Chlamydomonas®] HEX DNA EAf Ao 33t o7

o A cf &t
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%

w24 ¥ ZF{F ¢ Chlamydomonas reinhardtii= FFIAH L Q13= fES
A Eotopu] 2t GFA DNAS] RAEAFA] oyt REE ©E A7} o Fox3 9}

b, B4 -§3-& Chlamydomonasoll A dof L}z streptomycine]l thdt = 3Ad-& 71%]

i

AMzd FAadaty vildyd(24)F4dE& Sl FHEAcHSager, 1954).
3 o] F olgt H¥ Sl HIFew (Gillhan, 1974), olgqt EI 5o
2]s] ¢. reinhardtiiofA] H&H T2 7HHE, EHRAY o7l E Sl oin}
E HaeRbge] 245 Fi AdE Aolete Rolti(Sager, 1981).

M ZEeHA, Aty o7 (Sager and Ishida, 1963)0] &F® cC.
reinhardtii®] &A= aale] DNAE 7123 2lold B2 fAxe] RASA
2 Y= DNA(cpDNA) ¢} AfA o] glrka stgivh AEMdciolad zpde] G&A4
Aare] dedel g 249 g&FA FAAL A Hde dan 49
g2 DNAe] ¥} (Sager and Ramanis, 1973), =& H§ o] % zj4d el cpDNa2
A=A BAo] 2s] dold 2 (Gillhan, 1974)cjetn F&¢ 4 oltl. 2o,
Astetaiel Ao ostd, AAdUHe cpDNAE F YA FMdelF 64 2to] At
AN A% FAFHAR, S471¥8 cpDNAE A}el Th(Sager and Lane,
1972). ol &t AMH 2 C. reinhardtiio] G £ DNAg] EAHF A HtuEol &4

&

coDNAY] £ 4A Q) Tast & 48 WPHDYE ASE B2 YUch. o

¥4 cpDNAS] Al A& MHedsiial cpDNAL] ZAFHo] MFolAlel ¥
%} modificationZ} restriction systemo] 23] ZHHclx 3= T 7pde] gk

¥ givi(Sager and Ramanis, 1973). Z#ut ©] 7FH S GFA DNAY 24
HPHoR oY Zeog A AFELI obF YUHA|R ¢ oled, B
d5-Ao] ol DNA methyltransferase?] 2|8t I o] H¥stA 73
Us glel el THde] HA3 AFHA R e HFeolirt. ol tEe, &

rd

“The coupled endo- and exonuclease” 9, "Active digestion hypothesis”

gt A2 JtAMde] A erE %o (0gawa and Kuroiwa, 1985a, b, <, 1986), o}
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7hdL Ao g &2 DNAL| methylationZ} nuclease C2t2] HE A Aol T8}
A Zgh deo] mulgeg vehta gl

o) 4toll X 2} o] ¢. reinhardtiie] & DNAe] R R sl G &
srgol Zoly shsdol e ZA UEhtZ geu, g4l cpdNaol Bz A

o] cppnael SdAel 3o

ole

Aol cpDNAL] Mel&E ol methylationd} o Eof
2.3} nuclease?t YWE A =] o33 9lenm, EF ¢ S 3] DNA methyltransferase?]
ExAe dsF ol 2 E4gdo] BRI AR R AFEHedAH, & dAFdMHE 45
A DNAS] RAZFHo] gAY EFA(F)Y w8l & ¥ HITstazt ste, Tajzt
Al AT cpDNAL] ZAgF el tid Zhd S obF FEA = oA oo H2

stz st BAA ARAAEEL asnA v

iath

ek
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H =
.

1. Modification-Restriction System Z}4dof t]3st &I

rl

oWl © 2 DNA methylases nl-$ 4% UE o 7|52 vepdch
A Eof glojA DNA methylationd] JUL ¥ 2 5 =P DNAE F8 =4
2] DNAE TE UdAste] HIFs HI rhFegEz oA gden
transposon activity?] ZAHE FHodsts, DNA E A A nmismatch repair?]
strand?] SolAd=x ZAAIr}(Messer and Noyer-Weidner, 1988: Barrus and
marinus, 1989), X%t AW AE o] ¥ DNAel| lo] A 2] pethylations DNAZ-Z,
Azt wd, MEEHFE 2 Ot AL glch(Mohandas et al., 1981:
Razin and Riggs., 1880).

e, dutdg ez AWAEL organelle DNAolE= o] 2 %t pethylationo]
dojitz] ¢feL} chlamydomonase] & A DNAG]S methylationo] &dojubd (Dyer,
1982), o©]7Z1& Chlamydomonas?] mating typez} & 7]o] ule} Abo]lr ZHEFL
Vieb AT ol # et Z A & s) chlamydomonasell Qo] @E A DNAL] BAHSAEL,

A PEo A Exdl= modification-restriction systen® & M @3t= Jlde

A ¢tE ¢l vl (Sager and Ramanis, 1974: Burton et al,, 1979). &, o ekAlzly]g)
Mzt M7t o deH o g agef# A GFA DNAel methylationo] ¢
ofubA] HYA ¥AAl, APURL FALE FB HIEI pethylationo] o
Wzl W &4 wieAle] G54 DNaE T Ee], Aty oz o= DNAY B4
frdol deoldrie Zo|th(Fig., 1) (Sager et al., 1984),

ol gt A uf$ A 8] Eo]lH QU pethylationd G GFAMAT], vj<xy] a2
HypA oA CsCl =) = dEe o] &3 54 nNagl buoyant density
2] Wz} (Sager and Lane, 1972; Burton et al., 1973)&} 2}4 w232 =
DNAS F & 7l+E85to] HPLCE A}-&3}o] 5-methylcytosine2 ZHZE Tol 3fg
Th{Burton et al., 1979). X3t Ato]3dt pethylation Z L& A Tst=d 83

oc;r Ao\-

b ol A& E A Mspla} Hpallo 2]%F &

(g

H] &

a2 !

e

o
i
i)
=
2
i
X
ok
=
o
2

135



fenale(wt*) gamete
> G G,
R

newly formed zygote maturing zygote

838
’

male(mt~) gamete

Fig. 1. Postt_llated control of maternal inheritance of chloroplast
DNA(cpDNA) in Chlamydomonas by a methylatiop-restriction mechanism.
Female(mt*) gamete contains inactive modification enzyme ¥ in
chloroplast, and two regulatory substances, Gi and Gz, in the cell
sap. The male(mt~) gamete contains inactive restrietion enzyme R in
its chloroplast, Before fusion of chicoroplasts, the methylase is
activated by G1 to modify cpDNA in the female chloroplast, and the
restriction enzyme is activated by Gz to degrade cpDNA in the male
chloroplast. The two chloroplasts then fuse, and only the cpDNA from
the female parent is available for replication.(Nuclei are not shown
for sake of clarity.)
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o ¢t Zo]H 2R cytosine methylatione] dejwttiz & #H< s THRoyer
and Sager, 1979). ol¢} wl B, ¥ FH2 methyltransferase?] Zax FHUFH
¢l 3 (Sano and Sager, 1980; Sano et al., 1981), ol& &=}t 60 KD2} 200 XD
= X280 FA4F 200 KD7} mating typext BEA]7]o Eo|FH ¢l methylationd
a5t Aolala Ba¥ gti(Table 1) (Sano et al,, 1981). I olf= 243
gl QAT wiSA I BFE EX3t= 60 KD methylasef} &l 200
KD2] methylasel= b3 o] wj2-al7)oh AN Al7lolwt EAsta 7] wjEelch,
ol 2L, Y 4718} mating typeo] So]l& <l pethylationZ} methylases] x|
Yol G2 DNAY EAFAL dBste 2AEEN A8 EQHINE o 88
AFEE #UEYr. SAAMIT UWE RAste] dflH o R g FHE UEY
t BQWolA ma-12 SEAND A, 2 84 MSHY G5H Do
methylationo] deojytris Zeo] HiiE ¢l (Sager et al., 1982), F 4B Y719
L.A 3t A e] cpDNAol oln] H |8t methylationo] Yo} slZel= &5t2,

43

AdfHo]l dojdo g RGFAe] podificationZt restriction

Rl

oi

Table 1. pNA methyltransferase activity at various stages in life
cycle of Chlamydomonas.

Enzyme, units per 10° cells
No. of (% of total)

Stage in life cycle exps.  Total M, 60,600 M, 200,000

mt* vegetative 6 34 2.8 (86) 0.6 (14)
mE* gamete 2 31 17 (33) 1.4 (43)
mi” gamete 2 1.8 1.8 (160) —_ -
mt™ mat-1 gamete 2 6.7 51 (18 1.6 124)
Zygote 3 22.8 _— - 22.8 (120

Total activity was estimated from elution profiles of enzymes from
DEAE-ceilulose column chromatography in replicate experiments.
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systemo] TAET Zlolzt JtMeo] viviEls ZAE AASH pe-1EAHol A9
¥ (Rolen 'et al,, 1982), A&l wj-$Hoagt Med 3 el methylationo] Al
H dojudtiE alie] wH AWM modification- restriction system 71d -2 o
2 7154 wA 3 Ferl(Sager and Grabowy, 1983), 1#Liu}, dtHeoe g
methylation inhibitors(5-Azacytidine, L-Ethionine)E = z]dt ZA=}, <oF 70%34
=2] pethylationo] HAHol®E EF et F4HU EAdFHo] dojrtm g4,
modification-restrictionZtd el ®¥icl=l= Azlx B 2% ¢ th(Feng and Chiang,
1984). AT o] B IE pethylation®] 70z A ete AH el Eol, me-1Z W
ojdle] AT tEgo] BAFHA AGdulA2] cpDNaolA dojrb= BELT
methylatione] T 3dts Holelr] BTl site-specific methylatione] 242 A
of A Zojzte 7teAd & AAE Ertzkx & 4 2lzlch(Feng and Chiang,
1984; Sager and Grabowy, 1983),

W o] TE TAEZ BT ste] B AFAloAE C. reinhardtii
21gr(mt* )] A2 F e RAFH ol He= Heol: methylaseZ 282,64
2 F2)dtgcHTable 2) (Lee and Lee, 1989). Sano® Sager(1980)2] methylase
Fegg2 AEEe] Yol 2otA WA WEE Fo o,
SDS-PAGEA 2t E-2}8F 60 KDA =2 methylase® ¥elslgt}(Fig.2) (Lee and Lee,
1989), ulglA] E A HoA He|gt methylaser= F#}3F 60 KD monomero] Art
60 KD&l subunits® o] F-o| R polymerd Z2LE ZAHE O, oj= Sane 5(1981)9]

glycerol W =T ] HAEg

_—

3 2 =33 60 KDS 200 KD methylases®t 28t Z
o7 ARG, FEI A E methylasesd A A 7F o] Fofzl Fof A

Rem AR

2, Active digestionZ}de] 2£]3t AZ

o

HIole A DNae) RAFAGA

e

DNA-specific fluorochrome$l,

of

4'-6-diamidino-2-phenylindole(DAPI)E A83t I @HEu|Z & ol&3e] C.
reinhardtiie] F3tAlelA cpbNALl =Y E A #elsh + 9l¢l o0 (Kuroiwa

et al., 1982), “the coupled endo- and exonuclease” Y™ “Active digestion
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hypothesis”2hs A =g 7V o) M= U TH Ogawa and Kuroiwa, 1985 a, b, ¢,
1986). o] 7td& H¥pA WyA aazme MELlS] CaZ* o] 27} (Bloodgood and
Levin, 1983)of 2jajn ®adsim “Nuclease C(=Calejum dependent nucleases)” 7}
—1 endonuclease?] z2oj 23] B abe) 952 oz 1 4}of DNAF®H 22 Aupy
AR 2 o) Fe exonuclease”] 5o 2] o= DNAS €33 dndd + qr

= 7l ejc}. Kuroiva= 22tz 16 KD, 18 KD, 20 Kp, 22 KD, 25 KD, 26 KD2) £

)]

THA R P E nuclease CE TeElsiged ojze FUA 2en ey Zbg 2

off,

B A Aol M= S H e AoZ 85 Hth(0gawa and
Kuroiwa, 1985a). I o] & ofy 74 nuclease 7} CPDNAE H sy

AYH oz Hefstexe oy HAHA ekmch =) e YAy

<

Fig, 2. The nmigration pattern of DNA  methyltransferase fron
Chlamydomonas on 19.5% Polyacrylamide gel electrophoresis in the
presence of 0.1% sodiun dodecy] sulfate, Symbois: (A),BSACB7ED); (B)
ovalbumin(45KD); (¢ »8lyceraldehyde~3-phosphate dehydrogenase (36KD} ;
(D), carbonic anhydrase (295D); (E), trypsinogen(24KD) ; (F),partial puri-
fied methyltransferase.
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WA A 78] AEelA Zhr] H2q cpDNAY nuclease C2}el e AHAHE =}
22t &89 cpDNA EF7F 33 AxtEl= ez UERA (0gawa and Kuroiwa,
1985b), F712] cpDNAL] 243 T3E DNATEAAAATLREE 9y
+ gtz AE8g AewA, e C. reinhardtiig] oy HEAe G=H
translational inhibitors(chloramphenicol, erythromycin), AM3Z % trans-
lational inhibitor(cycloheximide), nucleases inhibitors(aurintricarboxylic
acid, ethidium bromide), % &AM transcriptional inhibitor(rifampicin), X
2]  transcriptional inhibitors(actinomycin D, @&- amanitin), =253},
chelating agents(EDTA, EGTA) 12| UWWERAIE S He|g AxuAdze, & £
cpDNAS] A=Al wfo] FAY FHeo] 242 MEYolA FYA HEAA &

g Zlojzles AYNERE, o] B3] nuclease C7} -4 cpNAS HEizle g w3

ok

bt

sted =& F5 duy FAEAAE e ZAez B glti(Table 3)
{Kuroiwa et al., 1983a, b; Kuroiwa, 1985: Nakamural et al., 1988). 12|,
B A B A7 7 AWHo| whet &4 cpDNAgt: whE] =} cpDNAZ} nuclease C
of tidle] &2 AL velbdcls A3 (0gawa and Kuroiwa, 1985b) 28, ¢
EA JAelut A cpbNAE B4 A GEA 72 FeloM =4
cpDNAE EEY 4 9le mixlg BZ syh]Fe] & Zojeta AHgstBE 4y,
DNA methylationo] £]3] R}A cpDNAZF REZHTl= Sager?] 714 zl= ol & wigke
2 &2 s edch(Fig. 3).

E A7AME o4 918 A el TAS T2 dan, dem E. coli
strain HB101o Al B A ¥t unmethylated pYK322 plasmid DNAS x}&3F}o], &
AtaF 37 KDAEZ28 non-specific endonuclease® . reinhardtii 21gr (mt*)z}
-5177D(mt) obe] My R <3, Felstgdvh(Fig.4, 5 6, Table 4). 2ghg]
o] =AZ 3} o] AL monomerE HlEgleon, #HARISETZE 37°C, FFHpHE
pH 4.5~6.54t0lel N =2 HZ S vehid Tl 22l F4 ol g A%
o= ZLBAPE UehBEREZH, ELBY ol cofactor2H 2] F& Yol 29 2
T8 gl 2eiut 2% o] endonuclease’} Chlamydomonas2] cpDNASl =4
Aol YPHos FeisteAe oAFE otd HAA ¢out, Sagers] cpdNag
2

dfHe] el podification-restriction7}d & ulgte g 3led, 2el® endo-
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nuclease”} cytosine methylated DNAS} A% ojm & JdUHE A =HNE

B3z st WA A7l vk

Mate (m?=)
cell nucleus

Famale (mt+)
cell nucieus

AV
Nuclegse C

Co?*
lMcle chloroplast
|

Desiruction

Female c¢hlaroplast |

.I @nucleus

Fig. 3. Postulated mechanism for the regulation of maternal
inheritance of chloroplast DNA(cpDNA) in young zygotes by the active
digestion hypothesis, Female gametes(A) have the ability to protect
their cpDNA against Nuclease C during gametogenesis by changing the
domains surrounding female c¢pDNA. Scon after mating of male and female
gametes, specific mRNAs are synthesized in a cell nucleus of female
origin in the newly formed zygote. Then proteins which are coded by
the mRNAs are synthesized de novo in the cytoplasm and directly or
indirectly activate Nuclease C. Nuclease C preferentially digests op—
DNA in the chloroplast of male origin. Since cpDNA of female origin
remaing, and is transmitted into the progeny, maternal inheritance

ocours.
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ABSORBANCE AT 280 nm

0.7 NaCl(Mm)
— - 71.5
0.5 _ -
0.3F- "~
) /
o1y
10 30 50
FRACTION NUMBER
fraction <c 1 3 57 9 1113151719
Fig. 4. Elution profile of the endonuclease on a heparin-agarose
column. The enzyme activity was measured by agarose gel
electrophoresis(below). Symbols: absorbance at 280mm{~ -——-)}, NaCl
gradient(- — -},
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(o)
o
e
w 2007} Alcohol dehydrogenase
-
I
2 100}
]
= 80} ) .
Albumin, bovine
c 60}
<L
5 40t endonuclease
ﬁ Carbonic anhydrase
O
= 20}
Cytochrome C
10 1 .
1.0 1.5 2.0

Ve/ Vo

Fig. 5. Determination of molecular weight by Sephadex G-150 gel
filtration. Molecular weight of the endonuclease was determined from a
plot of ratio of elution volume(Ve) to void volume(Vo} of the Sephadex
G-150 colunn(1.3x70cm) vs. log. molecular weight for refernce proteins
of known molecular weight,
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5 6

Fig. 6. The migration pattern of endonuclease from Chlamydomonas on
10% polyacrylamide gel electrophoresis in the presence of 0.4% sodium
dodecyl sulfate. Symbols: (1),purified endonuclease; (2),3+4+5+6+7;
(3),trypsinogen{24KD); (4),carbonic anhydrogenase(29KD); (5),glycer—
aldehyde—3-phosphate dehydrogenase(36KD); (6),ovalbumin(45KD);: (7),
BSA(66KD).
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a4 £

HYAEolMe] Ag-HPase] AL I Fadol A Az DNA
methylationZ THPEo]A Fal Uy, HMEES Fo27ta] I o] =
i gde=d, A5 45 DNAlE methylationo]l deojulz] ¢trie Al s
dle]f o8, Chlamydomonasol Al methylationo] RS Hof FAE = grl= A}
42 DNA methylationZ} A EHE L7} FAHM Eg"g ez HA=o Qi 2B
= AAgnia & 4 azch goldet o, Sagers HEoZ UYWAY R
modification-restriction system2 ZHEAIZEd], o a7} LALEoHH
AFoA ZdEE e FHA ] iy Wolduz A& H Zo| ofjyzl, £ @
Foll o] & gdcks Held 2 ojnj7t 202 velbn gtk a2, 7R
HEA DNA BHSHE DHSA YBAY 4 ok AVELELU nethylases] &
ot Eelvt A ol FoiA2 Bygge] FAHELE YElUa Ut Sagerd]
7443 d&o| Kuroiwa?] active digestion 715 2} 2] @& DALl A==
A EES HAEY 5 Ao MEE HAVEES SR Bl e Aol e
EAELZ viehvta g

go2 A FARUE AR A AA By Ao Holy =4
DNA methylase®] 3o}l E2lo] ¢lem, 7 A2 7 gethylaseg} o] oz Al
F 9§ 4 A= nucleased] Elx ¥ fEEojof & FAAat B} m S
A AL iAol H = e A2 ZARA BolsleE 2L g st
3 olm AR tigt Zxlet & 4 glZct. chlamydomonase] cpDNAL] methylation
3 &% cpDNAY Tl E 2E gEAuelM dojibes Aol wjfof, o A
of Fo]dt= DNA methylase®} 240 cpDNAQ] T)of Fojdls E a2 A F oA
o fHEFLd AFANEY o|FR27 AMELE At & 4 glzch CpDNa
methylase®] 3G Z49 o©lF codingdhs FHAL] (Ao cizt Ags W=

N
obg  glevt, &4 cpNAel TtIlo] HAY B i Ba= HAHAC
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(Kuroiwa et al., 1983a, b: Nakamura et al., 1988). whela, =2l A xE 3ol
M FEHE A2 o4 R Hste Bdol ou g wistZo &
St AEZAAM FRHUE SoldlA EUHEAE 2ASH, o2 2 E32

Y@L FAAE Agsiof ¥ AHolcl
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