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SUMMARY

Studies of mechanisms governing differential gene expression in
specific organs and at appropriate growth stages are necessary for potential
improvement of plant properties. DNA methylation is a specific structural
modification of DNA molecules which can effect gene expression and has
been suggested to affect the stability of transgene in genetic transformation
processes. Generally, the plant genome is extensively methylated. However,
our understanding of DNA methylation in plants has remained primitive and

be a conspicuous black box in plant molecular biology.

We have attempted to investigated on the role and regulation of DNA
methylation in plants by focusing on rice, which is an economically improt-ant
plant of Thailand. In spite of the possible important of DNA methylation in
plants, the enzyme involving in these modification of DNA have been recieved
little attention. The ultimate goal of this research project is to purify and
characterize the DNA methyltransferase (DNA MTase) enzyme. The further
study 1s to clone, sequence and characterize the regulation of expression of this
gene. Rice DNA MTase appeared to be located entirely within the nuclear
fractions. Nuclear DNA MTase was prepared from nuclei by salt extraction
and subsequently purified by three different chromatography. The purified rice
DNA MTase contained 'relatively high specific activity. The native enzyme
was approximately 130 kDa and showed 55 kDa in SDS-PAGE. Sequence

specificity of methylation had been investigated in vitro using purified enzyme

v



with various substrates. Others properties of rice DNA MTase were studied

and discussed.

A cDNA encoding DNA MTase of rice had been cloned and sequenced.
The nucleotide sequence contained an open reading frame of 4,506 nucleotides
sufficient to encode a polypeptide of 1502 amino acid residues, which was
close to the apparent size of DNA MTase found in rice extract. Like the other
eukaryotic DNA MTase, the inferred protein had a presumed regulatory N-
terminal region linked to a catalytic C-terminal domain, which had ten
conserved motifs found in prokaryotic DNA MTase. Southern blot analysis of
rice genomic DNA indicated the presence of a single gene. Using Northern
blot analysis of total RNA from different developmental stages and different
tissues, we had observed that expression is confined mostly to the rapi‘dly

dividing tissues of the plant.

Since DNA methylation may involve in developmental stages of plants,
the investigation of the role and regulation of DNA methylation in relation to
plant embryogenesis, and somaclonal variation is of interest for plant
regeneration aspects. Furthermore, the expression and stability of transgene in
transgenic plant has been postulated to be interfered by DNA methylation.
Thus, overall studies on mechanisms that regulate plant DNA methylation is
expected to provide an. important basic knowledge for understanding plant
development as well as for potential improvement of plant and transgenic plant

processes.
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Regulation of transcription of a gene by

»

DNA methylation

Transcription of a gene can be initiated when an acting factor (protein or proteins),

recognizing a specific base sequence in the gene's regulatory region, binds to the DNA.
Such binding enables an enzyme known as RNA polymerase to transcribe the protein-

encoding region of DNA into mRNA. The mRNA is later translated into the specified

protein.

Methylation of DNA, shown in black circles, can inactivate a gene by preventing the

binding of an essential activating profein.

binding of an inhibitory protein.

Alternatively methylation might facilitate
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Table 1 Effect of pH of assay buffer on rice DNA MTase activity’

Assay buffer DNA MTase specific activity
{units/mg protein)b

pH 7.0 1.24
pH 7.2 2.38
pH 7.4 3.10
pH 7.6 7.54
pH 7.9 5.30

*The crude DNA MTase was extracted from 10-day-old rice shoot and further assay
under standard assay condition in the assay buffer at various pH.

Table 2 Effect of DNA substrate on rice DNA MTase activity”

DNA substrate DNA MTase specific activity
(units/mg protein)b

Salmon sperm DNA 3.04
Dry embryo rice DNA 1.88
5-day-old shoot rice DNA 4.85
10-day-old shoot rice DNA 7.54
Mature leaf rice DNA 3.64

*The crude DNA MTase was extracted from 10-day-old shoot rice and further assay
under standard assay condition using various DNA substrates.

Table 3 Effect of assay temperature on rice DNA MTase activity”

Temperature (°C) DNA MTase specific activity
(units/mg protein)”

20 3.24

25 7.54
30 4.62
37 3.18

“The crude DNA MTase was extracted from 10-day-old shoot rice and further assay
under standard assay condition at the different temperature.

®One unit of enzyme activity was defined as | pmole of 3H—methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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specific activity (units/mg)

Figure 1 Time dependence of rice DNA MTase activity at 25°C.

The crude DNA MTase was extracted from 10-day-old rice shoot and further assay
under standard assay condition. The reaction was stop at each time interval. One umt
of enzyme activity was defined as 1 pmole of *H-methyl group incorporated into DNA
by the reaction of enzyme per hour at 25°C.

10

T | | | | | |
0 30 60 90 120 150 180 210

* Incubation time (minutes)

240

14



1.2) M5A3I9A0Y activity Y93 DNA MTase 1.ﬁuﬁnﬁﬁﬂnzdnn

TAHINMIATINABY activity Y89 DNA MTase laold3sfiannonde 1.1 (u
A ¥ o & C
MINAB0 1% Salmon sperm DNA 14 DNA substrate IW® minimize HaYD3
substrate specificity) 1ASAT8Y crude extract INAIUANY WpIT NI AL Tnly
1 1 Y { oy =
ANNIZAN HAZBIYANT HU HamTnaaeIuaadly Table 4 uaY Figure 2 ¥y
NYBADDUVDIU? Hydroponically grown seedling ﬁﬁmq 10 Ju 3 specific activity
I={ o o
Y99 DNA MTase @ega dufonldtlu material Tumsnaassadauonioulaild

= QJ'
Usgnine

= L g3/ ¥ é

1.3) MIANYI3AUUDS methylated cytosine THAMININTNIZAY

"lﬁ’ﬁmwﬁmzﬁu total 5-methylcytosine (mC) Tu purified total DNA Uy

' Ay v . Y Y )
sample 91139 Alansnaouy activity Y93 DNA MTase Tude 1.2 Tasld Reversed

i dy [~ 1 Qs
Phase-HPLC wansanuifinaadly Table 5 19151137 cell culture H92H1 methylated
cytosine q\iﬂ’h differentiated tissues, °luszﬁﬂ1ef’{’1’1'maﬂ3:ﬁu methylated cytosine 69
1 g a & A o q’: 1 kY [ ~
aeeyIITINTTA UM sEne 3 A nnTusgaAsut lundoumlas, uay
Non-photosynthetic tissue FU I URY etiolated seedling wwiszay methylated
cytosine q\iﬂ’h photosynthetic tissues
2
d;‘. = ed 1 ar .
WanlToumnoy Table 4 1Az Table 5 WLHUNITAVADI methylated cytosine W
] I3 v w
Uy tissue INABINANUAUAUTAY specific activity 494 DNA MTase 1Ags9
adwiuiudnvaziumzvownas tssue  upzdunanunly tssue ANIEAU
¥ i H 1 g v {

methylated cytosine APUTI4AIN WU activity YD DNA MTase ffioud1andi

Y
W 1e]

& = = & 9 dy 9 o ]
FeiviraulannanmsnfSouiioy Table 4 uaz Table 5 AvVoyad MU NTY

. EY ] .
wnrimdauieussingnuanhldisucen  5¥AUU0Y methylated cytosine AARIDHN

15



Table 4 Variation in rice DNA MTase activity with different culture system,
location and age. The values presented are the average of ten independent analyses .

DNA MTase specific activity
Plant matenial (units/mg prott—*:in)b

Light grown Dark grown

Callus 5d - 2.25
10d - 2.46
15d - 282
Suspension cultured cells 5d - 2.76
10d - 2.42
15d - 240
In vitro seedling leaf 5d 2.54 -
10d 2.38 -
15d 2.35 -
root 5d 2.02 -
10d 2.05 -
15d 2.05 -
Dry embryo 0.16 -
Imbibed embryo 1d 1.04 -
2d 222 -
3d 232 -
Hydroponically leaf 5d 2.42 2.28
grown seedling 10d 3.006 2.34
15d 2.80 2.39
roof  5d 1.98 1.92
10d 1.99 1.95
15d 1.90 1.94
Soil grown seedling  leaf 5d 2.48 -
10 d 2.56 -
15d 2.60 -

“The crude DNA MTase was extracted from various tissues of rice and further assay
under standard assay condition using Salmon sperm DNA as DNA substrate.

®One unit of enzyme activity was defined as 1 pmole of 3H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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Figure 2 Variation of rice DNA MTase activity in shoots of hydroponically
grown rice seedling with different age.

The crude DNA MTase was extracted from different age of shoots and further assay
under standard assay condition using Salmon sperm DNA as DNA substrate. The
values presented are the average of three independent analyses. One unit of enzyme
activity was defined as 1 pmole of *H-methyl group incorporated into DNA by the
reaction of enzyme per hour at 25°C.
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Table S Specific levels of 5-methylcytosine (mC) in purified total DNA from
various tissues of rice. The values presented are the average of ten independent

analyses.
Plant material? mC X 100/ mC + C (%)
- Light grown  Dark grown
Callus 5d - 26.01
10d - 26.08
15d - 26.11
Suspension cultured cells 5d - 21.10
10d - 21.15
15d - 21.08
In vitro seedling leaf 5d 15.03 -
10d 15.10 -
15d 15.11 -
root 5d 18.94 -
10d 18.96 -
15d 18.97 -
Dry embryo 29.10 -
Imbibed embryo ) 1d 20.09 -
2d 17.10 -
3d 15.08 -
Hydroponically leaf 5d 15.03 16.15
grown seedling 10d 15.02 17.02
,15d 15.06 17.03
root 5d 19.01 19.12
10d 19.03 19.09
15d 19.07 19.10
Soil grown seedling  leaf 5d 15.09 -
10d 15.01 -
15d 1504 -

aThe punfied total DNA from various tissues of rice were prepared and subsequently
analyzed for mC levels.
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Table 6 Location of DNA MTase activity in various organelles of rice cells

DNA MTase specific activity
Source of enzyme” (units/mg protein)’

Light grown  Dark grown

Homogenate shoot 7.58 2.84
root 299 2.85
Nuclei shoot 86.12 23.63
root 23.68 23.74
Plastid shoot 2.26 2.49
(2.42) (68.79)
root 2.86 2.89
(68.82)° (68.86)°
Mitochondria shoot 0 0
0y 0)°
root 0 0
0y (0)°

*Rice seedling were grown by hydroponic technique for 10 days , either under
continuous light or dark,before harvesting. The nuclei, plastid and mitochondrial
fractions were prepared and subsequently assayed for DNA MTase activity under
standard assay condition using nuclear DNA from 10-day-old shoot rice as DNA
substrate. The values presented are the average of three independent analyses.

"The assay was done using chloroplast DNA, prepared from light grown rice seedlings,
as DNA substrate.

“The assay was done using mitochondrial DNA, prepared from light grown rice
seedlings, as DNA substrate.

%One unit of enzyme activity was defined as 1 pmole of 3H—rnethyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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Table 7 Specific levels of S-methylcytosine (mC) of purified DNA from various
organelles of rice cells. The values presented are the average of three independent
analyses.

Source of DNA® mC X 100/ mC + C (%)

Light grown Dark grown

Nuclei shoot 15.02 15.02
root 15.03 15.09

Plastid : shoot 0 2584
root 25,80 25.75

Mitochondria shoot 0 0
root 0 #]

“Rice seedling were grown by hydroponic technique for 10 days, either under
continuous light or dark, before harvesting. The nuclei, plastid and mitochondrial
DNA were prepared and subsequently analyzed for mC levels.
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Table 8 Effect of pH of extraction buffer and assay buffer on rice DNA MTase
activity”

Extraction buffer DNA MTase specific activity
(units/mg protein)b

Assay buffer

pH70 pH72 pH74 pH76 pH 7.9

pH7.0 0.82 1.22 1.42 1.68 1.43
pH 7.2 1.24 238 3.10 7.56 5.30
pH74 1.13 1.84 2.26 4.10 3.10
pH 7.6 1.02 1.62 2.10 3.82 2.86
pH79 0.94 1.24 1.49 1.74 1.68

“The crude DNA MTase was extracted from 10-day-old rice shoot in extraction buffer
at various pH and further assay under standard assay condition in the assay buffer at
various pH.

*One unit of enzyme activity was defined as 1 pmole of *H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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Figure 3 Effect of preservative agents and protease inhibitors adding in
extraction buffer on DNA MTase activity of nuclear extract fraction from rice.
The nuclear DNA MTase was prepared in extraction buffer (buffer M) (+), and
buffer M containing 10% Glycerol (O), 50% PEG (&), 0.25M Sucrose (A), 1 mg/l
Pepstatin A (m ), 1 mg/l Leupeptin (O), 1 mg/l Chymostatin (@) or 10% Glycerol
+ 1 mg/l Leupeptin () The prepared enzyme was kept at 4°C, and each sample
was picked up by time interval and immediately measured the activity by standard
assay condition. One unit of enzyme activity was defined as 1 pmole of *H-methyl
group incorporated into DNA by the reaction of enzyme per hour at 25°C.
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Figure 4 Hydroponically grown rice seedlings
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Table 9 Purification of rice DNA MTase from crude homogenate

Purification step Total protein Total activity Specific activity Purification Recovery

(mg) (units) (units/mg)” fold %
Homogenate” 568.0 430544 7.58 1 100
DEAE-cellulose 520 1,479.40 28.45 4 34
Hitrap-Heparin 49 1,080.84 220.58 29 25
Sephadex G-200 0.6 169.58 282.64 37 4

“The crude homogenate was obtained from 100 g of 10-day-old rice shoot and all
procedures were carried out on ice or at 4°C.

®One unit of enzyme activity was defined as 1 pmole of *H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.



Table 10 Effect of micrococcal nuclease treatment, homogenization and salt
extraction of nuclei fraction on rice DNA MTase specific activity and yield.

Nuclei extraction® Total protein  Total activity ~ Specific activity ~ Yield

(mg) (units) (units/mg)d %
NaCl (M)

Micrococcal 0 78 6,717.36 86.12 100
nuclease 0.2 97 8,378 .86 86.38 125
treatment® 0.4 105 9,462.60 90.12 141
0.6 89 7,857 .81 88.29 117
Homogenization® 0 92 8,115.32 88.21 121
02 118 10,622 .36 90.02 158
0.4 145 13,363 .20 92.16 199
0.6 132 12,043.68 91.24 179

“The nuclei pellet was obtained from 100g of 10-day-old rice shoot and all procedures
were carried out on ice or at 4°C.

*The nuclei pellet was treated with micrococcal nuclease prior to reextract with NaCl.
The resulting suspension was centrifuged and the supernatant was further dialyzed.

“The nuclei pellet was extracted with NaCl prior to homogenization. The resulting
suspension was centrifuged and the supernatant was further dialyzed.

“One unit of enzyme activity was defined as | pmole of 3H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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Figure S Purification of nuclear DNA MTase by Econo-Pac Q column
chromatography.

The Econo-Pac Q cartridge column (Bio-Rad) was equilibrated with buffer M before
the sample was applied. The enzyme was obtained by eluting with a linear gradient of
0 to I M NaCl at the flow rate 1.5 ml/min (the straight line is the salt gradient). One
unit of enzyme activity was defined as 1 pmole of 3H—methyl group incorporated into
DNA by the reaction of enzyme per hour at 25°C.
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Figure 6 Second step for purification of nuclear DNA MTase by Hitrap-
Heparin column chromatography.

The Hitrap-Heparin cartridge column (Pharmacia) was equilibrated with buffer M
before the sample was applied. The enzyme was obtained by eluting with a linear
gradient of 0 to 1.5 M NaCl at the flow rate 1.5 mi/min (the straight line is the salt
gradient). One unit of enzyme activity was defined as 1 pmole of *H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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DNA MTase activity (units/ml)

Figure 7 Third step for purification of nuclear DNA MTase by Superdex-200
column chromatography.

The Superdex-200 column (Pharmacia) was equilibrated with buffer M containing 0.2
M NaCl before the sample was applied. The enzyme was obtained by eluting with
buffer M at the flow rate 0.15 ml/min. The column was calibrated with the following
standard proteins : ferritin (450 kDa), catalase (240 kDa), aldolase (150 kDa), bovine
serum albumin (67 kDa), and ovalbumin (45 kDa), before loading the sample.

One unit of enzyme activity was defined as 1 pmote of *H-methyl group incorporated
into DNA by the reaction of enzyme per hour at 25°C.
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Table 11 Purification of rice DNA MTase from nuclei extract

Purification step Total protein Total activity Specific activity Purification Recovery

(mg) (units) (units/mg)’ fold %
Homogenate" 2,852.0 21,561.12 7.56 - -
Nuclei extract 7280  67,121.60 92.20 1 100
Econo-Pac Q 67.0 179,148.62  2,673.86 29 267
Hitrap-Heparin 32 87,922.05 27,475.64 298 131
Superdex-200 03 22,128.02  73,760.08 800 33

*The crude homogenate was obtained from 500 g of 10-day-old rice shoot and all
procedures were carried out on ice or at 4°C.

®One unit of enzyme activity was defined as 1 pmole of 3H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
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Table 12 Purification of rice DNA MTase from nuclei extract using hemi-
methylated DNA as substrate for enzyme activity assay

Purification step Total protein Total activity Specific activity Purification Recovery

(mg) (units) (units/mg)’ fold %
Homogenate® 7,135.0 56,937.30 7.98 - -
Nuclei extract 2,0102 194,667.77 96.84 1 100
;;no-Pac Q 2090  586,777.95  2.807.55 29 301
Hitrap-Heparin 14.6 421,20197  28,84945 298 216
Superdex-200 2.4 185,875.40  77,448.08 800 95

*The nuclei was obtained from 1,000 g of 10-day-old rice shoot and all
procedures were carried out on ice or at 4°C.

®One unit of enzyme activity was defined as 1 pmole of *H-methyl group
incorporated into DNA by the reaction of enzyme per hour at 25°C.
The assay was done using hemi-methylated DNA substrate, poly (dI-mdC). poly (di-
dC), which was synthesized as described in J. Biol. Chem. 261: 7600 - 7602 {1986).

A
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Figure 8 Analysis of purified rice DNA MTase by Native-PAGE.

The determination of native molecular size of rice DNA MTase was performed by
6.25% (as in this figure), 5%, 7%, and 8% of native-PAGE. The analysis was done by
statistic curve in various percentage of polyacrylamide in native-PAGE (Sigma).
Lanel : a-Lactalbumin; lane 2 : Carbonic anhydrase; lane 3 : Chicken egg albumin,
lane 4 : Bovine serum albumin; lane 5 : Fraction of DNA MTase activity peak from
Superdex-200 column.
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Figure 9 Analysis of rice DNA MTase from the different purification steps on
SDS-PAGE 12.5%.

Lane 1: Standard protein molecular weight marker; lane 2: Nuclei pellet; lane 3: Salt
extraction of nuclei pellet; lane 4. Supernatant from centrifugation of lane 3 after
homogenization; lane 5: Pellet from centrifugation of lane 3 after homogenization;
fane 6 : Fraction of DNA MTase activity peak from Econo-Pac @ column,; lane 7 :
Fraction of DNA MTase activity peak from Hitrap-Heparin column; lane 8 ; Fraction
of DNA MTase activity peak from Superdex-200 column.
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Figure 10 Immunodetection of rice DNA MTase by an antibody against wheat
DNA MTase.

Lane 1: Standard protein molecular weight marker; lane 2: Fraction of DNA MTase
activity peak from Econo-Pac Q column; lane 3 - Fraction of DNA MTase activity

peak from Hitrap-Heparin column; lane 4 and 6 - Fraction of DNA MTase activity
peak from Superdex-200 column.
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Table 13 Substrate specificity of purified rice DNA MTase’

DNA substrate Relative enzyme activity
(o)
poly (dI-mdC). poly {(dI-dC) 100
poly (dI-dC). poly (dI-dC) 5
poly (dG-mdC). poly (dG-dC) 69
poly (dG-dC). poly (dG-dC) 4
poly (dI-mdA). poly (dI-dA) <1
poly (dI-dA). poly (dI-dA) <1
Etiolated leaf-rice DNA 17
Dry embryo-rice DNA 12
10-day-old shoot-rice DNA 95
Mature leaf-rice DNA 35
Salmon sperm DNA 29
E.coli DNA 63

*The purified DNA MTase was extracted from 10-day-old shoot of rice and further
assay under standard assay condition using various DNA substrates.



. . ar G . .
neighbor analysis NaNITNADIRAIARL Y Table 14 uﬁﬂﬂﬁ’mmw T in vitro
purified rice DNA MTase @1115901015tA4 methyl group 1919 sequence CA, CT

’ 4 ¥
1Az CC MUY 3-4 A1 UARASI in vitro methylation Y sequence specificity MUY

CG dinucleotide 18y CNG trinucleotide (N = G, A, T, or C)
2.2.2 Enzyme inhibitor

Figure 11 L@AY  inhibitor Y81 DNA mothylation fis1oamlu
animal system Fjawﬂ lainmsanynaues S-adenosylhomocysteine lag DL-
ethionine @9 activity UD4 rice DNA MTase Hansnagalaasluy Figure 12 %ﬁﬁj
U S-adenosylhomocysteine c'i‘?uﬂu potent inhibitor methyl-donor analog Tu
transmethylation reaction Tﬂﬂﬁ’;llﬂ 15D inhibit activity U89 rice DNA
MTase Ifodrafisz@ninmuinn  wuiferfy DL-ethionine Tasfinnududy
52V 0.0250.050 mM inhibitor W4 2 ¥ilaliasudeai uel S-
adenosylhomocysteine @1U190 inhibit activity 1471 ethionine ﬁﬂam‘{’l’m’fu 0.1-

0.5 mM
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2.2.3) Salt concentration
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spermine) o activity Y94 rice DNA MTase
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Table 14 Sequence specificity of rice DNA methyltransferase *

Methylation
Sequence in vitro original increase
(%) (%) (fold)
d (C-G) 92 86 1.1
d (C-A) 65 15 4.3
d (C-T) 52 15 3.5
d (C-C) 22 7 3.1

* Excess methyl groups were introduced enzymatically into native
10-days-old shoot -rice DNA and a nearest-neighbor analysis
performed by nick-translation as described in Nucleic Acids Res. 6:
2125-2132 (1979).
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