methyl-"H]AdoMet (specific activity 70-84 Ci/mmol (1 mCi/ml); 15-
16,1 C/ymmol (1 mCi/ml) and 0.5 Ci/mmol (0,5 mCi/ml) was from Amersham
Pharmacia Biotech.

AdoHcy (S-(5’-adenosyl)-L-homocysteine) was from Sigma Aldrich. AdoPentyn (S
1somer, purity >90%) and AdoHxGABANH, (racemic mixture, purity >90%) were
synthesized by dr. G. Lukinavi¢ius.

DNA and oligonucleotides

poly[dG-dC]-poly[dG-dC] was from Sigma Aldrich. Molar concentration of total
nucleotides was determined using the published &,s4 = 8.4:10° M -cm™ (Wells et al.,
1970). The concentration of double-stranded GCGC sites was calculated as one-fourth of
total nucleotides concentration (Wu and Santi, 1987).

DNA oligonucleotides were from IDT Technologies, MWG Biotech or Fermentas
(HPSF grade or HPLC purified). For kinetic experiments oligonucleotides of >80%
purity were used. DNA duplexes for biochemical studies were produced by annealing
20-150 uM of individual strands by slowly cooling from 90°C to 20°C over 2 h.

Table 1. DNA oligonucleotides for amplification of bisulfite-converted DNA

=
= R - 8 = Sx
2 = g . . £ S« £ Q
E s = Oligonucleotide sequence g — = S &
& g = s S22 q &
= ) = ¥ )
= ot - v =] -
— oL - ]
o =
%]
-
| NG-VP1 GTTGTGTAGATAATTATGATATGGGAGGG upper 237 3369-3364
NG-VA7 AAACCAAAACTAAATAAAACCATACCAAAC
I NG-AP2 TTTCATTCATCCATAATTACCTAACTCCCC lower 294 3339-3695
NG-AA8 GGGGGATTATGTAATTTGTTTTGATTGTTGGGA )
I NG-VP5 GTTGTTGTTATTGTTATAGGTATTGTGGTG upper 312 3594-3967
NG-VA3 CATTTTCCAATAATAAACACTTTTAAAATTCT )
v NG-AP6 CAACATTATTACCATTACTACAAACATC lower 309 3590-3958

NG-AA4 ATGATGATGATTTTTAAAGTTTTGTTATGTGG

10



V  MV-VP1 TTAGGGGATAATGTAGGAAAGAATATGTGAG upper 257
MV-VA2 AACAACCTACACCAAACTAAAATACCTACA

VI  MV-AP3 CTCAAAAACAATAATACAATTATCCACAAAATC lower 223
MV-AA4 GAAGGGAGAAAGGTGGATAGGTATTTGGTAAG

* excluding primer hybridization sites.

** amplicon position on pPBR322, including primer hybridization sites.

2451-2768

2420-2707

Table 2. DNA duplexes for biochemical analysis of M.Hhal

Target site Target base pair DNA sequence
5" -TACAGTATCAGGCGCTGACCCACAA

GCGC/GMGC* C:G TGTCATAGTCCGMGACTGGGTGTTG-5"
GCGC/GMTC c:r T emeATAGTOCMGACTGRGTT TG-S
GLGLIGMCC c:C T emeATAGTOCEMGACTORGTT TG-S
GsGCIGMGC G T emeATAGTCCaMEACTGRATTTG- 5"
GPGCIGMTCH P T emeATAGTOCMGAC GGG TG 5"
GPGC/GMGC P:G T emeATAGTCCEMEACTORATOT TG 5"
GEGC/GMGC F:G T emeATAGTCCEMEACTORATOT TG 5"
CEGOGEGO13+ G 5/ ~TGATAGFGCTATC

CTATCGEGATAGT-5'

* M — 5-methylcytosine, s — abasic site (sugar), P — 2-aminopurine, F — 5-fluorocytosine.
Methyltransferases

M.Hhal C81S was prepared by dr. G. Lukinavi¢ius. M.Hhal W41F was prepared by
dr. E. Merkiené.

Buffers for DNA methyltransferase assays

Methylation buffer I: 50 mM Tris-HCI pH 7.4, 15 mM NaCl, 5 mM EDTA, 0.2 mg/ml
BSA, 2 mM 2-mercaptoethanol. Methylation buffer II: 50 mM MOPS pH 7.4, 15 mM
NaCl, 0.5 mM EDTA, 0.2 mg/ml BSA, 2 mM 2-mercaptoethanol. Reaction buffer:
10 mM Tris-HCI1 pH 7.4, 50 mM NacCl, 0.5 mM EDTA, 2 mM 2-mercaptoethanol.

Plasmids, strains and protein expression

pHH553 — M.Hhal overexpression vector; derivative of pUHE25-2: Ap' Cm', pMB1
replicon; expression of target gene is under control of hybrid T7 early promoter PA;_g4/03
(H.Bujard, unpublished observations). hhalM gene contains six unique REase sites
introduced by silent mutations (Acc65I, Ecl136I1, Cfr9I (Smal), BspTI, Eco91I, Bpil)
(Merkiené and Klimasauskas, 2005). Derivatives of pHH553: pHHA324G codes for the
enhanced-solubility M.Hhal variant, in which C-terminal FKPY tetrapeptide is
substituted with a single glycine residue (A324G) (Daujotyté et al., 2003); pL2Bsp —
codes for the hybrid MTase Hha-L2Bsp, in which recognition Loop-2 of M.Hhal is
substituted with a predicted analogous fragment from M.Bsp6l (Vilkaitis and
Klimasauskas, 1998).
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Expression of mutant MTases was carried out in E.coli strains ER2267 (New
England Biolabs), ER1727 (Dila et al., 1990), and ER2566 lacl’, which was obtained
by transferring an episome from ER2267 to endow ER2566 (New England Biolabs) cells
with a lacl? gene (G. Mitkaité, personal communication).

Unless indicated otherwise, E.coli cells were grown in minimal M9 medium
supplemented with histidine, methionine, tryptophan (10 pg/ml each), thiamine
(6 pg/ml), carbenicillin (100 pg/ml) and kanamycin (30 pg/ml) at 37°C overnight. For
protein overexpression and purification, the ER2267 strain bearing an appropriate
plasmid was grown in the same medium at 37°C until OD600 nm 0.6-0.8, then the
culture was cooled down to 16°C and IPTG added to a 0.4 mM concentration and
incubation continued at 16°C overnight. For the determination of L2Bsp specificity in
vivo, mutant MTase was overexpressed in ER1727: the cells were grown in LB medium
supplemented with ampicillin (100 pg/ml) and tetracycline (10 pg/ml) until OD600 nm
0.6-0.8, then IPTG was added to a final concentration 0.4 mM and the cells were
cultivated at 37°C for additional 2 h.

Molecular cloning

If not indicated otherwise, plasmid DNA isolation, protein and DNA
electrophoresis, E.coli transformation and other molecular cloning procedures were
performed according to well established protocols (Ausubel, 1995; Sambrook and
Russel, 2001).

Construction of mutant hhalM genes

WT M.Hhal, Hhal-L2Bsp and Hhal-AL2 mutants were expressed as enhanced
solubility M.Hhal variant A324G (Daujotyté et al., 2003). The C-terminal Hisqs tag was
added to A324G gene by PCR mutagenesis using oligonucleotides 5’-
TTTTCGCAATGATCTCAATATT C-3° (direct) and 5’-TTAGTGGTGGTGGTGGT
GGTGGCCATTTAATGATGAAC-3’ (reverse; 21 nts coding for a Hisg tag and a stop
codon are underlined) and pHHA324G as a template, resulting in plasmid pA324GHs.
R.Bpil and R.HindIII (filled-in) sites were used for cloning. pL2BspA324GHg (coding
for Hise-tagged version of Hhal-L2Bsp) was constructed by transferring 600 bp fragment
from pL2Bsp into pA324GHg, using REases Eco811 and Eco91l. pHHABE was
constructed by digesting pA324GHy with R.BspTI and R.Eco91I, blunt-ending with
Klenow fragment and recirculization to give a 36 nt in-frame deletion in the hhalM gene,
involving recognition Loop-2 of M.Hhal.

Protein purification and characterization
Affinity purification of hiss-tagged MTases

Cells were disrupted by sonication in a Buffer A (20 mM Na-PO4 pH 7.4, 1 M
NaCl and 1 mM PMSF). The supernatant was loaded onto 5 ml HiTrap Chelating™
column (Amersham Pharmacia Biotech) and eluted with a 3-300 mM linear gradient of
imidazole in Buffer A. After extensive dialysis to remove AdoMet, the protein was
concentrated to 100-200 uM and stored at -20°C in a buffer containing 20 mM Na-PO,
pH 7.4, 0.5 mM EDTA, 100 mM NacCl, 2 mM 2-mercaptoethanol and 50% glycerol.
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M_Hhal purification by ion-exchange chromatography

WT M.Hhal and its point mutants with no affinity tag were purified as described
previously (Kumar et al., 1992). Briefly, cells were disrupted by sonication in the low
ionic strength buffer (10 mM Hepes pH 7.2, SmM EDTA, 10%glycerol, 2 mM
2-mercaptoethanol), where M.Hhal precipitated together with the cell debris. Then the
MTase was selectively enriched by back-extraction with high ionic strength buffer
(100mM K-PO,; pH7.4, 400mM NaCl, 5mM EDTA, 10% glycerol, 2 mM
2-mercaptoethanol) and extensively dialyzed to remove AdoMet. Then solution was
loaded onto Q-Sepharose column and the flow-through containing M.Hhal was
fractionated on the SP-Sepharose column with 0.1-0.5 M linear gradient of NaCl. The
purified proteins were concentrated to 200-300 uM and stored at -20°C in a buffer
containing 10 mM K-PO, pH7.4, 0.5mM EDTA, 100mM NaCl, 2mM 2-
mercaptoethanol and 50% glycerol.

Characterization of protein preparations

Protein concentrations were determined by a Coomassie G-250 assay with BSA
as a standard. The concentrations of WT M.Hhal and variants with point mutations were
further refined by active site titration using a fluorescent DNA duplex GPGC/GMGC, as
previously described (Vilkaitis et al., 2000).

The molecular size of all proteins was verified by ESI mass spectrometry. Briefly,
30 pul of concentrated protein solution (100-300 uM) was dialyzed against 0.1% acetic
acid at 8°C overnight and centrifuged in the bench-top centrifuge for 10 min. at the
maximum speed. 10 pul of supernatant was loaded into Hewlett-Packard 1100 series
single quadruple electrospray ionization mass spectrometer and eluted into the ionization
chamber with 50% isopropanol and 1% acetic acid solution at a flow rate 30 pul/min.
Mass spectra were acquired in 700-2000 m/z range in a positive ion mode. lonization
capillary voltage was 5000 V, fragmentor voltage was 120 V, quadruple temperature was
350°C, drying gas temperature was 300°C and flow rate was 10 I/min. The spectra were
analyzed with HP Chemstation software (version A.05.01).

Using DNA protection assay (Dalhoff et al., 2006) W41F/I86W and C81S protein
preparations were shown to contain <<1% AdoMet; WT M.Hhal contained less than 2%
AdoMet. The altered-specificity MTase preparations were shown to contain no residual
AdoMet by HPLC. Briefly, 20 ul of protein (total 1.4-2.8 pmol) was denatured by
adding 4 pl of 5.5 N HCI. The mixture was centrifuged and the supernatant was mixed
with 140 pl H,O. The protein was remove by ultracentrifugation and the sample was
split into to aliquots of 55 ul. 10 ul H,O was added to one of them, the other was
supplemented with 10 pl 9 mM AdoMet (internal standard). 60 pl of each sample was
analyzed by i1on-exchange HPLC on the Nucleosil 100-5SA column (4x150 mm;
Macherey-Nagel) using 100 mM TEA-HCOOH pH 4.0 as elution buffer (flow rate
0.9 ml/min, 25°C). Retention time of AdoMet under these conditions was ~6.5 min. The
amount of AdoMet in the sample was determined by integrating peak area.

Characterization of Methyltransferases in vitro

Analysis of methylation specificity by DNA protection assay

1.2 ng A DNA was methylated in 20 pl of Methylation buffer I containing
300 uM AdoMet. The amount of MTase was varied from 3.1 uM to 12 nM in twofold

13



dilutions which corresponded to MTase : GCG sites ratio from 1:1 to 1:512 (equivalent
to MTase : GCGC ratios from 8:1 to 1:64). Methylation reaction was allowed to proceed
for 1 h then MTase was inactivated by heating at 80°C for 15 min. Reactions with
AdoMet analogs were performed under the same conditions with AdoMet substituted by
300 uM cofactor analog. The restriction reactions were performed as follows: 5 pl of
mixture containing 1xREase buffer (Fermentas), 20 mM MgCl, and 1-3 u of 5SmC-
sensitive REase was added to 10 pl of methylation mixture. Incubation was continued at
37°C for additional 2 hours and the REase was inactivated by incubation with SDS
(0.25%) and proteinase K (0.4 mg/ml) for >30 min. at 55°C. The mixture then was
fractionated in the 1% agarose gel, DNA was visualized by ethidium bromide staining
and the least amount of MTase required for full protection from digestion was
determined.

Site specific labeling of GCG sites in plasmid DNA

Sug pUCI9 DNA was methylated by 1.55uM AL2-14 and 300 uM
AdoHeksinGABANH; in the Methylation buffer II at 37°C for 1 h. The reaction was
stopped by phenol, phenol-chloroform and chloroform extractions followed by
precipitation with ethanol. 3.6 pg of modified DNA in 50 pl 150 mM NaHCO; pH 9.0
was incubated with 105 mM Cy5-NHS for 1 h at room temperature then precipitated
with isopropanol. The pellet was washed twice with 75% ethanol, dried, dissolved in
water and further purified with QIAquick DNA purification kit (Qiagen).

Analysis of methylation specificity by bisulphite sequencing

For the determination of Hhal-L2Bsp specificity in vivo, pL2Bsp plasmid isolated
from cells overexpressing Hhal-L2Bsp were analyzed. For the analysis of methylation
specificity in vitro, 4.9 ng of pPBR322 in 120 pl of reaction mixture (3.1 uM GCG sites)
was methylated with 775 nM and 48 nM Hhal-L2Bsp or Hhal-AL2 mutant which
corresponded to MTase : GCG ratio of 1:4 and 1:64, respectively. After the reaction the
mixture was treated with 0.2 mg/ml proteinase K in the presence of 0.25% SDS for
I hour at 55°C. Then the sample was extracted with equal volumes of phenol-
chloroform-isoamyl alcohol mixture, then with chloroform and DNA was precipitated
with ethanol. In order to facilitate denaturation methylated DNA was fragmented either
with R.Alw441 (pL2Bsp) or with R.Pagl (pBR322).

Bisulphite solution was prepared immediately before use by dissolving 7.74 g of
sodium metabisulphite (67% SO,, ACS reagent, Sigma) in 7.5 ml of H,O, 1.5 ml of 2 N
NaOH and 1.5 ml of 1 M hydroquinone. The mixture was incubated at 50-60°C while
vortexing until solid sodium bisulphite completely dissolved. Approximately 0.5-1 pg
DNA in 20 pl was denatured by adding 3 pl of 2 N NaOH to a final concentration of
0.3 M and incubating for 30 min at 37°C. Then 500 pul of freshly prepared sodium
bisulphite solution was added. Samples were incubated for 5 hours at 55°C. Each hour
the temperature was raised to 95°C for 3 min. in order to ensure complete denaturation
of the DNA. Samples were desalted using DNA Extraction Kit (Fermentas) and
desulphonation of DNA was carried out by incubating for 10 min at room temperature in
the presence of 0.2 N NaOH. The reaction mixture was neutralized by addition of
ammonium acetate (pH 7.0) to 2.5 M, DNA was precipitated with ethanol and dissolved
in 50 pl H,O.
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PCR was performed using modified-DNA specific primers (Table 1). 1-2 ul of
bisulphite modified DNA was used as a template for a 50 ul PCR reaction. Cycling
conditions: denaturation at 94°C for 3 min, followed by 26 cycles of denaturation at
94°C for 1 min, annealing at 48°C for 1 min, and extension at 72°C for 1 min and a final
extension was performed for another 5 min at 72°C. When methylation specificity in
vitro was investigated, primers NG-VP1 and NG-VA3 were used to amplify a 599 bp
upper strand fragment corresponding to the 3369-3967 positions of pBR322. A single
strand-specific PCR product was obtained. It was purified by incubation with SAP and
exonuclease | and directly sequenced using NG-VP1 primer (read length of 538 nt). The
positions of methylated cytosines were identified by examination of sequencing traces
and characterized as methylated, partially methylated or non-methylated. Alternatively
PCR product was purified by agarose gel electrophoresis, blunt-ended by incubation
with T4 DNA polymerase and sub cloned into Smal-digested pUC19. DNA from
individual clones was sequenced using primers M13/pUC dir (-46), 22-mer and/or
M13/pUC rev (-46), 24-mer (Fermentas). The sequencing results were analyzed with the
BiQ Analyzer software v0.91 beta (Bock ef al., 2005).

Enzymology methods

Analysis of MTase-cofactor interaction

Affinity of mutant MTases towards cofactor AdoMet was determined by
measuring tryptophan fluorescence quenching upon cofactor binding as described
previously (Vilkaitis ef al., 2000) Fluorescence measurements were performed at 25°C
on Perkin-Elmer LS-50B luminescence spectrometer. The fluorescence intensity was
measured at an excitation wavelength of 295 nm (bandwidth 2.5 nm) and emission
wavelength of 350 nm (bandwidth 5 nm). WT M.Hhal or mutant MTases (1 uM) were
titrated by addition of AdoMet (0.2-550 uM) in the Reaction buffer. Titration data were
fitted into the equation for single site binding using Grafit 5.0.6.

Steady-state kinetic analysis

Methylation reactions were carried out in the Methylation buffer I at 37°C.
K,/ M measurements of AL2-MTases were performed with constant MTase (4 nM)
and poly[dG-dC]-poly[dG-dC] DNA (1.5 uM double-stranded GCGC sites) and varying
[methyl-"H]AdoMet (0.5 Ci/mmol) concentrations. Reactions were allowed to proceed
for 10 min (AL2-14) or 25 min (AL2-6, AL2-9 and L2Bsp). K;;”™ measurements were
performed with constant MTase (25 or 50 pM AL2-6 and AL2-9 or 1 nM L2Bsp) and
[methyl-3H]Ad0Met (500 uM or 750 nM (16.1 Ci/mmol) for AL2-6 and AL2-9; 10 uM
for L2Bsp (0.5 Ci/mmol)) concentrations and varying poly[dG-dC]-poly[dG-dC]
concentration. Reactions were allowed to proceed for 30-60 min and were stopped by
adding HCI to 0.5 N concentration. Samples were spotted onto Whatman DE-81 filters
and processed as described previously (Vilkaitis et al., 2000; Vilkaitis et al., 2001).
Kinetic constants of WT Hhal were determined as described previously using 16.1 or
76 Ci/mmol [methyl-3H]Ad0Met (Vilkaitis et al., 2000). Data were analyzed by non-
linear regression fitting to a Michaelis—Menten equation using Grafit 5.0.6 (Erithacus
Software) or Dynafit software (Kuzmic, 1996).
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Single turnover assay

Single turnover reactions were performed in the Methylation buffer I at 25°C in a
Rapid-Quench-Flow instrument RQF-3 (KinTek). MTase preincubated with DNA was
mixed rapidly with [methyl-"H]AdoMet, and after a specified period (0.1-300s) the
reactions were quenched with 0.7 N HCI (final concentration). The amount of
radioactivity incorporated into DNA was measured by filter binding assay as described
(Vilkaitis et al., 2000). In case of WT M.Hhal 200 nM MTase, 100 nM GCGC/GMGC
and 2.5 uM [mehyil-"H]AdoMet (16.1 Ci/mmol) were used. In case of M.Hhal
W41F/I86W mutant the reactions contained 1 uM MTase, 0.5 uM GCGC/GMGC and
30 UM [methyl-"H]AdoMet (1.62 Ci/mmol). 1.62 Ci/mmol [methyl-’H]AdoMet was
obtained by mixing 16.1 Ci/mmol [methyl-"H]AdoMet with 5 mM nonradioactive
AdoMet at the v/v ratio of 9:1.

Stopped-flow kinetics

Measurements were performed at 25°C in the Reaction buffer (without BSA)
using an Applied Photophysics SX.18MV spectrometer equipped with a xenon lamp,
20 ul cell and a dual detection accessory allowing simultaneous acquisition of
absorbance and fluorescence traces. Excitation wavelength was set by monochromator to
280 nm (slit-width of 4.65 mm). Experiments were performed using 10 mm or 2 mm
path lengths when higher sensitivity in absorption mode or lower inner-filter effect in the
fluorescence regime, respectively, was required. Typically, 3—7 traces were acquired and
averaged from reactions containing 3 uM MTase, 2.5 uM DNA and 0-200 uM AdoMet
or AdoHcy. Where necessary, the fluorescence traces were corrected for inner filter
effect, as described (Palmier and Van Doren, 2007). The obtained traces were analyzed
using Kinet Asyst (Hi-Tech) or Dynafit (Version 3.28.059) (Kuzmic, 1996) software.
Multicurve analysis was performed using Origin 8.1 SS2 software (OriginLab).
Normalized absorbance and fluorescence curves were fitted into three-exponential
functions with two shared rate constants.
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RESULTS AND DISCUSSION

1. Engineering MTases with a new target specificity

During recent years prokaryotic DNA methyltransferases have become important
tools in molecular biology and nanotechnology (Buryanov and Shevchuk, 2005;
Klimasauskas and Weinhold, 2007). For example, DNA MTases recognizing short
sequences have been used as non-destructive chromatin foot-printing agents in vivo or in
vitro (Kilgore et al., 2007). Targeted heritable gene silencing can be achieved by MTases
fused with sequence-specific Zn-finger domains (Carvin et al., 2003; Smith and Ford,
2007). Irreversible covalent inhibitory complexes between C5-MTases and nucleotide
analogs such as 5-fluorocytosine in DNA can be used for the design of covalently
functionalized DNA-based nanostructures (Singer and Smith, 2006). Recently, novel
approaches for sequence-specific functionalization and labeling of DNA using synthetic
analogs of the cofactor AdoMet have been proposed (KlimaSauskas and Weinhold,
2007). More than 900 different MTases are known recognizing over 200 different DNA
targets. Since the repertoire of naturally occurring enzymes still lacks many useful
sequences and sequence types, engineering of enzymes with novel predetermined
specificities is increasingly desirable.

Crystal structures of the C5-MTases Hhal (KlimaSauskas et al., 1994) and Haelll
(Reinisch et al., 1995) show that these enzymes recognize their targets by means of two
distinct recognition loops (Loop-1 and Loop-2) from the target recognition domain
(TRD), which form multiple base-specific contacts with two distinct segments of the
target sequence (Figure 1). Modular organization of TRDs suggested that novel
specificities could potentially be created by swapping loop regions between different
MTases, however, such experiments typically yielded enzymes with diminished catalytic
activity and relaxed target specificity (Lange et al., 1996; Vilkaitis and KlimaSauskas,
1998). During earlier work on swapping segments of TRD it was found that hybrid
MTases, in which the C-terminal recognition loop (Loop-2) of M.Hhal was exchanged,
often retained the ability to methylated DNA although with lower efficiency (Vilkaitis
and KlimaSauskas, 1998). One such hybrid, M.Hhal-L2Bsp (Figure 1), obtained by
replacing recognition Loop-2 of M.Hhal with a short fragment from M.Bsp6l1 (target site
GCNGC) showed a marked preference to methylated GCG targets. The asymmetric
nature of the GCG sequence allows the generation of hemimethylated CG sites in DNA,
which can be uniquely used to study the action of eukaryotic maintenance DNA
methyltransferases (Vilkaitis et al., 2005). These features of the hybrid MTase prompted
further studies.

In this work a detailed analysis of the sequence specificity of the hybrid M.Hhal-
L2Bsp MTase (further referred to as L2Bsp) is reported. Next, using M.Hhal as a model
system the new strategy for the construction of catalytically efficient and sequence-
selective DNA C5-MTases via functional elimination of one of the two target
recognition elements is demonstrated.
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Figure 1. Recognition of the GCGC target sequence by the Hhal methyltransferase.
A, top— schematic representation of contacts between the target recognition loops
(Loop-1 and Loop-2) of M.Hhal and the DNA bases in the GCGC target site; DNA
contacting residues are underlined; lines represent direct H-bonds to the DNA bases,
dotted lines indicate nucleobase contacts through a water molecule; residues of the
conserved TL dipeptide are boxed; target cytosine C, is shown in bold; residues in
Loop-1 and Loop-2 are colored red and blue, respectively; A, bottom — aligned Loop-2
sequences of from WT M.Hhal and its engineered variants with altered target specificity;
AL2 represents the randomized library; randomized positions are marked as X (bold); an
additional mutation outside Loop-2 is bold underlined. B and C — stick models depicting
interactions of M.Hhal with the 4™ and 3" target G:C base pair, respectively, based on a
crystal structure of the M.Hhal-DNA-AdoHcy complex (PDB code 3mht (KlimaSauskas
et al., 1994)). Deleted residues are marked with A, H-bonds are shown as green dotted
lines, other coding as in A.
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1.1. Sequence specificity of L2Bsp in vivo

In preliminary studies, it was found that the previously constructed L2Bsp hybrid
MTase preferentially methylates GCG targets (Vilkaitis and KlimaSauskas, 1998). To
determine the in vivo specificity of the L2Bsp variant at single nucleotide resolution, we
performed bisulfite sequencing of plasmid DNA isolated from E. coli ER1727 cells
overexpressing L2Bsp. Plasmid DNA was treated with bisulfite and PCR-amplified
fragments were cloned into R.Smal-digested pUC19. Both strands of three fragments
from the pMB1 replicon and the -lactamase gene were analyzed in individual clones
(Table 1). The total length of analyzed regions spanned 1577 nucleotides which included
32 different GCG sites. Control sequencing of a plasmid which does not encode an
active methyltransferase found no non-converted cytosines besides those in three
CCWGG sites methylated by the endogenous EcoDecm MTase. Consistent with earlier
results (Vilkaitis and KlimaSauskas, 1998), the GCG sites proved the major targets of
L2Bsp (Figure 2), although the extent of methylation at individual GCG sites varied
from 40 to 100%, no clear correlation between the methylation efficiency and the nature
of flanking sequences could be established. However, significant methylation was
observed at non-GCG sites: certain GCA sites were methylated as efficiently as 40%,
and GCC and GCT were occasionally found to be methylated up to 25%. We concluded
that the specificity of L2Bsp is more degenerate than was thought previously and should
be defined as GC[G/a]. Therefore the utility of L2Bsp as a molecular tool was limited
due to its promiscuous specificity, which manifested as substantial methylation of
sequences outside the desired CG consensus.
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Figure 2. Bisulfite sequencing analysis of the in vivo sequence specificity of L2Bsp.
Plasmid DNA was isolated from E. coli cells overexpressing L2Bsp and analyzed by
bisulfite sequencing. The analyzed region spanned 1577 bases and contained 134 GCN
sites. Methylation of each site was assayed by sequencing 16-32 independent clones and
the methylation density at each position was determined as a ratio of methylated
cytosines over the total number of sequence reads. An average methylation density at
GCX (left) and GCNX (right) sequences is shown (the target cytosine residues are
underlined) and the number of individual target sites is indicated underneath each
sequence.
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1.2. Strategy for designing catalytically efficient GCG-specific methyltransferase

In this work, our ultimate target sequence specificity was GCG. Starting from
M.Hhal, our task appeared as a “functional deletion” of Loop-2, which is responsible for
recognition of the 4" base pair (Figure 1). This recognition is mediated by two hydrogen
bond contacts from the main chain atoms of the Loop-2. Directed evolution of DNA-
contacting residues in Loop-2 did not yield any active mutants with altered target
specificities (Lee et al., 2002). However this was in part achieved in the L2Bsp hybrid,
where the recognition Loop-2 of M.Hhal had become shorter by 5 amino acids. Based on
the crystal structure of the M.Hhal-DNA complex we concluded that the truncation of
the Loop-2 and the associated loss of recognition contacts to the fourth G:C pair is most
likely responsible for the change in sequence specificity of the L2Bsp hybrid towards the
GCQG sites. We also assumed that the new sequence elements that come from M.Bsp6l
are too short and out of context to form any structural elements for DNA target
recognition. Thus, in order to obtain a more efficient GCG-specific MTase, we decided
to retain a five-residue deletion and to optimize the sequence of the truncated Loop-2 by
directed molecular evolution. We went on to create a protein library in which four
residues in the truncated Loop-2 were randomized; a Gly residue was retained in the
center of the random region (XXGXX) (Figure 1) to ensure a certain degree of folding
flexibility in the redesigned loop.
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Figure 3. Directed evolution of GCG-specific C5-MTases. A schematic representation
of random library selection for active GCG-specific MTases. The MTase encoding gene
i1s shown as a grey arrow, the recognition Loop-2 is shown in black; open and filled
circles indicate nonmethylated and methylated GCG sites, respectively.

Mutagenesis was carried out by PCR with a degenerate mutagenic primer
carrying four NNS codons in positions to be randomized (Figure 3). Linearized
pHHABE, which contained a 36 nt deletion in the Loop-2 and encoded a catalytically
inactive protein, was used as the PCR template. The lack of homology to the degenerate
part of the primer precluded potential sequence bias from the template. The randomized
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PCR fragment was inserted in-frame into pHHABE, and transformation of ER2566 lacl’
E.coli cells with the resulting plasmid pool yielded a total of ~6-10° clones in liquid
culture (determined by aliquot plating). The cells were grown at 37°C in M9 minimal
medium with background level of transcription (no IPTG added). These growth
conditions permitted complete methylation of plasmid DNA (protection against R.Hin6l
cleavage in vitro) in cells expressing WT M.Hhal, but little methylation was rendered by
L2Bsp (not shown). The total plasmid DNA was isolated, and sequencing of the
randomized region showed no significant nucleotide bias in the four randomized codons.
Restriction endonuclease mapping confirmed the correct overall structures of the
plasmid DNA (not shown).

Selection was carried out by digesting the total plasmid DNA with two
5-methylcytosine sensitive restriction endonucleases, R.Hin6l (GCGC; cytosines whose
methylation blocks DNA cleavage are underlined, methylation sensitivity profiles
provided in ref. (Roberts et al., 2010)) and R.Bsh12361 (CGCG) (14 and 8 target sites on
the pHhal-AL2 plasmid, respectively). The digested plasmid DNA was again
transformed into E. coli cells and ~2-10* clones were obtained. Plasmid DNA from 9
individual colonies was analyzed with R.Bsh1236I, which showed only 4 transformants
expressing active methyltransferases. The remaining clones were combined, a total
plasmid DNA was isolated and the selection procedure was repeated. After the second
round of selection, ~1500 transformants were obtained. 35 individual clones were tested
with R.Bsh12361 and most showed a higher degree of protection than the original L2Bsp
expressing plasmid. Sequencing of 28 clones revealed only two sequence variants
(SGGRC - 22 clones and SAGRC — 1 clone) in the randomized region (Figure 1A).
Notably, nearly all possible codons for Ser, Gly, and Arg were found in the mutant genes
indicating that the selected variants did not arise from a single precursor or due to
nucleotide bias in the library. A third protein variant (5 clones) contained an additional
inadvertent mutation, K273R, 10 codons outside of the randomized region.
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Figure 4. In vivo methylation activity of mutant MTases. E. coli ER2267 cells
carrying plasmids that encode WT or mutant MTases were grown in the minimal
medium at 37°C overnight, plasmid DNA was isolated and digested with R.Bsh12361,
which recognizes CGCG target and is sensitive to methylation of either cytosine;
pHHABE - control plasmid, coding for inactive MTase.

Representatives of all three variants were selected (referred to as AL2-6, AL2-9
and AL2-14) and corresponding plasmids were analyzed with R.Bsh1236I to compare
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their methylation efficiency in vivo under background level of transcription with that of
the original L2Bsp (Figure 4). All three selected variants showed a much stronger
protection against the cleavage as compared to L2Bsp; notably, the highest degree of
protection came from the AL2-14 variant, which contained the K273R mutation. All
three AL2-mutant MTases (clones AL2-6, AL2-9 and AL2-14), WT M.Hhal and the
L2Bsp controls were expressed in E. coli and purified to near-homogeneity by Ni**
chelating affinity column chromatography for further characterization in vitro.

1.3. Catalytic efficiency and sequence-specificity of selected MTases

For 1initial characterization of the catalytic activity and sequence-specificity of the
M.Hhal mutants, a DNA protection assay was used (Dalhoff et al., 2006). Serial two-
fold dilutions starting with equimolar amounts of MTase and target sites were used to
methylate bacteriophage lambda DNA, which was then challenged with a set of
individual 5-methylcytosine-sensitive restriction endonucleases and analyzed by agarose
gel electrophoresis. Enzymatic turnover rates were estimated based on the minimal
molar ratio of MTase to its target sites that is required for complete protection of DNA in
1 hour (end-point assay).
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Figure 5. DNA protection analysis of the in vitro specificity of the AL2-MTases. A —
apparent number of enzymatic turnovers executed at different target sites. Serial two-
fold dilutions starting with equimolar amounts of MTase and target sites were used to
methylate bacteriophage A DNA, which was then challenged with a set of
5-methylcytosine-sensitive restriction endonucleases. Enzymatic turnover rates
(turnovers per hour) were estimated based on a minimal molar ratio of MTase to its
target sites that is required for a complete protection of DNA in 1 hour. B — the sequence
fidelity of the AL2-MTases, expressed as the ratio of methylation turnover rates at
GCGC to GCJA/T]GC sites.

All mutant MTases methylated DNA in vifro and complete protection from
R.Hin6I could be readily achieved although at different enzyme dilutions (Figure SA).
In support of our in vivo results, L2Bsp proved the least active mutant, whereas the
AL2-14 was the most efficient enzyme. The mutant MTases methylated a broader range
of targets than the WT Hhal. A complete protection from REases that do not have
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GCGC in their sites (R.Bsh12361 (CGCG) and R.Mlul (ACGCGT)) was achieved,
consistent with the specificity switch from GCGC (WT) to GCGN. Again, AL2-14 was
found to be the most efficient MTase, whereas AL2-6 and AL2-9 showed very similar
methylation efficiency.

Similarly, off-target methylation at GC[A/T] sites was assessed by digestion with
R.BseXI (GC[A/T]GC). We found that methylation of these sites was evident only at
high MTase concentrations with the selected mutants. Since no complete protection
could be achieved at the non-cognate sites, direct comparison of the methylation
efficiency at specific and non-specific sites was not possible by theoretical calculation of
end-point dilutions assuming that, on average, five two-fold dilutions separate a starting
and a full protection point (not shown). The derived ratios of the target/off-target
methylation, which can only provide rough estimates are shown in Figure 1B, indicating
that the AL2-14 mutant is similarly faithful as the WT M.Hhal, whereas the L2Bsp
hybrid shows a ten-fold lower sequence fidelity.

When DNA MTases are used as molecular biology tools, it is convenient to
express their quantity in activity units (u). 1 u of DNA MTase is defined as the amount
of enzyme required to protect 1 ug of A DNA in a total reaction volume of 50 pl in
1 hour at 37°C against cleavage by cognate restriction endonuclease. In order to assay
specific activity of L2Bsp and AL2-14 R.Bsh12361 was used, because this REase probed
the largest fraction of GCG sites (157 out of 1730 present on A DNA). Specific activity
(u/ pmol) of AL2-14 was 16 times lower than that of WT M.Hhal (Figure 6). However,
as there are 8 times more GCG than GCGC sites on A DNA, one can conclude that both
enzymes operate with comparable efficiency under conditions of this experiment. On the
other hand the specific activity of L2Bsp is 6 lower than that of AL2-14.
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Figure 6. Determination of the specific activity of WT and truncated M.Hhal
variants. 1 pg A DNA was incubated with the indicated amounts of methyltransferases
in 50 pul Methylation buffer II containing 100 uM AdoMet for 1 h at 37°C and the
minimum amount of MTase, required for complete protection from R.Bsh1236I or
R.Hin6l was determined. Lanes containing 1 u of MTase are marked with arrows.

Since the use of restriction endonucleases for specificity assessment is
undermined by the limited repertoire of available sequence specificities and by
significant errors inherent in the determination of end-point fragmentation patterns,
bisulfite sequencing of the modified DNA was employed to define more precisely the
recognition targets of the AL2-MTases. pBR322 DNA was methylated in vitro, treated
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with bisulfite and the region of interest was amplified with converted-DNA specific
primers. We analyzed a 538 bp fragment in the 3-lactamase gene (upper strand positions
3398-3935 on pBR322) which contains 9 GCG sites and 37 GC[A/T/C] sites.

For initial analysis, the PCR-amplified fragment was directly sequenced which
allowed us qualitatively describe sites as methylated, unmethylated or partially
methylated but gave no information about the methylation density of a particular site.
When small amount of MTases were used for reaction (MTase : GCG molar ratio 1:64),
8, 7 and 5 out of 9 GCG sites were completely methylated by AL2-14, AL2-9, AL2--6,
respectively (other GCG sites were nearly fully or partially methylated) (Figure 7A). No
methylation in other positions was observed, and no non-converted cytosines were
present in a control sample derived from pBR322 incubated without MTase. In contrast,
L2Bsp methylated only 3 out of nine GCG motifs completely, while weak partial
methylation at several GCA positions was clearly evident. Such a wide spread of
modification densities observed with the different enzymes appeared suitable for
quantitative analysis of their methylation specificity.
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Figure 7. Analysis of the in vitro specificity of the AL2-MTases by direct sequencing
of bisulfite-modified DNA. pBR322 DNA was methylated with AL2-MTases at a
MTase : GCG target sites ratio of 1:64 (A) or 1:4 (B) and subjected to bisulfite
modification. The bisulfite-modified DNA was amplified by PCR and the obtained PCR
product was directly sequenced. After the reaction with bisulfite and PCR unmethylated
cytosines are converted to thymines; cytosines are only found in the positions that
contain SmC in the original sequence. Fragments of representative electrophoretograms
are shown. GCG sites are shaded; GCA and GCT sites are framed by dotted line.

The specificity of L2Bsp and AL2-14 was investigated more thoroughly by
cloning the PCR amplified fragments and sequencing individual clones. The methylation
density at a particular site was determined as the ratio of number of methylated cytosines
found to a total number of reads. The bisulfite sequencing data are summarized in
Figure 8. In addition to GCG, L2Bsp methylated GCA sites quite efficiently and
displayed several cytosines in GCC and GCT sites. Consistently with the direct PCR
product sequencing data, only two out of nine GCG sites were methylated completely
under these conditions.
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5-methylcytosines were detected almost exclusively in GCN sites indicating that
the third position of the target was the most degenerate. Analysis of DNA methylation by
AL2-14 revealed only a tiny fraction of methylated cytosines outside the GCG targets (4
occurrences in 703 reads through GC[A/T/C] sites) (Figure 8). Comparison of relative
methylation densities of GCG versus non-GCG sites, Rgpee, again shows that the
engineered MTase is approximately ten-fold more specific than the original L2Bsp
hybrid (Rpec =170 and 17, respectively).

As the amount of MTases in the methylation reaction was increased
(MTase : GCG ratio 1:4) some methylated cytosines were found outside the GCG
sequences in DNA methylated by all variants (Figure 7B).
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Figure 8. Bisulfite sequencing analysis of in vitro specificity of the L2Bsp and
AL2-14 MTases. pPBR322 DNA was methylated with L2Bsp (top) or AL2 14 (bottom) at
a MTase to GCG target sites ratio of 1:64 and subjected to bisulfite modification.
Methylation densities at individual 46 GCN sites were determined by sequencing of a
538 nt pBR322 fragment in 18-19 individual clones obtained after cloning the bisulfite-
converted DNA. The methylation density is expressed as a ratio of methylated cytosines
observed to a total number of sequence reads. H — adenine, cytosine or thymine.
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1.4. Kinetic characterization of selected MTases

In order to better understand the observed changes in catalytic efficiency and
specificity, kinetic parameters were determined for L2Bsp, the three AL2-mutants and
WT M.Hhal. Steady-state kinetic analyses were carried out with poly[dG-dC]-poly[dG-
dC] DNA as previously described (Wu and Santi, 1987; Vilkaitis et al., 2000). Our data
presented in Table 3 show that all variants, including the WT Hhal, have similar k&,
values (smaller than 4-fold difference), whereas the most prominent differences between
the mutants are manifested in K,/”"". With its K,;”" of nearly four orders of magnitude
higher than that of WT M.Hhal, L2Bsp clearly indicated its DNA binding capacity to be
severely impaired. This notion is in a good agreement with our DNA binding studies,
which showed no detectable MTase-DNA complexes in gel shift assays even in the
presence of AdoHcy (not shown). Upon optimization of the Loop-2, the interaction
between MTases and DNA has improved significantly, as K;;” decreases in the order
L2Bsp >> AL2-6 > AL2-9 > AL2-14 (Table 3). The same trend was observed when the
ability of MTases to form covalent complex with 5-fluorocytosine containing DNA was
investigated: no denaturation-resistant complex was formed by L2Bsp even after
overnight incubation. AL2-MTases were able to form such complex, albeit at lower
efficiency than WT M.Hhal (Figure 9). Altogether, our experiments show that the
AL2-14 variant is the most catalytically efficient GCG-specific MTase.

Table 3. Kinetic and thermodynamic parameters of WT and truncated
variants of M.Hhal

AdoMet AdoMet DNA . -1 k..! K, MDNA
MTase K ,uM Ky ,uM Ky, nM keq, min c ’

M5!

WT 4.2 +0.2 0.03 £0.01 0.17+£0.02 0.89 +£0.05 9-10’
L2Bsp 6.1+£0.3 4.0+0.5 1300 + 200 0.27 £0.01 3-10°
AL2-6 84+0.9 1.2+0.1 13.5+4.2 0.45+0.01 6-10°
AL2-9 75+£08 1.3+£0.2 48+14 0.23 +£0.01 8-10°
AL2-14 6.9+0.5 09+0.1 1.7+ 0.3 0.98 +0.03 1-10’

In addition to increased K;;”", all mutants showed substantially higher K,/

values as compared to WT M.Hhal (Table 3). This may appear somewhat surprising, as
changes in the TRD are not expected to disrupt any protein contacts with the cofactor.
To rule out this possibility, we determined Ky '®“®"*Y by monitoring Trp4l
fluorescence changes upon cofactor binding (Vilkaitis et al., 2000). Indeed we found that
KptdoMetbinary) o virtually unaffected by the deletion of the Loop-2 (Table 3) and is
similar for all mutants and the WT M.Hhal. This suggested that the observed increase in
KM may be related to a faster release of cofactor from the closed ternary complex. It
was previously shown that the rate limiting step in the catalytic cycle of M.Hhal is the
dissociation of the ternary product complex (MTase-methylated DNA-AdoHcy), which
leads to faster product formation in the first turnover (burst) as compared to the steady
state rate (Vilkaitis et al., 2001). We therefore, performed a similar pre-steady-state
kinetic experiment (Figure 10), but observed no pre-steady-state burst with the AL2-14
mutant. Altogether, our findings indicate that the rate limiting step in this mutant is
different from WT M.Hhal, consistently with an enhanced cofactor exchange in the
ternary complex (Merkiené¢ and Klimasauskas, 2005).
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Figure 9. Interaction of WT and truncated M.Hhal variants with S-fluorocytosine
containing DNA. 5 uM of MTase was incubated with 5 uM GFGC/GFGC-13 DNA in
the presence of 200 uM AdoMet (if any) in the Methylation buffer I at room temperature
overnight. The MTase was inactivated by heating 5 min at 95°C in the presence of SDS
and the samples were resolved in the 10% polyacrylamide gel with SDS. Protein
containing bands were visualized by Comassie staining.
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Figure 10. Pre-steady state burst analysis of M.Hhal. Reactions were performed in
the methylation buffer at 37°C, containing 4 nM AL2-14 or WT M.Hhal, poly[dG-
dC]-poly[dG-dC] DNA (500nM double-stranded GCGC sites) and 10 uM
[methyl->’H]AdoMet (0.5 Ci/mmol). Aliquots were withdrawn at indicated time points,
and incorporated radioactivity was measured by filter-binding assay as described
(Vilkaitis et al., 2000). Open circles, WT M.Hhal; closed circles, AL2-14.

1.5. DNA transalkylation using synthetic AdoMet analogs

Synthetic AdoMet analogs with extended sulfonium-bound propargyllic side
chains have been used for methyltransferase-directed sequence-specific derivatization
and labeling of DNA (Dalhoff et al., 2006; Lukinavi¢ius et al., 2007). The novel
approach, named mTAG, envisions many useful applications. However, as the side chain
is extended in length, wild-type DNA MTases, such as M.Hhal, become increasingly
inefficient. Simple steric engineering of the cofactor binding pocket (replacing bulky
amino acids with Ala or Ser residues) enabled M.Hhal to use such cofactor analogs as
alkyl donors (Lukinavicius ef al., 2007). Tyr254, which is part of the Loop-2, was one of
such replacements around the cofactor pocket (Lukinavifius et al., in preparation).

27



Meanwhile, the AL2-MTases inherently contain a Ser at this position, suggesting that
they may be more active than the WT M.Hhal in the transalkylation reactions. Therefore,
the AL2-14 mutant was tested for its ability to transfer a pentynyl chain from a synthetic
cofactor analog, AdoPentyn (Figure 11A). DNA protection assays showed that the
apparent alkylation rate of the engineered MTase is ~8 turnovers per hour, which is at
least 100-fold improvement as compared to WT M.Hhal (compare Figure 11B and C),
and is only ~8 fold lower than the rate observed with AdoMet (see Figure 5). Digestion
of the modified DNA with R.Bsh1236I indicated that the sequence specificity of AL2-14
remained unaltered with both cofactors (Figure 11C). Similar results were obtained with
the cofactor analog AdoHxGABANH,, which carries an aliphatic aminogroup and is
suitable for site-specific labeling of DNA (Figure 11D). Notably, WT M.Hhal does not
catalyze the reaction with this cofactor analog (LukinavicCius ef al., in preparation). These
experiments demonstrate that the designed MTase can catalyze an efficient transfer of
extended linear chains to the GCG sites.
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Figure 11. Enzymatic transalkylation of DNA using synthetic cofactor analogs. A —
chemical structures of the AdoMet cofactor and its synthetic analogs. B — WT M.Hhal
reaction with AdoPentyn. C and D — AL2-14 reactions with AdoPentyn and
AdoHxGABANH,, respectively. A DNA was incubated with decreasing amounts (two-
fold serial dilutions) of MTase in the presence of 300 uM cofactor analog for 1 hour at
37°C, then digested with R.Hin6l or R.Bsh12361 and analyzed by agarose gel
electrophoresis. Numbers above lanes indicate molar ratios of MTases to their target
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sites (GCGC or GCQG). Arrows mark the minimal AL2-14 : GCG ratio sufficient to
render a complete protection (end-point). This ratio corresponds to a number of apparent
enzyme turnovers (h™h.

Next, the possibility to use AL2-14 for the site-specific DNA labeling was
investigated. In the presence of AdOHXGABANH, AL2-14 transfers the extended linear
chain containing an aliphatic aminogroup from the cofactor analog to the DNA therefore
allowing specific labeling of GCG sites. Various reporter groups may be coupled to the
introduced aminogroups in a chemical reaction with commercially available NHS-esters.
pUCI19 plasmid DNA was labeled by incubation with AdoHxGABANH, and AL2-14,
followed by reaction with Cy5-NHS ester. Then the DNA was digested with R.BamHI
and R.Pagl and analyzed by agarose gel electrophoresis. Fragments containing the
fluorescent dye Cy5 were visualized by scanning with 635 nm laser (Figure 12A).
Fluorescence intensity distribution in the obtained bands correlated well with the
numbers of GCG sites in the corresponding restriction fragments (Figure 12B).
Therefore AL2-14 MTase is suitable for the site-specific DNA labeling in the reactions
utilizing cofactor analogs.
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Figure 12. Two-step specific labeling of plasmid DNA at GCG sites. pUC19 plasmid
DNA was amino-modified by incubation with AL2-14 in the presence of
AdoHxGABANH, and then treated with Cy5-NHS ester. Labeled DNA was digested
with R.BamHI and R.Pagl and the resulting fragments were resolved by agarose gel
electrophoresis. A (/eft) — visualization of Cy5-labeled DNA fragments with 635 laser; A
(right) visualization of all DNA in ethidium bromine stained gel with 488 nm laser. B —
theoretical (black bars) and experimentally-determined (grey bars) distribution of CyS5
fluorescence intensity in the DNA bands; number in parentheses indicate numbers of
GCQG sites in the corresponding fragment.

1.6. Discussion

It came as no surprise that elimination of two hydrogen bonds from the protein-
DNA interface upon truncation of the Loop-2 resulted in a decreased affinity of the
L2Bsp hybrid towards DNA. This is manifested by its poor catalytic efficiency, a lack of
a detectable MTase-DNA complex band in gel-shift assays (not shown), and by
increased K,”™. Although such changes seem inevitable when an enzyme with a lower

specificity is designed, a possible solution to this problem is to compensate for the lost
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specific contacts by introducing new nonspecific contacts (or enhancing existing ones)
between the DNA and the protein. This is well illustrated by the occurrence of an
arginine residue in all selected AL2-MTases (see Figure 1). Although we cannot predict
the exact conformation of the truncated Loop-2, the proximity of the added Arg to the
phosphodiester backbone is likely to account for ~100-fold lower K;,”* values in AL2-6
or AL2-9 versus L2Bsp. Moreover, the most active variant, AL2-14, contained another
substitution outside the randomized region, which resulted in a several-fold improvement
in both k., and K;;”™. The latter mutation maps to the IX conserved motif, where either
Arg or Lys is typically present in other DNA MTases. M.Hhal-DNA crystal structures
show that Lys273 points towards the DNA although its positively charged nitrogen atom
is ~5 A apart from the phosphodiester backbone (not shown). The longer side chain of
arginine may bring the positively charged moiety closer to the phosphate leading to an
enhanced interaction with the DNA.

In addition to increased K", all the mutants showed 100-fold higher KMAdOMet
values as compared to WT M.Hhal (Table 3). Higher K" may result from
destabilizing the closed conformation of the catalytic loop (residues 81-100 in M.Hhal)
or otherwise enhancing accessibility of the cofactor pocket both leading to a faster
cofactor exchange in the ternary reaction/product complex (Vilkaitis et al., 2000;
Merkiené and KlimaSauskas, 2005). Inspection of the crystal structures (KlimaSauskas et
al., 1994) indicates that such Loop-2 truncations and replacement of Tyr254 with a
smaller residue (Thr or Ser) in particular, would surely create a wider solvent channel in
the cofactor pocket. Moreover, these mutations remove a stabilizing contact between
GIn82 in the catalytic loop and Tyr254 in TRD, which is likely to shift the equilibrium of
the catalytic loop towards an open conformer. Since essentially no improvement of
KM occurred upon evolution of the truncated Loop-2 (only 4-fold lower values in
AL2-MTases as compared to L2Bsp), one can conclude that either the lost structural
feature cannot be recovered in the current structural framework, or further rounds of
directed evolution under conditions of low AdoMet concentrations are required. From
the point of practical utility, this parameter is quite satisfactory for both in vivo and in
vitro applications. In addition, this endows the AL2-MTases with a valuable feature to
accommodate AdoMet analogs in the active site for targeted transfer of extended groups
to DNA (Figure 11) (Klimasauskas and Weinhold, 2007; Lukinavicius ef al., 2007).

The GCG specificity is unique as no natural C5-MTase is known to recognize this
target. Methylation of this asymmetric target leads to the formation of hemimethylated
CG sites, which are preferred substrates for eukaryotic maintenance DNA
methyltransferases. Previously, in vivo methylated plasmid DNA obtained from cells
overexpressing L2Bsp was used as a substrate to study the processivity of the mouse
Dnmtl MTase (Vilkaitis et al., 2005). Thus in the context of recently reported specificity
changes of M.Sinl (Timar ef al., 2004) and M.Haelll (Cohen ef al., 2004), the obtained
GCG-MTase has a high potential to become a valuable molecular tool for studies of
various aspects of eukaryotic DNA methylation. Although the catalytic efficiency
(kead K™, see Table 3) of the designed MTase is ten-fold lower than that of the WT
M.Hhal (Vilkaitis et al., 2000; Youngblood et al., 2006), it is comparably efficient or
even supersedes certain C5-MTases such as M.Haelll (3-10%) (Cohen et al., 2004),
M.SinI (3-10°) (Timar ef al., 2004) or M.SssI (10*-10°) (Subach et al., 2006; Rathert et
al., 2007), some of which are widely used to produce methylated DNA molecules for
epigenetic and biochemical studies. Its sequence fidelity in vitro is also comparable with
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that of currently characterized WT C5-MTases (Cohen et al., 2004; Timar et al., 2004;
Youngblood et al., 2006). The methylation fidelity defined as the ratio of methylation of
target/off-target sites is typically around two orders of magnitude when nano- to
micromolar concentrations of enzyme is used (Figure 5 and 8). At these practically
useful concentrations and typical K,,” N values in the nM range ([MTase] > K" N4y the
definition of fidelity as a ratio of koo KN values for specific over non-specific sites is
not particularly informative, since the specificity is largely controlled by k., with little
contribution from the DNA binding affinity.

In summary, this work represents the first example of enzyme engineering effort
leading to a dual specificity change in a DNA methyltransferase. The newly designed
MTase is an efficient sequence-specific enzyme that is able to use synthetic AdoMet
analogs for the transfer of extended groups onto DNA. The endowed unique features
envision useful practical applications of the designer MTase, such as 1) in vitro or in vivo
generation of hemimethylated CpG-sites for studies of maintenance methylation in
mammals and i1) attaching larger chemical entities to DNA for synthesis of DNA-based
nanoparticles.
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2. Kinetic analysis of conformational transitions during the M.Hhal-catalyzed
reaction

2.1. Direct observation of cytosine flipping and covalent bond formation

Loop Closure

Base Flipping

| |
DNA Cys®! DNA Cys®l DNA Cys® DNA

cytosine dihydrocytosines 5-methylcytosine
Amax = 271 nm AMmax < 240 nm Amax = 280 nm

Figure 13. Conformational transitions and covalent catalysis by M.Hhal. A — upon
binding of DNA and cofactor, M.Hhal flips its target cytosine out of the DNA helix into
the active site; the catalytic loop in the protein makes a large motion to lock the target
base and the bound cofactor. M.Hhal is shown as backbone trace (grey), the catalytic
loop (residues 81-100) is red, the engineered 1le86 residue is shown as spacefill, DNA
and cofactor are represented as sticks models in blue and yellow, respectively. B — the
mechanism of catalytic target base activation and methyl group transfer by M.Hhal along
with associated spectral changes of the target base.

Binding of M.Hhal to its GCGC target in duplex DNA induces flipping of the
target cytosine base (underlined) out of the DNA helix with little disturbance to the rest
of the duplex. Since the target cytosine is unstacked completely, and the two adjacent
guanines are unstacked on one face (Klimasauskas et al., 1994), we presumed that these
changes might give a detectable hyperchromic change for direct observation of the
flipping motion. Subsequent covalent catalysis by M.Hhal involves the formation of a
covalent bond from the Cys81 residue to the C6 atom of the flipped out target cytosine
(Figure 13). The attack at C6 disrupts the aromatic system in the cytosine ring and
dramatically alters the spectral properties of the chromophore (A, shifts from 270 nm in
cytosine to 225-240 nm in 5,6-dihydrocytosines) (Skaric et al., 1974; Sverdlov et al.,
1974; Ulanov et al., 1976). We therefore examined if the UV absorbance changes
deriving from the target cytosine can be detected in a 25-mer duplex substrate using
stopped flow techniques. Remarkably, a clearly defined Ag, signal comprising a 25-
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30 mAU increase followed by a 18-20 mAU decrease (in the background of total
absorbance of ~1 AU) was obtained upon fast mixing of a 2.5uM cognate
hemimethylated 25-mer DNA duplex with an excess of M.Hhal (3 uM) and AdoHcy
(100 uM) (Figure 14A) in a 10 mm cuvette. Control experiments with DNA duplexes
containing an abasic residue replacing the target cytosine, a non-flippable 2-
aminopurine : thymine base pair (Daujotyté et al., 2004), a non-cognate target site all
showed none or minor changes in absorbance (amplitudes of 3-6 mAU) (Figure 14A). A
wavelength scan of the absorbance signal in the cognate system revealed a maximal
change at about 280-290 nm (not shown). Our observation of a similar absorbance trace
(Figure 16C) in the W41F mutant excludes the possibility that the observed signal
originates from the unique tryptophan residue (W41) in the protein. The observed
upward amplitude (Figure 14A, Table 4) represents a 150% hyperchromic change based
on the absorbance of one 2’-deoxycytidine residue (derived from a molar extinction
coefficient in neutral milieu of &,50 = 7,200 M'l'cm'l). Taking into account that a much
smaller absorbance change is observed upon flipping of an abasic target residue one can
conclude that the ascending transients in the absorbance traces largely represent the
outgoing conformational transitions of the target nucleotide.
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Figure 14. Stopped-flow absorption traces during M.Hhal-DNA interaction.
Reactions contained 3 uM MTase, 2.5 uM DNA and 100 uM AdoHcy (final
concentrations). A — WT M.Hhal was rapidly mixed with different DNA substrates in
the presence of AdoHcy: blue — GCGC/GMGC (cognate target site), yellow —
GsGC/GMGC (abasic target site), green — TCGA (non-cognate target site), purple —
GPGC/GMTC (non-flippable target site); black — the catalytic C81S mutant rapidly
mixed with GCGC/GMGC in the presence of AdoHcy. B — reaction profiles at different
mixing orders: blue — MTase was rapidly mixed with GCGC/GMGC in the presence of
AdoHcy, red — MTase was first premixed with GCGC/GMGC and then mixed with
AdoHcy, grey — MTase rapidly mixed with GCGC/GMGC in the absence of cofactor.
Parameters derived from fitting experimental traces to multiexponential equations are
shown in Table 4.
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Table 4. Kinetics of target base flipping and covalent bonding upon
M.Hhal interaction with cognate DNA

i Hhal + AdoHcy ><

Reaction Hhal ><DNA DNA + AdoHcy Hhal + DNA >< AdoHcy
-1 | Amplitude, .1 | Amplitude, -1 | Amplitude,

Parameters Rate, s mAU Rate, s mAU Rate, s mAU

Cytosine 274+03 | 83+0.04 | 19.1+0.1 28 +0.1 19.7+0.9 7.6+0.5

flipping - - 25+02 | 25+£0.1 55+0.4 71+0.4

Covalent 0.23+0.06 | -0.7+0.07 [0.71+0.003| 23+0.1 | 0.60+0.01 | -16+0.1

bonding

Apparent kinetic parameters derived from fitting absorption traces to multi-
exponential functions for reactions involving 3 uM M.Hhal, 2.5 uM DNA and
100 uM cofactor as shown in Figure 14B. Premixed components in two
chambers (separated by ><) were rapidly mixed in a stopped-flow cell to
observe reaction-associated changes in absorbance. Values are reported with
standard errors of the fit.

To confirm the nature of the descending absorbance change, we performed a
control experiment with a catalytic mutant of M.Hhal, C81S, which lacks the catalytic
thiol group required for the covalent bonding to the target cytosine (Mi and Roberts,
1993). As expected, the downward signal was absent in the mutant system (Figure 14A).
The observed downward amplitude of 16-20 mAU agrees well with the loss of one
cytosine chromophore; an equally high although significantly slower (0.0003s™)
absorbance change was also observed upon formation of an irreversible covalent
M.Hhal-DNA complex involving 5-fluorocytosine (Figure 15) (Osterman et al., 1988).
This result agrees well with the published observation that M.Hhal reaction with
S-fluorocytosine is ~400 times slower than with cytosine. The descending part of
stopped flow absorbance trace fitted reasonably well into a single-exponential decay
function; the determined amplitude (13 mAU) corresponded to ~65% of cytosine being
covalently bound (estimation based on the molar extinction coefficient &gy =
8,000 M"-cm™ (Tanaka er al., 1981)). When this reaction was performed with >’P-
labeled DNA and the resulting products were resolved on the denaturing PAA gel, ~70%
of DNA was found in the denaturation-resistant complex with protein (Figure 15),
which is fully consistent with the stopped-flow results.

In the absence of cofactor, interaction with DNA gives similar transients but
several-fold reduced amplitudes as compared to the ternary complex (Figure 14B). The
remaining signal is regained upon addition of AdoHcy to the preformed M.Hhal-DNA
complex. This suggests that in the binary complex, a fast equilibrium is achieved in
which ~'/; of the target cytosine occurs in the flipped-out state. This observation is
consistent with the previously described dynamic nature of the complex (KlimaSauskas
et al., 1998) and catalysis of fast C5-hydrogen exchange in the absence of cofactor (Wu
and Santi, 1987).

These findings clearly indicate that the descending transient is a reporter of the
covalent bond formation in the M.Hhal-DNA complex. Altogether, this set-up thus
permits a direct real-time observation of the target cytosine flipping and subsequent
covalent bond formation by the Hhal methyltransferase in a chemically unperturbed
system.
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Figure 15. Stopped flow analysis of M.Hhal interaction with DNA containing
S5-fluorocytosine. Left, 3 uM WT M.Hhal was rapidly mixed with 2.5uM
GEGC/GMGC duplex in the presence of 100 uM AdoMet at 25°C and absorbance data
collected for 10s or 6000s. Right, 3 uM WT M.Hhal was mixed with 2.5 uM
33p-labeled GEGC/GMGC duplex in the presence of 100 uM AdoMet, reactions were
incubated 27 h at 25°C and the products were resolved by denaturing polyacrylamide gel
electrophoresis. The DNA-containing bands were visualized with Phosphorlmager
(Fuji). 1, 2 — reactions without and with MTase, respectively.

2.2. Simultaneous sensing of the catalytic loop motion with built-in fluorophores

In addition to base flipping, M.Hhal itself undergoes major conformational
changes during the catalytic cycle (KlimaSauskas et al., 1994). A large motion of the
catalytic loop (residues 81-100), engulfs the bound DNA and the catalytic nucleophile
Cys81 is brought in contact with the flipped out cytosine. To follow the motions of the
catalytic loop during catalysis, we have redesigned the fluorophore locations in the Hhal
methyltransferase by site directed mutagenesis of two positions. The unique intrinsic Trp
residue (Trp41) in the cofactor binding pocket has been replaced by a Phe, whereas the
bulky Ile86 residue in the catalytic loop was replaced with a Trp. The double
WA41F/I86W mutant showed similar kinetic parameters with the previously described
W41F variant (Table 5) (Merkien¢ and KlimaSauskas, 2005); it differed from the WT
M.Hhal mainly in the lower affinity towards the cofactor AdoMet or its product
AdoHcy, which can be compensated by increased cofactor concentration in the reaction.
A similar behavior has recently been noted for another two engineered single-tryptophan
variants of M.Hhal, W41F/K91W and W41F/E94W (Estabrook and Reich, 2006;
Estabrook et al., 2009).

Table S. Kinetic parameters of WT M.Hhal and W41F I86W mutant

MTase K 19Me1 67°0 v k7O, 1 Koo 0, &1
WT 0.035*+0.003 0.018"+0.001 0.12 £0.004
W41F/186W 2.7°+04 0.056" +0.002 0.09 £+ 0.004

* determined by dr. E. Merkiené
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Figure 16. Flipping of the target cytosine and the closure of the catalytic loop in
W41F/I86W mutant. A, B — 3 uM W41F/I86W was mixed with 100 uM AdoHcy
(grey) or 2.5 uM GCGC/GMGC (black); 3 uM W41F/I86W was mixed with 2.5 uyM
GCGC in the presence of 100 uM AdoHcy (blue); A — absorption traces, B —
fluorescence traces. C, D — 3 uM W41F was mixed 2.5 uyM GCGC/GMGC in the
absence of cofactor (grey) or in the presence 100 uM AdoHcy (blue). C — absorption
traces, D — fluorescence traces. Parameters derived from fitting experimental traces to
multiexponential equations are shown in Table 6. The fits are shown as thin black lines
in A and B.

Stopped flow experiments with the W41F/I86 W mutant M.Hhal showed a strong
decrease in the Trp fluorescence (excitation at 280 nm, emission at > 335 nm) intensity
upon formation of the ternary complex with the cognate DNA duplex and AdoHcy
(Figure 16B). Null or small fluorescence changes were detected when either the DNA or
cofactor was omitted from the reaction, indicating that the signal is dependent on the
formation of the closed ternary complex (KlimaSauskas and Roberts, 1995;
KlimaSauskas et al., 1998; Estabrook et al., 2009). The fluorescence signal was also
absent in the catalytically active W41F mutant, which contains no tryptophan residues
(Figure 16D). In the presence of the AdoMet cofactor, the fluorescence decrease was
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followed by an ascending fluorescence signal (see below and Figure 22B), consistent
with the reversal of the conformational change after the methylation reaction. Thus we
conclude that the observed quenching of the tryptophan fluorescence derives from the
closure of the catalytic loop whereby the Trp86 residue approaches the major groove of
the bound DNA duplex; similarly with the previously reported K91W and E94W
variants (Estabrook and Reich, 2006; Estabrook et al., 2009), the engineered Trp86
residue is thus capable of reporting on conformational transitions of the catalytic loop
through changes in fluorescence intensity. Although this engineered system differs
slightly form the WT enzyme, it permits direct comparison of the base flipping and the
loop motion. Incidentally, both the target cytosine and the Trp residue in the catalytic
loop can be analyzed at the same excitation wavelength (typically 280 nm), and therefore
both conformational changes can be simultaneously followed in real time as absorbance
and fluorescence signals (emission at a 180° and 90° angle from the incident beam,
respectively) in each individual stopped-flow measurement.
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Figure 17. Flipping of the target cytosine is tightly coupled to the catalytic loop
motion in W41F/I86W. 3 uM W41F/I86W was rapidly mixed with 2.5 uM
GCGC/GMGC in the presence of 100 uM AdoHcy; absorption (blue) and fluorescence
(red) traces were recorded simultaneously. The traces were normalized; the polarity of
fluorescence was inverted for the demonstration purpose.

In reaction with cognate DNA and 100 uM AdoHcy the absorbance time course
of the W41F/I86W mutant (Figure 16A) was similar to that of WT M.Hhal. The data
fitted well into a three-exponential function yielding a slightly lower rates of base
flipping (9 s vs 19 5™ for WT M.Hhal) whereas the rate of covalent bond formation was
nearly identical with that of WT M.Hhal (0.64 s). The fluorescence intensity also
followed a three-exponential decay with similar apparent rates. Notably, absorption and
fluorescence traces could be globally fitted into a three-exponential function with two
identical rate constants, implying that cytosine flipping and closure of the catalytic loop
proceed simultaneously (Table 6). This is well illustrated by the Figure 17, where
simultaneously acquired absorbance and fluorescence traces are shown. The third
transient in the fluorescence profiles showed substantially smaller amplitude as
compared with the preceding two steps, and it was not fully synchronous with the
covalent bond formation in the absorbance profile. Since this minor signal varied with
DNA and M.Hhal preparations, its nature has not been investigated further.
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Figure 18. Rate of cytosine flipping as a function of AdoHcy concentration. 3 uM
W41F/I86W was mixed with 2.5 uM GCGC/GMGC in the presence of 15-200 uM
AdoHcy and the A,g, was monitored. The rate of cytosine flipping was derived by fitting
the obtained traces into two-exponential function.

Since the W41F/IS6W mutant is somewhat impaired in cofactor binding, we
investigated the possibility that the slower base flipping rate is caused by incomplete
saturation of the W41F/I86W-DNA complex with AdoHcy. In contrast to the WT
enzyme, the reaction profile showed a marked dependence on AdoHcy concentration up
to the highest attainable values (15-200 uM). The cytosine flipping rate dependence on
AdoHcy concentration followed a hyperbola, with the extrapolated maximum rate
~13 s (Figure 18), which is only slightly slower than that of WT M.Hhal. The apparent
Kp for the cofactor binding was estimated to be ~50 uM, which is higher than the K,
(~1 uM) and expected Kp @@ (20 uM, assuming identical to W41F). This may
be rationalized by assuming that upon binding of AdoHcy to a binary Hhal-DNA
complex a weak initial Hhal-DNA-AdoHcy complex is formed, in which the cofactor is
only loosely bound, the catalytic loop is in an open conformation and the target cytosine
1s not yet inserted into the active site. Structurally this complex should resemble a weak
complex with unspecific DNA. This initial complex isomerizes to form a highly stable
complex with the closed catalytic loop and the target cytosine inserted into the active
site.

The minimal mechanism which well describes the series of absorption and
fluorescence traces is shown in Figure 19. According to this mechanism cytosine
flipping and closure of the catalytic loop proceed simultaneously and two stable
conformations with the flipped-out cytosine and the closed catalytic loop exist along the
reaction pathway. The attempts to fit these data into more complex mechanism did not
yield satisfactory fits. However it is still possible that this simplest scheme does not fully
describe the reaction catalyzed by WT M.Hhal, as only one of the several possible routes
may dominate the reaction catalyzed by the W41F/I86W mutant.
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Figure 19. Detailed analysis of W41F/I86W and DNA conformational transitions in
the reaction with AdoHcy. A preformed W41F/I86W (3 uM) complex with
GCGC/GMGC (2.5 uM) was mixed with 15-200 uM AdoHcy. Top — normalized
absorption (blue) and fluorescence (red) traces with the global fit (black lines) into the
mechanism, shown below. Data fitting was performed using Dynafit 3.28.059 software
(Kuzmic, 1996). ED — binary complex MTase-DNA, ED-C — a weak initial ternary
complex MTase-DNA-AdoHcy, in which the target cytosine is stacked in the DNA helix
and the catalytic loop is open. P1-P3 — transient conformations of the complex where the
catalytic loop is closed and the target cytosine is flipped-out (P1-P2) or flipped-out and
covalently bound (P3) to the Cys81. The derived rates are shown in the Table 7.

Table 7. Rate constants derived from fitting W41F/I86W reaction
into the minimal reaction mechanism

AdoHcy binding  Cytosine flipping/ Loop closure Covalent bonding
@i=1) (i=2, i=3) (i=4)
k. 29 pMs™! 29 57! 145" 325"
k; 1820 s’ 0.2s" 70 s 0.07 s’

2.3. Interaction with mismatched DNA substrates

To better understand the relationship between the base flipping and the catalytic
loop motion, we investigated interactions of the W41F/I86W mutant with mispaired
substrates in the presence of AdoHcy. It has been reported that M.Hhal and other DNA
MTases bind strongly DNA substrates containing mismatched bases at the target position
and the increased affinity of M.Hhal towards mismatched DNA was correlated to the
decreased stability of the base pair to be disrupted (KlimaSauskas and Roberts, 1995;
Daujotyte et al., 2004). Using different partner bases we examined how the motions of
the catalytic loop and the target cytosine are influenced by the nature of the target base
pair. We found that the rate of cytosine flipping as well as the rate of the closure of the
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catalytic loop increased as the stability of the target base pair decreased (Figure 20A, B).
As with the cognate substrate, the base flipping and loop closure could be fitted with
identical rate constants (Table 6), suggesting a synchronized nature of both processes.
Notably, no closure of the catalytic loop was observed with the GPGC/GMTC DNA,
containing a non-flippable target base pair.

An increased rate in the reaction with mismatched substrates was also observed in
the case of WT M.Hhal, when base flipping and covalent complex formation was
monitored (Figure 21, Table 8). In addition to the dominant flipping rate observed with
correctly paired substrate (19 s™'), a faster step was detectable with mismatched target
base pairs (130 s for C:T and 154 s for C:C base pairs, respectively). These results
agree well with a model in which a mismatched base pair promotes the accumulation of
the target cytosine in a flipped-out state which facilitates the transition of the complex
into the fully closed conformation.
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Figure 20. Interaction of W41F/I86 W with mismatched DNA substrates. 3 uM
WA41F/I86W was mixed with 2.5 uM DNA in the presence of 100 uM AdoHcy. A —
stopped-flow absorption traces, B — stopped-flow fluorescence. Black — GCGC/GMGC
(target base pair C:G), blue — GCGC/GMCC (target base pair C:C), red - GCGC/GMTC
(target base pair C:T), yellow — GsGC/GMGC (abasic target site), purple —
GPGC/GMTC (non-flippable target site).

The fastest closure of the catalytic loop was observed upon interaction with a
DNA duplex containing abasic target site (initial rate > 200 s™', Figure 20A, B). The rate
of the loop closure with this substrate was essentially cofactor independent, which is
consistent with the previously noted ability of M.Hhal to form highly compact binary
complexes with abasic DNA substrates (Wang et al., 2000). This suggests that the
motion of the catalytic loop from an open to a closed conformation is potentially faster
than is observed with natural DNA substrates, and is largely limited by the target
nucleotide flipping.
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Figure 21. Interaction of WT M.Hhal with mismatched DNA substrates. 3 uM WT
was mixed with 2.5 uM DNA in the presence of 30 uM AdoHcy and changes in Asg,
were monitored. Black — GCGC/GMGC (target base pair C:G), blue — GCGC/GMCC
(target base pair C:C), red — GCGC/GMTC (target base pair C:T). Parameters derived
from fitting experimental traces to three-exponential equation are shown in Table 8.

Table 8. Kinetics of WT M.Hhal interaction with the mismatched DNA substrates

Target base pair C:G C:C C:T
-1 Amplitude, -1 Amplitude, -1 Amplitude,
Parameters Rate, s mAU Rate, s mAU Rate, s mAU
Cvtosine fliopin 19.5+0.7 24 + 1 1545 8+ 0.1 130+2 13+0.1
y PPIE 1 55411 6+1 191402 | 19401 | 186+02 | 13+0.1
Covalent bonding | 0.70 + 0.02 22404 0.64+0.004] -19+0.04 [0.60+0.002| -19+0.02

Apparent kinetic parameters derived from fitting absorption traces shown in Figure
21 to three-exponential functions are reported with standard errors of the fit.

2.4. Ternary complexes with AdoMet: the complete reaction cycle

In the presence of AdoMet, the reaction can proceed through the full catalytic
cycle yielding the ultimate reaction products: methylated DNA and. The initial steps, the
target base flipping and covalent cytosine activation, can be readily discerned in the
absorbance and fluorescence profiles of the reaction, since they show similar signals and
apparent rates as observed in the corresponding AdoHcy profiles (Figure 22B, Table 9).
As observed in the reaction with AdoHcy, cytosine flipping and loop closure proceeded
simultaneously. Consequently the absorption and fluorescence traces could be fitted into
the four-exponential function with common rate constants.

In addition to the processes observed with AdoHcy, an ascending transient of
~0.1s" is observed in both the fluorescence and absorbance traces. Obviously, the
reverse fluorescence change of matching amplitude can be safely assigned to the opening
of the catalytic loop after the catalytic reaction. However the interpretation of a much
smaller increase in absorbance is not as straightforward, mostly because the methyl
transfer step itself does not give a detectable optical change. Although the C5-
methylation of cytosine results in a substantial bathochromic shift (see Figure 13B), it
remains obscure until the subsequent B-elimination step occurs in which the transient
covalent bond is broken and the aromatic system of the cytosine ring is restored.
However, subsequent back-flipping of the methylated target base in the presence of high
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concentrations of AdoMet (Estabrook et al., 2009) leads to a downward signal due to the
hypochromic effect, which nearly cancels out the upward absorbance changes.
Altogether, a single step with a small, AdoMet concentration-dependent increase in
absorbance is observed at 280 nm (Figure 23). Since the observed transient closely
follows the chemically determined methyl transfer step and is coincident with the major
upward transient in the fluorescence trace (reopening of the catalytic loop) in the Trp-
engineered M.Hhal and (see Figure 22B and Table 9 and Table 5. Kinetic parameters
of WT M.Hhal and W41F I86W mutant), it appears that the above three steps occur
nearly simultaneously and cannot be resolved by the present data. Therefore, combining
absorption, fluorescence and chemical methylation data, the four transients can be
reliably characterized in the engineered M.Hhal variant.
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Figure 22 Optical and covalent changes observed during catalytic turnover of
M.Hhal. WT (A) or W41F/I86W (B) variant of M.Hhal (3 uM) was mixed with 2.5 uM
cognate DNA duplex in the presence of 100 uM AdoMet. Stopped-flow absorbance
traces are shown in blue, fluorescence traces are shown in red; the catalytic transfer of
methyl groups (yellow) was measured under single turnover conditions using [methyl-
*H]-AdoMet. Absorption traces are shown in actual scale, fluorescence and single
turnover traces are normalized to unity. Parameters derived from fitting experimental
traces to exponential equations are shown in Table 9.

Table 9. Kinetics of WT M.Hhal and W41F/I86W reaction in the presence

of AdoMet

WT + AdoMet >< DNA | v 11 p/186W + AdoMet >< DNA + AdoMet

AdoMet
i Amplitude, rel. u.
Rate, st Amplitude, Rate, st ptuce, 4
mAU Abs. Fluor.

Cytosine flipping/ 120<3 71201 18015 | 0230004 | -0.13 0004
loop closure 144202 | 85+01 | 468003 | 046%0.002| -0.59+0.002
Covalent binding 0260003 | -128204 | 036001 |-023+001 | -044+0.02*
xfctl?yl transfer/flip-\ ¢ 0004 | 5.6+04 | 0.12+0002] 0164001 | 0.95+0.02

Apparent kinetic parameters derived from fitting traces depicted in Figure 22

to multi-exponential functions are reported with standard errors of the fit.

* unassigned change.
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The WT enzyme shows a very similar absorption profile with four-exponential
kinetics (Figure 22A, Table 9). The slowest transient again closely resembles the rate of
methyl transfer determined under single-turnover conditions in a rapid-quench
experiment (Table 5). Although the amplitude of the slowest transient is quite low at 280
nm, traces collected at 290-300 nm give somewhat higher upward signals (due to a
higher spectral difference between C and 5mC), permitting a fairly reliable kinetic
assignment of this final step. Therefore methyl transfer closely follows, but is not
coincident with the covalent activation of the target cytosine; on the other hand,
B-elimination is kinetically indistinguishable from the opening of the catalytic loop and
restacking of the 5-methylcytosine after the reaction.
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Figure 23. Cofactor concentration dependence of M.Hhal interactions with cognate
DNA. 3 uM WT M.Hhal was mixed with 2.5 uM GCGC/GMGC the presence 30 uM
(cyan) or 100 uM (yellow) AdoMet.

2.5. Discussion

Here we provide the first direct real-time observation of DNA base flipping in an
unperturbed enzymatic system at physiological conditions. Since the approach is based
on the general phenomenon of hyperchromicity, it is thus applicable to many other base-
flipping systems. Although such subtle absorbance changes may not always permit a
unequivocal discrimination between base flipping and other distortions of DNA or RNA
duplexes that involve unstacking of nucleobases (such as DNA kinks or RNA strand
looping (Moller et al., 1979)), there is no inherent limitation with respect to the nature of
the target base analyzed.

To our knowledge, the hyperchromic effect of a single nucleotide flipping in
DNA has not been experimentally characterized before. It’s magnitude (150% at
280 nm) turned out to be 2-3-fold higher than the average contribution of a disrupted
base pair (60-80% at 260 nm), suggesting that a single base gap in the double helical
stack may impact its electronic structure to a larger extent than can be anticipated from
the nearest-neighbor effects alone (Kelley and Barton, 1999; Rajski ef al., 1999). As the
signal largely originates from the loss of stacking interactions between the target
cytosine and the adjacent guanines, it is important to note that in general these effects are
largest when A or G are involved as neighbors (Cantor et al., 1970; Cavaluzzi and Borer,
2004) and that C:G base pairs have a maximum hypochromicity at 280 nm (Puglisi and
Tinoco, 1989). In addition, the absorbance of the flipped-out cytosine can be influenced
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by the protein environment since it is known that the N3 protonation of the cytosine
leads to a 9 nm red shift and a 1.5-fold increase in molar absorbance (€. = 9,000 M
Lem' at Ay =271 nm under physiological conditions, &, = 13,200 M'ecm™? at
Amax = 280 nm at pH < 3.0 (Fox and Shugar, 1952)). Crystal structures, biochemical and
computational studies of M.Hhal-DNA complexes indeed suggest extended protonation
and/or hydrogen bonding of the N3 and at O2 positions of the cytosine ring in the
catalytic site (KlimaSauskas et al., 1994).

The observed base flipping in the ternary complex involving M.Hhal, cognate
DNA and cofactor generally occurs at a rate of 10-20 5. Previous studies of N6-adenine
MTases EcoRI and Ecodam (Allan ef al., 1999; Liebert et al., 2004) as well as the Hhal
(Vilkaitis et al., 2000) MTases using 2-aminopurine fluorescence have not provided
reliable estimates for the outgoing motion of the natural target nucleotide. The base
flipping is synchronous with the motion of the catalytic loop in the M.Hhal mutant
(Figure 17 and Figure 22), and is very likely to be the same in the WT enzyme.
Indirectly, similar estimates for the rate of loop closure were derived from the 2-
aminopurine flipping experiments (Vilkaitis ef al., 2000) as well as observed using other
M.Hhal catalytic loop mutants (Estabrook et al., 2009). The concerted flip-lock motion
is consistent with the notion that efficient extrahelical trapping of the flipped out base
occurs only within a fully assembled catalytic site (KlimaSauskas and Roberts, 1995;
Klimasauskas et al., 1998). Although the intrinsic rate of the loop closure can be higher
with abasic DNA substrates, the assembly of the closed conformer is dependent on the
strength of the target base pair. It is thus possible that the accumulation of a (partially)
unpaired base-flipping intermediate would give rise to a faster base flipping phase,
thereby explaining biphasic kinetics of the flip-lock motion. On the other hand, the
biphasic behavior may also derive from an intermediate stable conformer in the
trajectory of the catalytic loop or the target cytosine. Notably, crystal structures of the
open and closed protein show extensive internal rearrangements in the twenty-residue
loop during the locking motion (KlimaSauskas et al., 1994).

The established tight coupling between the target base flipping and the catalytic
loop closure is consistent with two alternative models for the M.Hhal-induced base
flipping. The first model suggests that the target base flipping occurs via the minor
groove of the DNA, which then induces the catalytic loop closure (KlimaSauskas and
Roberts, 1995). This hypothesis is largely based on steric considerations (KlimaSauskas
et al., 1994), and solvent accessibility of the target nucleotide replaced with mismatched
bases such 2-aminopurine or thymine (Serva et al., 1998; Vilkaitis et al., 2000).
Alternatively, a molecular dynamics study suggested that the closure of the catalytic loop
upon the bound DNA would induce target base flipping via the major groove inside the
protein (Huang et al., 2003); this point of view gained some indirect support from
crystallographic studies (Horton et al., 2004). Although the Ser87 residue of M.Hhal
implicated in the base-pair opening turned out to be dispensable for both base flipping
and catalytic activity (Daujotyté et al., 2004), this counter-intuitive (due to steric
constrains to base flipping inside the closed ternary complexes) model cannot be
decisively excluded or confirmed by the present data either.

Our first direct observation of the covalent bond formation to the target cytosine
in solution provides evidence on several important aspects of the reaction mechanism.
First, the observed rate of the covalent bonding in the presence of AdoHcy or AdoMet
(0.3-0.7 ™) is considerably slower than the cytosine flipping and locking on the ternary
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complex. This suggests that the formation of the covalent activated intermediate in the
cognate reaction complex is largely dependent on the intrinsic rate of nucleophilic
addition of Cys81, rather than the rate of cytosine locking in the catalytic site. However,
the cytosine locking may be an important mechanistic factor that contributes to the
catalytic rate of the MTase upon interaction with near-cognate or non-specific DNA
substrates (Svedruzic and Reich, 2004; Estabrook et al., 2009).

In the presence of product AdoHcy, the reaction reaches a dead-end equilibrium
state. The extent of the covalent bond that is formed under these conditions has not been
known. Numerous X-ray structures of the ternary M.Hhal complex with AdoHcy show
that the bond length between the catalytic sulfur and the C6 atom of the cytosine is
around 2.6-2.8 A (Kumar et al., 1997). This represents a weighed average between the
length of a covalent C-S bond (1.8 A) observed in a irreversible covalent complex
involving 5-fluorocytosine (KlimaSauskas et al., 1994)) and a van der Waals distance
(3.6 A) (Kumar et al., 1997), suggesting a partial (approximately 50%) formation of the
covalent bond in the crystals. We find that the downhill amplitude of the absorbance
signal in the presence of AdoHcy, which reflects the covalent bond formation (Figure
14A, Table 4), approximately matches the absorbance value of one cytosine
chromophore at physiological conditions. Taking into account that the spectral properties
of the bound cytosine may be affected (prior to the covalent bond formation) by the
interactions with residues in the active site (see discussion above), the extent of covalent
bonding to the target base in the ternary complex in solution can be estimated to be in the
range of 70-100%.

In the presence of AdoMet, the covalent complex undergoes subsequent transfer
of the methyl groups from the cofactor. We observe that the formation of the covalent
bond temporally precedes the methyl transfer step, i.e. the two events appear as distinct
kinetic steps in the reaction cycle (Figure 22, Table 9). These findings agree with a
recent quantum-mechanical (QM) study (Zangi et al, 2010) and disprove a QM
calculations-derived concerted mechanism with simultaneous catalytic activation and
methyl transfer steps (Zhang and Bruice, 2006).

46



CONCLUSIONS

. The target specificity of M.Hhal GCGC has been changed to GCG by functional
elimination of the recognition Loop-2 using rational protein design and directed
evolution approaches.

. Impaired catalytic efficiency of a methyltransferase due to eliminated sequence-
specific contacts to the target nucleobases, can be largely compensated by
enhancing non-specific protein contacts to the DNA backbone.

. The catalytic efficiency and sequence fidelity of the engineered GCG-specific
hemimethylase are comparable to those of other wild-type MTases and are thus
sufficient for its application in molecular biology experiments.

. The GCG-specific MTase catalyze the transfer of extended groups from synthetic
AdoMet analogs onto DNA and therefore can be used for site-specific labeling of
or hemimethylation of CG sites in natural DNA molecules.

. Monitoring small changes in UV absorbance of native DNA allows direct
observation of cytosine flipping out of DNA double helix by hyperchromicity and
its covalent activation in the active site of M.Hhal by the loss of the cytosine
chromophore.

. In the reaction catalyzed by M.Hhal the flipping of the target cytosine and the
closure of the catalytic loop proceed simultaneously, with the average rate of 10-
20s. The rate of these processes highly depends on the strength of the target
base-pair.

. The covalent activation of the target cytosine (apparent rate 0.3-0.6s™') and the
transfer of the methyl group (apparent rate 0.1-0.2 s™") are distinct kinetic steps in
the catalytic cycle of M.Hhal.
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REZIUME

DNR citozino C5-metiltransferazés (C5-MTazés) atpaZjsta 2-8 bp ilgio DNR
sekas (taikinius) ir perneSa metilgrup¢ nuo kofaktoriaus S-adenozil-L-metionino
(AdoMet) ant taikinyje esan¢io citozino. Kaip modeliné sistema DNR citozino
metilinimo tyrimuose daZniausiai naudojama ir iSsamiausiai charakterizuota prokariotiné
MTaz¢ Hhal (M.Hhal), atpazjstanti seka GCGC ir metilinanti joje pirmgji citozing.
Kristalografiniai M.Hhal tyrimai parod¢, kad uz katalizg ir specifing sgveikag su DNR
atsakingi baltymo elementai yra atskirti erdvéje. Didziajame (katalitiniame) baltymo
domene sutelkta dauguma konservatyviy, aktyvy centrg ir kofaktoriaus suriSimo kiSeng
sudaran¢iy aminoriig§ciy. Dvi pavirSines kilpos 1§ maZojo (taikinio atpazinimo) domeno
sudaro beveik visus specifinius kontaktus su DNR bazémis. Su konkrefia baze
kontaktuoja tik vienai kilpai priklausancios aminortigstys, taigi taikinio atpaZinimo
domenui biidinga moduliné struktira.

Sio darbo metu M.Hhal taikinys GCGC pakeistas j GCG, baltymy inZinerijos ir
kryptingos evoliucijos metodais paSalinant vienos i§ dviejy taikinio atpazinimo kilpy
funkcija. Si asimetrinj taikinj atpaZjstanti MTazé (hemimetilazé) naudojama eukarioty
DNR metilinimo tyrimuose. Darbo metu nustatyta, kad specifiniy kontakty su DNR
bazémis praradimas pablogina fermento katalitinj efektyvuma, taciau tai galima
kompensuoti sustiprinant nespecifinius kontaktus tarp baltymo ir DNR fosfodiesterinio
karkaso. Naujo specifiSkumo MTaz¢ katalizuoja didesniy negu metilas grupiy perneSima
nuo AdoMet analogy, tod¢l gali buti naudojama mTAG technologijoje
(methyltransferase-directed transfer of activated groups) gamtiniy DNR Zyméjimui.
Taigi pirmg karta vienu metu pakeistas DNR C5-MTazeés specifiSkumas ir DNR

Susidarant M.Hhal kompleksui su DNR stipriai keiciasi tiek baltymo, tick DNR
konformacija: metilinamas citozinas iSsukamas i§ DNR dvigrandés spiralés o pavir§iné
didZiojo domeno kilpa (katalitiné kilpa) uzsidaro uzrakindama suristg DNR ir baigdama
formuoti aktyvy centra. Reakcijos metu citozino ziedas aktyvuojamas susidarant
kovalentiniam tarpiniam kompleksui tarp katalitinio cisteino ir citozino ziedo C6-atomo.
Nors daugelis metilinimo reakcijos aspekty iSsamiai charakterizuoti, iki Siol maZzai
iStyrinéti greiti procesai, vykstantys iki metilgrupés pernaSos — citozino iSsukimas,
katalitinés kilpos uzsidarymas ir citozino kovalentiné aktyvacija. Siy stadijy tyrimus
didele dalimi ribojo adekvaciy metody nebuvimas. Antrojoje darbo dalyje buvo
tyrinéjami greiti baltymo ir DNR konformaciniai virsmai, vykstantys prie§ metilgrupés
pernasa. Buvo sukurtas naujas metodas, leidZiantis tiesiogiai stebéti citozino iSsukimg i$
DNR spiralés, matuojant Sio proceso sukeliamg hiperchrominj efekta, ir kovalentinés
jungties su baltymu susidarymg, matuojant chromoforo iSnykimg. Kadangi
hiperchrominis efektas — fundamentali nukleoriigi¢iy molekuliy savybé, §i metoda
galima pritaikyti daugelio baze i§ RNR arba DNR iSsukanciy baltymy tyrimui,
nepriklausomai nuo bazés prigimties. Pirmg kartg parodyta, kad M.Hhal katalizuojamoje
reakcijoje citozinas iSsukamas ir katalitiné kilpa uzsidaro sinchroniskai ir $io virsmo
greit] zenkliai salygoja taikinio baziy poros stiprumas. Taip pat nustatytas citozino
kovalentinés aktyvacijos greitis (0,3-0,6 s') ir parodyta, kad metilgrupés pernasa yra
velesné katalitinio ciklo stadija.
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