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The 30.kDa piotem of tobacco mosluie virus, which is involved m cell-to-cell movement function, ih phosphorylated in tobacco protophsts. To 
investigate which portion of the protein is phosphorylated we inoculated several truncated 30-kDa protein mlutants into protoplasts and determined 
whether or not tho~e truncated ploteins are phosphorylated. The results showed that amino acid residu~.~ 234-261 of the 30-kDa protein are required 

for this phosl~horylation, 

30.kDa protein; Phosphorylation, Cell-to-cell movement, In vitro transeiipt; Tobacco mosaic virun, Tobacco protoplast 

1. I N T R O D U C T I O N  

It is widely accepted that plant viruses encode a gene 
(or genes) for the cell-to-cell movement function [1]. In 
the case of tobacco mosaic virus (TMV), it has been 
shown that the 30-kDa protein is involved in this func- 
tion [2,3]. The 30-kDa protein is synthesized transiently 
at the early stage of infection [4,5] and destined to be 
localized in plasmodesmata [6,7], where this protein is 
believed to be involved in the cell-to-cell movement 
function. It has been shown that this protein has the 
ability to enlarge the exclusion limit size of  the plas- 
modesmata [8] and also the capacity to bind single- 
s t r a n d e d  nucleic  ac ids  [9,10]. 

A t k i n s  et al. [11] recen t ly  r e p o r t e d  t ha t  th is  p r o t e i n  
is p h o s p h o r y l a t e d  in vivo,  bu t  in h e t e r o l o g o u s  insect  
ceils.  Here~ we con f i rm  tha t  th is  3 0 - k D a  p r o t e i n  is 
p h o s p h o r y l a t e d  in p l a n t  cells us ing  the  p r o t o p l a s t  sys-  
tem.  A s  a first s t ep  to  inves t iga te  the  p h o s p h o r y l a t e d  
p o r t i o n  o f  the  3 0 - k D a  p ro t e in ,  we c o n s t r u c t e d  severa l  
t r u n c a t e d  3 0 - k D a  p r o t e i n  m u t a n t s ,  i n o c u l a t e d  t h e m  
in to  p r o t o p l a s t s  a n d  inves t iga t ed  whe the r  o r  n o t  these  
p r o t e i n s  were p h o s p h o r y l a t e d  in vivo.  

2. M A T E R I A L S  A N D  M E T H O D S  

Tobacco suspension culttn e cells (BY-2) were u.~ed throughout these 
e;~periments [12]. Protoplasts o1" tobacco BY-2 cells (1 × 10 ~) were 
inoculated with TMV tomato strain L RNA (0.2 ~g) or with in vitro 
tlan~eribed RNA (0.2 ~g eqluivalent [13]) using the dectropnration 
method [13], Mock-inoculated or viral RNA.moculated protoplasts 
were cultured m phosphate-free modified Murahhige-Skoog medium 
supplemented with 50 mM PIPES-KOH (pH 6.5) [12] at a concentra- 
tion of 1 × 10 s protoplasts/ml. Carrier-free [~tP]orthophosphate was 
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added to each 1 ml of culture medium at 200/.tCffml (7.4 MBq/ml) 1 
h po~tmoculation and incubated for 8 h. The cul tures  were collected 
in mictoeentril'luge tubes and hpun at 3,090 rpm for 3 mm The siiper- 
natant was removed and protoplast~ were harvested. Protoplast~ (1 x 
10 ~) were then disrupted by 40 ltl of RIPA buffer (10 mM Tns.HCI, 
pH 8.0, 150 mM NaCI, lOmM EDTA, 1% Triton X-100. 1% sodmm 
deoxycholate, 0 a% SDS) containing 2 mM phenylmethylslulfonyl flu- 
oride and 100 mM fl-81yeerophosphate, and boiled for 3 lain The 
resulting lysates were ddluted 20-fold with 0.8 ml of TBS (10 mM 
Tns-HCI, pH 7.5, 150 mM NaCI), 1 mM phenylmethylalulfoayl fluo- 
ride and 100 mM fl-glycerophosphatc. Antiserum (3/~1) against the 
30.kDa protein [14] or prennmune serum was added to each prepara- 
tion The mixtur,~ were kept at 0*C overmght. Thirty/~1 o1" a 10% 
hu~penhion of protein A-Sephaiose (Pharmacia) were added to each 
m~xture. Each mixture was then subJeCted to moderate rotation tbr 2 
h at 4°C The Sepharo~e beads were washed three times with fresh 
TBS containing 0.02% SDS and once with fresh TBS The washed 
Sepharose was boiled with 50/~1 of Laemmli's sample bluffer for 2 mm 
bernie being apphed onto an analytical 0.1% SDS/4-20% gradient- 
polyacrylamide gels (Daiichi Chemical, Japan). In home experiments 
the gel.~ were. fixed, stained with Coomnssie brilliant blue G-250 and 
dt led. Radioactive band:~ were detected by autoradiography Accumu- 
lation o1" the 30-kDa protein in pmtoplasts was checked by Western- 
blotting and lmmlunodetectmn analysis with anti-30-kDa protein anti- 
body [141 as pieviou~ly described [15] 

Tlanscription of pLFW3 produeeb an infectious transcr,pt corre- 
sponding to the wdd-typ¢ TMV RNA [16]. It express¢~ the intact 264 
amino aeidh of the 30-kDa protein. Using htandard DNA cloning 
techniques, we removed rentnction fragments from the virus sequence 
m~erted in pLFW3 [17]. Three deleted clone,, (pLQD261, pLQD233 
and pLQDg/142) were constructed, winch correspond to nlucleotMe 
deletions 5689-6187 (Sad lntroduced-Nsfl), 5605-6187 (Aatl-Nad), 
or 4936-5331 (S~pl-Sapl), respectively, pLQNF wa~ described previ- 
ously [2] Transcription wah perlbrmed as described [13] The tran- 
scripts and ¢orrespo,ding protemh are referred to by deleting the 
prefix "p' from their template plasmid names, i.e LFW3. LQD261, 
LQD233, LQDg/142 and LQNF, resly,.~etively (Fig 1). 

3. R E S U L T S  

M o c k - i n o c u l a t e d  o r  T M V  R N A - i n o c u i a t e d  proto- 
plasts were  l abe led  wi th  [32P]or thophospha te  d u r i n g  the  
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Fig. 1. Truncated 30-kDa proteins used in this experiment 
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period at which the majority of 30-kDa protein is syn- 
thesized, as shown by our previous data [4]. Protoplasts 
were disrupted and proteins w~re analyzed in an SDS 
polyacrylamide gel. A band specific of TMV-infected 
protoplasts could be detected by autoradiography (Fig. 
2, large arrowhead), lmmunoprecipitation experiments 
confirmed that this protein is indeed the 30-kDa pro- 
tein. Anti-30-kDa protein antibodies could immunopre- 
cipitate the protein but preimmune serum could not 
(Fig. 2; lane +anti-30-kDa). Bacterial alkaline phos- 
phatase (Takara Shuzo, Japan) treatment, which is 
known to remove phosphate groups from 
phosphorylated amino acids, produced fading of the 
band (Fig. 2; lane BAP). Consequently we could detect 
phosphorylation of the 30-kDa protein in vivo using 
plant cells. 

Another redioactive band with a slower electro- 
phoretic mobility and specific of  TMV-inoculated pro- 
toplasts could be seen (Fig. 2, infected, lane sample; 
small arrowhead). Anti-130-kDa/180-kDa protein anti- 
bodies [18] could not immunoprecipitate this band (data 
not shown). We have not characterized this band fur- 
ther. 

Next we wanted to determine which portion of the 
30-kDa protein is phosphorylated. Several truncated 
30-kDa protein mutants were engineered: LQD261, 
LQD233, LQNF and LQD9/142 that would direct the 
synthesis of  related 30-kDa proteins conserving amino 
acid residues 1-261, 1-233, 1-187 (plus 8 out-of-frame 
amino acids: His-Gly-Thr-Phe-Gly-Arg-Ser-Cys [2]) 
and 1-9/142-264, respectively (Fig. 1). These proteins 
are hereafter referred to by the name of their originating 
transcript; e.g. LQD261 proteins. We inoculated these 
transcripts into protoplasts and analyzed the accumula- 
tion/phosphorylation pattern of the truncated proteins. 
Immunodeteetion analyses showed that the LFW3, 
LQD261 and LQD233 proteins accumulated to a com- 
parable level; in contrast, the LQNF and LQDg/142 
proteins accumulated to much lower levels (Fig. 3A; 
~rrowheads), even if one considers the fact that this 
antibody reacts somewhat better with the C-terminal 
portion of  the protein than with the N-terminal portion 
[14]. This result shows that internal truncation or dele- 
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Fig. 2. l~teeuon of the m rive phosphorylation of the 30-kDa protein 
(large arrowhead). Mock-inoculated or TMV-RMA inf~ted proto- 
plasts were riP-labeled m wvo. Proteins were analyzed on a 0.1% 
SDS/4--20% polyacrylamlde gradient gel directly (lanes 'smnple') or 
after immanopreeipitation. BAP lanes show the immunopreeipitated 
preparation~ after bacterial alkaline phosphatase treatment. The small 
arrowhead also mdicate~ a TMV-infecuon-speclfic band. Bars at the 
right indicate the positions of protein molecular weight markers 

(Amersham, Rainbow markers; 92.5, 69, 45, 30, 21.5, 14.3 kDa). 

tion of more than 77 amino acids from the C-terminus 
of the 30-kDa protein causes some instability in rive, 
since these mutants are equally replicated (data not 
shown). The phosphorylation pattern of  these proteins 
is shown in Fig. 3B (arrowheads). The LFW3 and 
LQD261 proteins are equally phosphorylated; but the 
LQD233 and LQNF proteins ate barely 
phosphorylated, if at all. Fig. 3B also shows that the 
LQDg/142 protein was phosphorylated to a considera- 
ble level. 

~,  11"~ 11~ L"a "l" T ~ CI T,I"~"IKT 
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We present here evidence of the in vivo phozphoryla- 
tion of the 30-kDa protein that was previously reported 
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Fig. 3. (A) Western-blotting and immunodetcction of the truneat~ 30-kDa proteins by anti-30-kDa protein anti . rum. Protein samples equivalent 
to 2 × 104 protoplasts were ¢l~trophoresed and analyzed. (B) Phosphorylation pattern of the truncated 30.kDa proteins. Each protein ~ample of 
protoplasts equivalent to 2 × 10 ~ was ~ubjeeted to immunopreeipitatmn wtth ant>30-kDa protein antiserum and analyzed az in Fig. 1. Arrowheads 

indicate the po~itioas of each protein. 

[11o19]. While protoplasts do not reta,n the integrity of 
plasmodesmata, our protoplast system has some advan- 
tages for the analysis of phosphorylation. The phospho- 
rylation detected her~ might be important for fine anal- 
ysis of  the 30-kDa protein in relation to the function and 
understanding of the molecular interactions between 
the 30-kDa protein and host plant cells. To test the 
relation of the function of the protein and its modifica- 
tion, we must compare in planta and protoplast experi- 
ments in the future. 

It was shown that LQD261 and LQD233 are compe- 
tent in cell-to-cell movement [20], while LQNF [2] and 
LQD9/142 (unpublished data) are incompetent. Analy- 
sis of LQD233 showed that C-terminal truncation by 31 
amino acids of the 30-kDa protein lowered considerably 
but did not eliminate the ability to promote virus, cell-to- 
ceil movement [20]. Other ~rt~ap~ ~how~d similar results 
[21,22]. The data presented here might indicate that 
these amino acid residue~ 234--261 of  the 30-kDa pro- 

tein contain the target site(s) of phosphorylation. Com- 
bining the available informations, one possibility is that 
phosphorylation is not directly related to the cell-to-cell 
movement function of the 30-kDa protein. On the other 
hand, rather conversely, malfunction of  the LQD233 
protein in cell-to-cell movement might indic.ate another 
possibility that host plants modulate/enhance the cell- 
to-cell movement function through ',his phosphoryla- 
tio~: by an unrevealed kinas¢. 

Atabekov and Taliansky [23] mentioned the possibil- 
ity that the 30-kDa protein might be phosphorylated in 
plants by a cAMP-dependent kinase. This conclusion 
was based on experimental data suggesting that the 
thermosensitive defect in cell-to-cell movement of  the 
Lsl strain could be complemented by addition of ex- 
ogenous cAMP [23]. It would be interesting to see 
~t..,~.... ^A ~r~ ~,.~ ,~n',,,-t, on the function of the l l b L l l l ~ l  ~km,~-&l'I'~l,& 111.60 ~OAI~AAe * ~ * * ~ * ~  

30-kDa protein via phosphorylation. 
As a whole, it is shown that the truncation of amino 
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acids 234 to 261 of  the 30-kDa protein was unfavorab le  
for in vivo phosphory la t ion .  The  simplest model  is tha t  
the target site(s) for this phosphory la t ion  i~ (are) located 
at amino  acid residues 234--261 o f  the 30-kDa protein.  
The amino  acid residues 234-261 o f  this prote in  are 
mapped  in regions B and  C [24]. There are j ux t aposed  
basic a m i n o  acids in the region B. It is reported that  the  
c A M P - d e p e n d e n t  kinase o f  animals  or  yeasts phospho°  
rylates serine residues in a context  o f  the m o t i f  
" X R R X S X '  [25]. In the 30-kDa protein,  there are no 
amino acid sequences which fit completely with this 
motif,  while ou r  prel iminary p h o s p h o a m i n o  acid analy-  
ses of the  intact  30-kDa prote in  showed tha t  serine res- 
idues are phosphoryla ted .  We do not  know at present  
which serine residue(s) in the 30-kDa protein is (are) 
phosphory la ted  since no direct amino  acid analysis  has  
as yet been performed.  
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