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Zh5 & eukaryotesel $101A4 £8.3 cellular activities®] Z&o| #oj &= signal
molecule= €433 Ut} (for reviews see Hepler and Wayne, 1985 ; Berridge and
Irvine, 1989; Berridge, 1990; Rasmussen, 1989,1990). Z% A Ed 19 calcium
signals& 489 A% 5 dgdy Ady %L cellular responsesd] F@o| 2ol
A geaoez 434 Ur} (reviewed by Hepler and Wayne, 1985;
Poovaiah and Reddy, 1987). AEAXU ZEN5d9e molecular basis&
ol dt7] M= LEFHL targetsS FUd vt deo] eFolrh. ogEE
2R E 5 shtey F8% @7 19708 0 35 pea NAD Kinase®] activator24|
ZAREY (calmodulin) ©] FPFe=zH AU}t (for reviews see Roberts et
al,, 1986a; Roberts and Harmon, 1992). ZEEZAY ZESH A& o
gl o] FAME BE FAAAMFEWA SAES grie Aol H|F ok A&
otk HAZ yeastd #& model systemE& FIe] 9 AFE YREY
AxY A AEL 43 "S5HFH: Aeoltd (Davis et al,1986; Takeda and
Yamamoto, 1987). ¢]& HAAZWA HMEAZ=HY ZEEA FFIHY
AEE 3t &S ALE T A FL dolt

AREVL 2 FAZAME o}Fd 5407 S4& 24 R e 298 F

°]
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o BLEOY vHldEy AFE 28] A4S 2AYLEN 1 4EE =
dW Aot} (for reviews see Roberts et al, 1986a; Oh, 1992) (Fig. 1). ¢]wl
FEZHERYEH HAr 20FFeld ZREU-YEY H: 2 gyzEl]
AR 12 EAo] #EEd Atk (for reviews see Cohen and Klee, 1988;
Roberts and Harmon, 1992). 28u AEZAd A @28 ALEAU-J&Y fi
9 gade B &£ FH4 E33H, NAD kinase® A 9dlalye (Roberts et
al,1985, 1990,1992a) o|& ZREYU-2F dHAES] A S #a FA3A
ezl Aol gt 4dAelth. FEH 4EY o8 2o2REH L& AEEH9Y
11594 lysinee] Ho]Z¢l ZREA wWEd Ao oA trimethylation¥ o]
3 d 1} (Rowe et al,1986; Morino et al,1987; Oh and Roberts, 1990) (Fig. 2).
v = o]} 22 modificatione] B2 LREHALENE DAL fAW LREHY
AED B4 #ZREAD MEd/} AF GFE & 5 deAd B FHE ol
k. 2 g HA go ZAREA dusgd gREAS o4 in vito
ATE %84 Ca’/calmodulin-¢)&3¥ HA4QY plant NAD kinased #3871
ZREH WEde] A FadEtre Abde] ¥E A (Roberts et al.,1986h),
e CE AREY 98 L5 B A 9A ggo] w¥Ad g
(Rowe et al.,1986; Roberts et al., 1984, 1985; Putkey et al,1885, 1986). 132 =,
ZEEY WYyt od 54 5459 848 =g 2EH & 5 A& 71| 2
TL gdgo] AetE g

A5 A I3d 3 AREAY 75T 4BL AAEY] A8 AEY
4747 Z2REY FENFSY #AAE WIUL, ZEREYH &Y T4HE ¥ 4E
AREY target proteins®] A T B4¢] AFHolz & £ k. =} AZ
FEHA S HAdMe B 2EAAY & 5 oz AREY wEste
ZREYU 84& 24 7 5 e A dEHME 2ANE R Fe] gedth o
oA TREY 99 ¥x ZREYA WE€d AFx ada ZREY target
proteins®] ‘F=7} AEAMXY A7 dERAFT 2dPL Ued, vEd 8 F
gl E9v¥le] ZREYY HEAEXY FIL FF HEY 50139 9y
HEEE ZAZ JEAXY ZREYU FAY 7Hed T84S AXMETH St
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4 Ca® + CaM ——— [ Ca® L,~CaM
[ Ca® 1+~CaM + NADKimee —— [ Ca®* 1i—CaM-NADK,
NADK REACTION : NAD + ATP —— NADP + ADP

Fig. 1. Basic scheme for calcium and calmodulin regulation of NAD kinase. CaM,

calmodulin; NADK, NAD kinase; NADK(inact), inactive NADK; NADK(act),
active NADK.

1 * * b * * * _ 39

A=0-Q-L=T-D-E QI ~A-E~F K —EA-F S—L~F ~D-K-D-G-D-GT-[-T-T—K-E L -G-T_VuM-R-5-L—

a0 * * * * a* * 75

G-Q-N=PT—E ~A—EL ~Q—D-Mm1-N-E-V-D-A~D-G-N—G=T=I ~D—F P~ EF | ~N-L-M-A-R_K~

7 6 * L * * * * 112
M-K-D-T-D=5~E—E-E-L-K-E~A-F-R-V-F -D-K-D—G-N-G~F I =SwA=PA-E L -R-H_V-M-T-N-L~

113 ¢’ _ _ L A * * L '1_48
G-E-K=L-T~D-E~E—Y-D-E-M-I-R-E-A-D-VY-D=G-D-G~Q-V-N-Y-E-E-F-V-Q-Y-M-M-A-K
Lysine~-115 TML-115

0 H 0
H i T
~NH-{-C- ~NH-C~C-
(2 opy (Ha
CHz > CH
FHE CLNMT ,EHZ
CHy CHa
NH= CHS—NI*—CHQ
CHa

Fig. 2. Calmodulin methylation by calmodulin-specific lysine N-methylransferase. The
complete sequence of VU-1 calmodulin (Roberts et al, 1985) is shown. The
four calcium binding domains are shown with calcium binding residues (x)
indicated. The lines indicate residues on the hydrophobic faces of the E and F
helices. The arrow indicates the position of lysine-115. SAM,
S—adenosylmethionine; ~ CLNMT,  Calmodulin-specific  lysine N —methyl-
transferase; TML, trimethyllysine,
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1. Calmodulin and calmodulin-binding proteins during carrot

embryogenesis

289 319 calmodulin®] levelso] 4 &2 Wd @A wet 2A0d tt2de
o] ¥HA st (Muto and Miyachi, 1984; Allan and Trewavas, 1985; Zielinski,
1987; Ling and Assmann, 1992). Radoimmunoassay 232 enzyme activator
B g ZAY 4vAd EEXFA4-2 meristematic zonesS E W= apical F97}
ThE mature tissues®Th © B2 ZEREFVLE THIn = A= ey
Immunocytochemical &3 immunohistochemical ¥4 E£& 53l ZAlg] £ 41
root apical®¢E M E root cap# meristeme A ¥ BL ZREH HASHYD
(Lin et al,1986; Dauwalder et al,1986). A Eojx WAEHR AREI-&Y
4 #FAHeZEE= NAD kinase (Anderson and Cormier, 1978; Roberts et al,
1992a), Ca®*-ATPase (Dieter and Marme, 1980; 1981; Brars et al,1988), 1@ il
nuclear nucleoside triphosphatase (Matsumoto et al,,1984; Chen et al.,,1987)5 0]
At

B3HA] e AEZRAT 23d A9 Zesd 4 AREY AFgwgd)
#3 A737] 9 $3E embryogenic carrot cultures® o] &Rty o|she
model systeme ©]-& H|E XL Ay} oty G vl(embryo)s E3E A &
AEE F2 dotsA] && embryosol HlEte ZREY dlid g FHolx 24 o]
Bol i3tz l-gel JEitr} (Oh et al,1992) (Table 1). o]= Cocucci®
Negrini(1988)7} radish seed embryos] wolz7|e] #AZAHPY ArIH Fxo F7)
Sz WL A & = v FHEAE, seed embryosE 3 AFAE
fusicoccin®@} Z ol EFIAE FHEYPE AL ZEEY levelso] 1S Fobplx,
18} HE F71E embryosel abscisic acidst 2& ol AAAE FLARS o
A H At (Cocucci and Negrini, 1988), ojgge AREH e Z7l: olvle
wolzt el #4IE A8 AXS 98 aTHE AREA & FrEE J194
Ao AAHY, ojdA F7td ZREIL WolF Lg NIHYG AAHS g9
st S 488 & + & Aolm A€,

AR EYo] target proteins® AFEL FId AXW 2FAERA 92S o
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gl Folr] wjFe (for reviews see Roberts et al,1986a; Roberts and
Harmon,1992) -8l% #EEY overlay¥y& o]&3te ZEEA-ZA% o9HdE
489t o] WH-g olg3ld EAFF 81,000, 54,000, 50,000, 32,000, 26,000,
20,000 ¢ ZH-o&y AREF-AF A ES FA}HT (Oh et al, 1992).
EY§AE, Wold F3ddlA 54000 M, Z2EI-AY w9Fe] apparent
levelse] @AEA Frhgdel FJAEHUL Ion exchange chromatography$}t
calmodulin—Sepharose chromatographye] 938k 54,000 M, @¥gdo] AL
w5 A AAHAD W] Eelo] o] AEEHL AT HIHUT] A o
wde] AL wHstz e Tl #ZAREWU-ZYE d¥do] & plant
systemso] lojA we wAEE g zE"Hn glgel RuEnl i (Cocucci
and Negrini, 1988; Brawley and Roberts, 1989). #RE#-2&% NAD kinase”}
sea urchin eggsel olA¥E %7 embryogenic ¥2H3 N FoF 8L It
B3% ¢t} (Epel et al,1981).

Table 1. Analysis of the levels of calmodulin protein during carrot embryogenesis

Days pmole CaM/mg protein
0 5.9 (0.5)
10 6.8 (0.7)
17 7.7 (0.7)
24 ‘ 14.3 (0.8)

a. Carrot samples from the 0-day, 10-day, 17-day, and 24-day of embryo-
genesis were harvested and calmodulin content was measured by using

acompetitive RIA (Oh and Roberts, 1990). Calmodulin levels were standardized
to the amount of total cellular protein determined by the method of Bradford
(1976).The values in parenthesis represent the standard error of the mean.
CaM, calmodulin. (Oh et al., 1992).
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ol F|AFeA 4E NAD kinasese] FArgko] 50,00000 4 550008 d9e] ks
B3 (Roberts et al,1990)= #-9 Fw|gc} 63 Aol pA|ut wolg wjo]A
ol A] ¢S Hiof HlEl 3 ~ 4 ) AT H& carrot NAD kinase@A o] #AHxn
AL},

2. Calmodulin methylation in plant tissues and plant tissue cultures

MEANA o] AFF ¥ie} o] plant NAD kinased] #A43vl #AREH9]
gt s APl in vitrodlA ¢l Houth F, WEd A &e AZY
DNAZ RE @44z ZRED (VU-1 calmodulin)e ZAHez wEgad VU-1
calmodulin®| v} spinach calmodulin®t} Hol® 3 . 4¥] & AE NAD
kinase@4 A= L3 Ht (Roberts et al,1986b; Oh, 1992). &y ofg]
HEZHERZ FH 4& AE ZEEAY ovxal 24 ¥ NY B4 Ags
(Watterson et al,1980; Lukas et al,1984; Schleicher et 2l,1983)& A& B2 EW
1 moled 1 mole®] trimethyllysineo] &AL BgFETL glo] A9 in vitro
Adg sted EAdC AViHe gk EAE WdEdEA ge e
We s} 4G Fe Qe AEEYC in vivodlE &8st o]t

olg &7] A8 $¥E= W Bolzdojm NAF radiometric assay® (Oh and
Roberts, 1990)& A48l A& ZEEHo| 115UA lysines]A] stoichiometrically
Mg Hol A &&< A& B8 Yrh (Oh and Roberts, 1990; Roberts et
al,1990). T T ZAREH Wy} HE2FAY FF9 dEdA e o JaEvs
A= Fd ¢ 4 dAdvh. 48 W, BREY W"s FZsl apical root
segmentsol & Wi, FHo]l HAHWEA Mdd =7 ol ¢ 4 YAy
(Oh and Roberts, 1990) (Fig. 3). Z1#\} root apexo]A] WA wWEHHA e
AR g od SHMXY SojFos dA#FHe Al s Ll
gidd, -7t BAMG apicalt 9 meristem® ) = root cap, epidermal cells,
cortical cell, T8 ¥8FH 1 Y vascular elements Fo] X&)} 97 wsto)u}),

Root apexoll X & + & 4719 Z& o8 e AxFee EIZHL Atz
#AREA W3 AEEF proliferating  vs. non-proliferating &2 oA v Z2A}E7]
& carrot cell culture system (Dougall et al.,1980)-8 o]-&3it}. Growth curve
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Fig. 3. Diagram of 3-day old etiolated pea with dissection marks and verification of
the pattern of methyl groups incorporation into etiolated pea calmodulin. Roots
were dissected into 0.6 cm segments (a) and the state of methylation was
determined by a specific and sensitive radiometric assay (Oh and Roberts, 1990).
SDS-PAGE on 15 % (w/v) polyacrylamide gels and fluorography analyses of the
assay products (b) (Oh and Roberts, 1990).
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stagesoll A @& A EZRE Bo] HAHNE, AXr B 4FH 7tAA ARER
s s E=5sA 28L& F gtk wgel AAU] AEES HER
wxe] A AP WRIHGHR Fe ZTEREFU W¢ ME LEE A
245" L o 4 ¢ (Oh et al,1992) o] 7|zt Egtd| wEsld ZEREH
W2 turnover’/} Aot JFeAde AASH Fu ek wHe] ZREY @9
levels (steady state calmodulin protein levels)e BZMEEL  F2Fof o]
proliferating A ¥ 9} non-proliferating MXE7tol Z ol7k §lo (Oh et al,1992;
Perera and Zielinski, 1992), ZREd dwdsr AxW 22E8d @9z F=9=
EYdoz zAH1 &< A¢H Fu A AV 2FAEE FEHH =W
ZREY vddE AEAF aAd de W w24 zd€dn Jed ¢ 7
ATt

AFE AANAN Ao AFRSL AREHUY 7% o dEd} 74T &
F 9= AEFH FoAd W& AWYE HEAES AT FA% FeA=
AFd v YA HaAZHoF WYY ZREAL WEIFHA &2 ZREA
H)3 pea NAD kinaseZ2 Ho%= 3u] %A 843 AZHv (Roberts et al,1986h,
1992a; Oh, 1992). o] posttranslational ZREY wlgsle] =Fol AAHA
NAD kinase$t @424 L AT e 71z 2 £ A& 7FedE AAE Fo
Atk A $=EE plant NAD kinase 843 NAD/NADP H]€°] in vivoel A
ZREA v s G{FS WAl FFH ZAFo. EF HAE AXY
AT g o] Z2REVF AREA WEI SO E 2HEHY F8E
JZ8 7198 synchronized cellsg ¢4 8t ZEREH AAE £43) Rz I
%%H]E%— 2dg g dFA (Chafouleas et al.1982; Rasmussen and Means,
1989) ZREY levelso] Gi/S AANA FuZE FI7HAZ, ot F7171 cell
cycled] AP£xg #FHFo] Jfol RIAHJSS F5FE Uit $2A7 AL
carrot cell culture systeme &7 cell cycle BAE HLEHE AXZFo] BAFHS v
AEgenzg AEAXY cell cycle JFFo LRI AE EZ2x ZEEH
golde] WE FeNgE dXA ZAE JMsAEE AE ¢ ik
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3. Transgenic plants expressing recombinant DNA—-derived calmodulins

NicotinamidethAt&d o] glo] ZREH Y37l 2t 7% F349E 2487
AAA in vivo FEJelA  calmodulin/NAD kinase FEAE 2I3Ad F Y=
Eo]ZQl Wgo] UtH ofF §48% AHolrh. AEF DNAS! VU-1 calmodulin
genes site—directed mutationA]# 115¥ A lysine ™4l arginineS ke E9H 9
ZREHU(VU-3 calmodulin)g] geneo] WrEo]Zul ¢+ (Roberts et al,1986b).
VU-3 calmodulin® wWE3 == @& VU-1 calmodulin® vlzrlxz westd
ZR 5 H]¥ plant NAD kinase® X 3 - 48] A A3+ =1} (Roberts
et al,1986b, 1990). FHYaA d#W Aold& ZREU HLs} Hid
HEs @ 4 ¢gote Aot} (Roberts et al,1986h; Oh and Roberts, 1990).
adezs, og ZE BEHS Ze ZREY FRAE HEAXY =9gstA v
AR EH 9ZF% -NAD kinase2 hyperactivationA] 3 &.24 calmodulin/NAD kinase
ZAAZE AdH oz AN F 4L Aot}

Cauliflower mosaic virus®] 355 promoter?] ZA& o] VU-1 calmodulin &
VU-3 calmoduling g@Ar 7= transgenic tobacco plants7}
Agrobacterium-mediated transformation®] & wWES ZHcl (Oh et al,1991;
Roberts et al,1992b) (Fig. 4). RIA$} SPS-PAGE®4] (Fig. 5] 8t VU-1
ZREUY VU-3 ZREH A LFHJUZo FIHAL, FAAEHA
@< control plantsel] ]3] EF Ful = o B ZREY dfIS ZAY
sl 9ol FUHAUT (Oh et al,1991; Roberts et al,1992b). o]gz-&
VU-1 22E8dU3 VU-3 ZEEHe 4@ =7 1 Aol 7EE 4+ f1S A==
FARZ = BT, F FF9 transgenic tobacco plantst #HEH oz £
ZolE RYPTE &, VU-1 HJ2EL 2% A% 9 H2EAHY o] wild type
control plants$} o}FF# ©hE EA & RolA &Eted, VU-3 4EEL BF #d4¥
stem elongation growth, lowered seed production & ol# H|AAZQI BAHL B
FAt+ (Roberts et al,1992b; Oh,1992), o]¢} 2 FA}EL VU-3 plants?
AT HA40 AAFN ZREY levelsd F7HE o] old VU-3 ZREH
mutant®] PR AYF Aolghe AL FeA gAY &=k
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358 D D d
Find 1 e leaf discs

Agrobacterium —)-'lv

cultivation
[@loleis for 3-doys

‘-.

Kill Agrobacterium

Cultivate on selective medium

OO o callus formation

‘_.

Transfer to shooting medium

ooO o shoot formation

4—.1—

Troansfer to rooting medium

AAALA root formation

‘-.

Tronsplanted to soll

Fig. 4. Binary vector construction and schematic explanation for the generation of

transgenic  plants with  VU-calmodulins. The foreign VU-calmodulin
genes(Roberts et al., 1985, 1986a) were inserted into the pRT101 plasmid (Topfer
et al, 1987), which has the cauliflower mosaic virus 35S promoter, then
subcloned between the T-DNA borders of a binary vector (PGDW31) which has
a hygromycin resistance marker. These constructs were then transferred into
tobacco cells by using Agrobacterium tumefaciens. (Oh et al, 1991; Roberts et
al., 1992b).




Fig. 5. SDS-PAGE analysis of calmodulin purified from control and VU-transgenic
tobacco plants. Calmodulin was purified from 42-day old F, tobacco plants and
analyzed by SDS~PAGE on 15 % (w/v) polyacrylamide gels in the presence of 1
mM EGTA, and the gels were stained with Coomassie blue. Lane 1, calmodulin
from control untransformed tobacce plant; lane 2, calmodulin from VU-1
transgenic tobacco plant (line 1-3); lane 3, calmodulin from VU-3
transgenic tobacco plant (line 3-4). The arrow indicates the electrophoretic
position of VU-calmodulin. (Oh et al, 1991; Roberts et al, 1992h)
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VU-1 calmodulin® VU-3 calmodulin®] 22} endogenous  tabacco
calmodulin® 3 R Fe¥o] 1 FAo] dF w§ e VU-1 ZEEUL in
vivool A wlE#HHQL ©] ] NAD kinase® hyperactivationA]7]1%] 3]0,
o] VU-3 ZREAL DEEH-9EY NAD kinase?] hyperactivator=4 9]
EAg Oz §ASI YUt (Oh et al,1991; Roberts et al,1992b). IB ==,
VU-3 plants?} Z3 ¢ AREHL wild type control plantst} VU-1 plants”}
Ze AREIRTD 2 B F H: AEREU-9FY NAD kinased] tjs]
hyperactivations 8 & 23 ¢glo, o]|E AF Ay mgge] AF2 HYd B4
HEalE FlEAe]l vk @ 4 v} Transgenic plants®t control plantse] 1o
NAD/NADP2] Hl& A BH NAD kinaser} 9& wteExd dis F9
FAT 2 4 7 & Holth
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III. Summary and Prospects

Zrgde HEZAVCA BES3A daHy, 255 AxdH F8A
q8S s dyAeltt, gge] AEAXY A 4 @gd glo] ud 9%e
g gF& Astd ZesEA eudd ZEREAUY AW PEAE EES

oft
re
i gt
i)

o

12t AZgvh. Yeaste} 22 model systemsS ©]&% A-FeA
A7 EY gene? deletion®] lethal event@2& RY, HMHIZ PN HXAZ
zdd ZEREHe i dgg Fu Jvzm Agd T £ JAAT 5F
AGAE N ArEHL] g8e FHd7| & 24 deo] o}t

ABAEY AF 9 ded o ZEEAY st 982 AAEY] #HF
AETHeE ZaedAd ZREY B9l AH w9 #4, Zad¥d ol
%}ﬁ'ﬂi —4 g gAdA dojus ZREU-EY uWdsHe] 47 F
REA-EY oA Hey 4 4F g BYsE. 18 ZREA
S Bolyog 2dd F 4 9t 22EY vEd A 24 o vyg] @ $

Edgola) ZREH in vivo HEL Fdd EF BREY =4 A
AFA I BHE AR S

Model systemss o]&3te] W NI AR ZEREY gudy R
AREU-AFaYde] HEAXY RIAAY F 2FHL Y&HE ¢ + ANt
53], 48de HolxA Feo Yo AREY =S FHE FEFH 54,000 M:
Za-oEy ZREU-ZAF DUz FE9 AT F7ie AEY duExdd 3l
ZE-ZREU-ZAREY A4F d¥d A9 #EE 4FH F gida E F
Ark.  #ZREH] NAD kinase SASAZA ] REL Fo|Hoz zHy & +
s A2 AAHE ZREH WEd £ JF 2F 9 dE wid e 1gmn
AEAREY 47 ZHd wat thgeol #3AT. w7 AT DNAS transgenic
plants technologyZ ©]|&43 WE3d 2 4 gt E4de ZREIY HEATY
1EdE 3 ZEREANAD kinase FAA 9] A€d ngs&E A=dHE 4
transgenic plants®] A&7 Hdo] FHo|HoF gL ZREH WEHI}
BEEHOZ FoAE Z+1 LS YT H2Y in vivo AFo|d,

oj4te] AE FTHI Bd ZREH v AREU-AY 99d o4, Z2EY

%’5‘
Qe
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Hes Axrt A8 4% 2 2eRyFd AR 28Hm e AE & T
9lal, ol& AAY =P 4 E9 phenotypical alteration® Z7tA] o]o4H &2
AR 9 wgd 9ol ZREA NEAE A4 2EY FaAe] dFHNAGD £ F
ek, goz ode HIWYPE & 477t dE o8 FFY YES
Aoz oFe oy A2g ZEREI-GEY 49 €9F F Bvy #
FAEE IS 5 Y& AoZ JYHY, ZEEA AA ¥IE FH FAHLE, 98
£ plants cell cycle®e] @3, 23340 e HFHY 2E embryosF 9
B3 58 248 1e Ax sYHolor B el HFAH & F A
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