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Abstract-Phosphorylation of soluble proteins obtained from cultured carrot alk was monitored by measuring the 
incorporation of ‘*P from [ “P]ATP into the trichloroacetic acid insolubk fraction. The reaction was stimulated by 
Ca’ * and calmodulin. and inhibited by a carrot phytoakxin, bmethoxymclkin. 6-Methoxymcllein also inhibited the 
Ca’ ‘, calmoduhndcpendcnt phosphorylative activation of NAD:quinatc oxidorcductase (EC 1.1.1.24) partially 
purified from the carrot cells. The inhibitory effect of f%mcthoxymellein wax reduced when the reaction mixture 
contained a high concentration of calmodulin. 

-.. --- .- 

lNTRODUc-TtOS RESULTs AND DISCUSSJON 

Carrot phytoakxin, &mcthoxymcllcin (6 MM), has ban 
shown to display potential biological toxicity in a wide 
range of organisms including its host plant [ 1’ 33. The 
mazhanism by which 6 MM stops the growth of alk is 
not yet understood. Recently, we have shown that 6 MM 
inhibits the calmodulin activation of bovine cyclic 
nucleotide phosphodicsterasc (PDE) 143. Calmodulin is a 
ubiquitous protein of great biological significance and has 
been implicated in the Ca’ ~dependcnt regulation of 
many biological reactions [S]. The experiments reported 
here add further evidence that 6 MM inhibits the all&r 
processes by interfermg with the Ca’ l calmodulin system 
involved in their actwation. 

A solubk fraction of cultured carrot alk was examined 
for the activity of Ca* ‘, calmodulindcpendcnt 
phosphorylation (Tabk I). The phosphorytetion started 
immcdiatdy after the addition of ATP, it proceeded in a 
linear fashion and reached a maximum after about 10 min. 
The reaction rate in the presence of Ca’ * was 152 limes 
higher than that in its absence. The addition of bovine 
calmodulin lo the assay mixture in the prcscna of Ca’ l 
obviously enhanced the phosphorylation. These results 
indicate that Ca’+ ad calmodulin regulate the 
phosphorylation of solubk proteins in the carrot alk. 
These findings are analogous to those reported previously 
for protein phosphorylation in the isolated membranes of 
pea shoots [6] and ztini hypccotyls [7] and the 
soluble proteins from corn [S] and Neurosporo cra(so [9]. 

---. - - 

*To whom conapon&r~~ should be addrcasat. 
6 MM inhibits the calmodulin activation of bovine 

PDE [4]. When 6 MM was added to the assay mixture of 

Tabk I. E&t ofcahnodulin conccntrauon on the mhrbiuon ofCa’ . dapcrxknt protcm 
phosphorytation by 6MM 

-_ _..-- 

Radrwtivily 
(cpmimp protein) 

-- ..-. -. 
Additions Expt I Expt 2 

-._ - - -- ._. -- .- 

None (control) 1017 924 
C-a*’ (I mM) 1526 IS10 
Ca’ ’ + calmodubn (0.6 wml) 2231 2418 
G’ ’ + calnmddio (5.6 wml) 4557 4912 
Ca’ ’ + cdmoduh~ (0.6 rB/rnl) + 6MM (100 pM) 926 IO& 
Co” +calmoduhn (56&ml)+6MM (IOOpM) 4116 4018 

Phosphoryhrionofprotdnwasinitiatat by tkadd&onof[y-‘~P]ATPandtum~~rcd 
afta incubation at 30” for 7.5 mia by addtn~ 3 volume af 12 % TCA The reaction mixturn 
1athecontrolrun~nuined0.2mMEGTA.Tb+rrdiohbclWprotciarwae~tcd~ 
their radioacuvium me mcas4rrcdudaaibadiathcExparrmcntaL 
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protein phosphory~tio~ the Ca’ l -dependent phos- 
phorylations were inhibited by the phytoakxin at concert- 
trations comparabk to the inhibitory range of a cal- 
modulin antagonist, trifluoperazine (TFP) (Fig. 1). The 
apparent half-maximal inhibition WBS obtained at about 
20”30 pm 6 MM under the present assay conditions. At 
the same concentration range of the phytoakxin. Ca’ l - 
ind~ndent phospho~ktion was only slightly affected. 
The inhibitory effect of 6 MM on the phosphorylation 
reaction was, however, largely dependent on the conccn- 
tration of calmodulin and was greatly reduced when the 
assay mixture contained a high concentration of this 
regulatory protein (Tabk 1). These results suggest that 
6 MM inhibits Ca’ + , calmodulin-dependmt activation of 
protein phosphoryiation. 

In carrot, NAD:quinate oxidoreductasc \QORase) has 
been shown to undergo deactivation by Mf l -dependent 
dephosphorylation and reactivation by Ca l , calmodulin- 
dependent ph~pho~ktion. Tlte enzyme activity is 
strictly correlated to the degree of phosphorylation and 
the QORase activity could be taken as a measure of 
protein phosphoryiation [lo]. 6 MM inhibited the phos- 
phory~tive reactivation of QORase in a conantration- 
dependent fashion (Fig. 2). Since 6 MM (SO PM) had no 
effect on the inactivation process of QORase (data not 
shown), it appeared sp&fkally to inhibit the Ca’ *, 
~lrn~ulin-dc~nd~t phosphoryktion of the enzyme. 
This view was confirmed by the results of the experiment 
shown in Fig 3. The addition of bovine brain calmodulin 
to the assay mixture of QORase resulted in a decrease in 
the inhibitory effect of 6 MM. 

We previously reported that 6 MM at a concentration 
above lOOc(m compktely inhibits the ahodulin- 
dependent activation of bovine PDE [4]. In the present 
experimcn~ it is shown that Ca’ + , calmodulindepettdertt 
protein phosphorylation in plants may also be compktely 
inhibited at the same concentration of the phytoakxin. 
Siay a raznt report has demonstrated the presence of a 

calmodulin-dependent protein kitaase in 
New&porn crussu. it may be considered that 6 MM exerts 
toxic effects on various fungi in a simiinr way. It is tiktly 
that calmodulin is a target for the toxicity of mot 
phytoakxin in eukaryota. although other targets cannot 
be excluded. 
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Fig. 1. Elfertof6MM(A)~P(B)on~“depeadcntf..A) 
and independart (0. A) phosphoryktion of soiubk protein from 
cm-rot afb 6 MM was dissolved in ethsnol (til conaotntion 
27;). The rzntrol run in the &scna of 6 MN coouined tbc 

samt conantration of tth8nol. 

Fig. 2. Effect of 6 MM oo tbc pbosphoryktive rertiatioa of 
QGRasc of c~c~ft alk Tbc enzyme was first insctintcd by 
mcukting tht af&sy mixturt at 25” in the prcsena of I mM 
M&l, for 20 min. 6 MM wu added to the mixture at tbc time 

iodL39ted by the arrow: 0.0; 0. IO; 0. 25; A, % A, 100rM. 
Reactivation was initiated at rix time indicated by the upward 
arrow by the addition of 4mM ATP. 5OmM NaF and 1 mM 
CoQ. Enzyme mctivity at the indiated time was determined by 
measuriop the drffercna in A at 34Onm in 2 min. In this 
experiment, 6 MM was dissolved in DMSO (final conantrationf 

0.05 Ye). 

1 I 
1 2 1 4 s 

Calmodulln ()rg/ml) 

F& 3. E&t of calmodutio conantntion on the inhibition of 
phosphoryiative reacuvation of QORasc by 6 MM. 6 M .M (0.0, 
A, 10, A, 25pM) and aimodulin were added to the reactron 
mixture coatiniag psrttily idvstcd QORlbe. Rcactivatioa 
of the enzyme was performal ss in Fig. 2. Data are expressed in 
pcrantagc IO the QGRu activity obtained in rhe ahana of 

both 6 MM and calmodulin. 

EXPERIMENTAL 

Isolaiion aid pvificatim of 6 MM. 6 MM was isolated and 
puritied from arrot root sbou infated by the fungus 
Ckorromium g&sum, as described in ref. [I J. 

Prcpprolion of cmt s&&k ~otrinr. CPrrof aUs were 
cultural in Murssbige and Skoogir synthtic malium [ 11 J as 
dacribtd in rd. [ 121. 6-Chyald carrot alIs were hams&d by 
filtratioo UKi rapidly frozen in liquK1 Nz. The frozen cells were 
homogcr&d in a mortu with bullb A, containing 5OmM 
Trb-HCI @H 7.8). 1 mM MISO,.O.S mM dithtothreuol (DTT), 
0.5 mM phylmthykulphooyl fluoride (PMSF). 0.25 M su- 
aosc and 0.2 mM EGTA. The homogenate was antrifuped at 
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7OIX 0 for 15 min to remove a.llular fragmxnIs. The SupernrIUII 
ObUined after lOSOa3 0 anIrifugaIioa wax dialyxcd Ipins 
buffa B, contining SO mM Tris-HCI (pH 7.8). 1 mM MgSG,. 
0.1 mM DlT and 0.2 mM EGTA. All pr&urr, were done at 
0 4”. The dmlysed extract was adjusIcd 10 5 mg ptoIem/ml and 
s~oral 81 - 30”. Care wax ul;en IO avoid repmlcd thawing and 
frezing whrh ruultr in loss of enzyme activity. 

Assayo/prorrin phosphorylorion. Rotem phosphoryktion wax 
mcaxurrd by foIlowIng the incorporatIon of ‘XP from [ “P]ATP 
into TCA ad ErOH msolubk fraction [ 131. The slnndard assay 
mIxIurc (0.5 ml) contained SO mM Tris-HCl (pH 7.8). I mM 
M&O,. 0.1 mM DlT. 0.2 mM ATP (0.5-0.25 @ZI( [y-“PI- 
ATP. 0.5 mg carrot protein and 0.2 mM EGTA (for axsay In rhc 
absence of Ca’ ’ ) or I mM CaCll (for asxay m rhe prm of 
Ca’ l ). The raction was initvtai by the addition of ATP and 
krminatcd after incukxtlon at 30’ for 7.5 min by the addiuon of 
3 vok. of 12 :L TCA. The ‘*P-lab&d protans were recovered ax 
described in ref. (131 and their radmtivity was measured by a 
hquid scinIillaIIon spoztromcter using a commercial nmIIllaIion 
rmxIure (Amcrsham ASC II). 

Partial pv#cation ami -y o/carror Q0Ra.u. Rotems were 
ex~rac~cd from 6day-old carrot alk and Q0Ra.u was partially 
purified as in ref. [ 141. TAX activity of Q0Ra.u was dc~erminal at 
25’ by measuring the change in A at 34Omm due IO NAD 
reduction baxal on rhc proadure descnbcd in ref. [IS]. The 
sIamlard assay mixture conrained 0.5 M Tris HCI (pH 8.5), 
0.2 M qumr acid. 2 mM NAD and 0.5 ml of the panially purlficd 
enzyme in a total vol. of 2 ml. Controk were run as above except 
for Ihe absence of quinic acid. One umt of the enzyme catalyses 
the convcrxion of I mol of qumr acid per sec. Pro& was 
derermined by the merhod of ref. [ 161. 

Chemuals. Bovine bram calmoduhn and NAD were obIaIncd 
from Sigma. [y- “P]ATP (28.8 Cl;mmol) was purcluucd from 
New England Nuclear. TrIfluopcraxine dimakate (TFP) was 

0bIaina-l from Wake. ATP from Boehringer. and qumic acid 
from Aldrich. 
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