
 

 

 

 

 

 

 

 

 

 

 

植物が作る未解明窒素化合物の構造と作用 
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1/3 ( )
(unidentified nitrogen, UN)

UN 
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(
) UN

(1) UN
UN
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UN
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20% (NOx
)
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UN

UN

UN
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UN

UN

UN



(2) UN
( NO NO2 NOx)

NOx

( )

NOx “NOx

” 217
657 QTL

NOx NO2

 =
1/3 UN

( ) 10 UN
(3) UN

UN ( )
UN

5% ( 271)
271 NO2 45% UN

271 ( ) 30% UN

UN UN
UN

(4) UN
UN (UN )
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N
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S
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N
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N

N
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S
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X
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UN ( )
SciFinder

1 S 2 N 2 C ( )

NO
BTH (1,2,3-Benzothiadiazole-7-carbothioic acid, S-methyl ester;

) Tiadinil (N-(3-chloro-4-methylphenyl)-4-methyl-1,2,3-thiadiazole-5- 
carboxamide; )

(SAR) BTH
PR1 (SAR )

UN ( ) SAR (
)

(5) UN
UN

2-Cys -
GSNOR (GLB) (GLP)

XDH
UN (RSNO)

(6) UN
UN Pathway1

( )
NO (O2

-)
(ONOO-) NO2 NO ONOO-

Pathway 2
Pathway 3

Morikawa et al. (2004) 



NO2 NO ONOO-

NO
NO

S- (GSNO) (GSNOR) UN

(7) NOx UN
“NOx ” NOx

(
) (Nicotiana plumbaginifolia

) NOx ( NOx ) NOx

(+NOx ) (4 2.5 ) +NOx
NOx 1.5-2.0

(C, N, S, P, K, Ca, Mg)
+NOx NOx 1.5-2.0 NOx

N NOx

N N (3 5%) NOx N
PCR NO2

CDK
NO2

UN UN
UN

(1)

15NO2  (TN)  (RN)  (IN) 
15N TN  20-40% RN  IN  (UN

) 10  (
)

 UN 20-50 mM 15N
 20-40%  UN 

UN  (UN )

(UN )

(NO)

(1) G: UN
( G)

(2) G: ( G)
(3) G: UN UN

( G)



(1) UN 15N 15N
/

/

(2)

(3) UN NO2

N UN

(4) UN UN : ( ) S-

(5) UN UN
UN UN

(1) UN U ( )

( )

UN

UN

(2) NOx
“NO2 ” UN

( )
PCR

UN NO2
CDK

UN

(3) UN
UN NO2

UN



NO2 NO ONOO-

UN UN

 (2)



3

3.1

3.1.1 UN
3.1.1- (1)

UN 4W 0.1 ppm 4
ppm 15NO2 (4h)

(1) UN ( )

UN = TN - (RN + IN) (1) 

UN 2W 15NO3 1/2MS 2D
14NO3 10D 2D 7D 12D

(1) UN

1/3 UN

3.1.1- (2)
1/2MS 4W (C24) 4 ppmNO2 4

UN NO2
UN UN

ammonia 
amino acids 
amines 
proteins 
nucleic acids

15NO2

15NO2
14NO2

14NO2

Fumigation
Kjeldahl digestion

NH3

N2

Oxidation / reduction

NH3

Mass spectrometer



UN
UN

N N N N N O NO2

1,2,3 SciFinder

1,2,3 ( ) 1,2,3

UN

( )

UN

UN

UN



3.1.2 UN
3.1.2 - (1)

NOx NO NO2

UN UN
UN

NO2
NO2

3.1.2 - (1) - (a)
NO2

 Enzyme-linked immunosorbent assay (ELISA) 
NO2
SDS PAGE

ELISA
NO2

NO2

. ELISA



3.1.2 - (1) - (b)

NO2

A
0.8

SYPRO-Ruby B MALDI-TOF MS

PSII PsbO T2, T3, T7
PsbP T4, T5, T8, T10 pI7-11 Tyr

PsbO PsbP PSII PsbQ

PsbO PsbP
PsbO PsbP
PsbO PsbP PsbO PsbP NO2

NO2
PSII PsbO PsbP

NO2

2,5-dimethyl-1,4-benzoquinone (DMBQ)

3.1.2 - (2)

NO2
PsbO PsbP

.NO2

.(A)
( Tyr ), (B)SYPRO Ruby
.( )



3.1.3 NO2

3.1.3 - (1)

3.1.3 - (1) - (a) 15NO2

5 15NO2 8
HPLC

15NO2
15NO2

A
A UV 400-500 nm -carotene UV

A EA-MS
15N

A
-carotene

HPLC

A



3.1.3 - (1) - (b) TNM
(  TNM

HPLC
Rt

TNM
-carotene

3.1.3 - (1) - (c)
, LC-MS

Rt 17 minni UV 450 nm
MS m/z 581

A

3.1.3 - (1) - (d) Nitro- -carotene
A -carotene

nitoro- -carotene -carotene TNM
30 HPLC A
Rt HPLC
HPLC A

nitro- -carotene ESI-MS m/z 581 -carotene

NMR 4
4-nitro- -carotene

nitro- -carotene

nitro- -carotene

Nitoro-carotene HPLC



4-Nitro- -carotene

A HPLC MS
4-Nitro- -carotene A 4-Nitro- -carotene

3.1.3- (1) - (e) 15NO2 HPLC
15NO2 100mg 1.5ml

1.2ml
50 3

180mg
10300g 1

5ml
1ml HPLC HPLC ,

Column: 
Hewlett-Packard ZORBAX SB-C18 (4.6 mm i.d.×25 cm) 

Mobile Phase: 
Solvent A: 1% H3PO4 + 5% AcN + H2O
Solvent B: 1% H3PO4 + 95% AcN + H2O
Sol. A : Sol.B = 80 : 20  10 : 90 

3.1.3- (1) - (f) TNM HPLC
1.5ml 20mg DW 400ml TNM 4ml

100mg
TNM

1.4ml 50
3

180mg
10300g 1 5ml

1ml
HPLC

3.1.3- (1) - (g) LC-MS
15NO2 100mg 1.5ml



1.2ml 4 3

180mg 10000g 1
5ml

1ml LC-MS

3.1.3- (1) - (h) nitro-carotene
-carotene 1.2 mg 50 ml 1.0 ml

TNM 5ml 5
25 TLC

4 1 TLC  HPCL
Rt 17 min

1H-NMR(CDCl3): d 0.89 ( s, 3H ), 1.09 ( s, 3H ),1.17 ( s, 6H ), 1.37 ( m, 2H ),1.41 ( m, 2H ), 
d 1.70 ( m, 2H ) , 1.73 ( s, 6H ), 1.77 ( m, 1H ), 1.90 ( m, 1H ), 1.99 ( s, 12H ), 2.06 ( t, 2H, J= 6 
Hz ), 4,92 ( t, 1H, J= 5 Hz ), 6.18 ( d, 2H, J= 10 Hz ), 6.24 ( d, 4H, J= 17 Hz ), 6.36 ( d, 2H, J= 
15 Hz ), 6.42 ( d, 2H, J= 10 Hz ),6.62 ( m, 2H ), 6.94( dd, 1H, J= 10 and 15 Hz ). 

3.1.3- (1) - (i) LC-MS
200mg 1.2 ml 50 3

180mg 10000g 1
5ml

1ml LC-MS

3.1.3- (2)

NO2

NO2

4-nitro- -carotene 4-Nitro
-carotene -carotene NO2

4-nitro-
-carotene

-carotene
-carotene

4-nitro- -carotene NO2

-carotene
NOx

3.1.4
3.1.4- (1)

·NO2 NO3
–

UN -
-



·NO ONOO–

 UN 

3.1.4- (1) - (a) 2-Cys
 ONOO–

 UN 
 ·NO2  NO3

–  ·NO ·O2
–

·NO + ·O2
–  ONOO–

 2-Cys 
2CPrx in vitro  ONOO–

2CPrx  Cys 
 Cys 

H2O2

 2CPrx  Cys 
 ONOO–

 Cys 
11  2CPrx 

·NO
 2CPrx 

ONOO–

 UN 12

RSH  2CPrx 



Morikawa et al. (2004) 

3.1.4- (1) - (b) -
- RSNO –SH  ·NO -

–SNO UN
 RSNO -

GSNO  ·NO ·NO

GSNO GSNOR GSNOR
 RSNO 

GSNOR  RSNO  T-DNA 
GSNOR  RSNO 

·NO2 UN
 RSNO GSNOR  RSNO 

 UN RSNO UN
GSNOR  UN 

12
 ·NO2  NO3

–

GSNOR

RSNO UN

3.1.4- (1) -(c)



class I class II truncated hemoglobin

AtGLB1 AtGLB2 AtGLB3 POX
NO2

– ·NO2

2NO2
– + H2O2 + 2H+  2H2O + 2·NO2

 NO2
–  UN  ·NO2  POX 

NO3
–  UN 

12 ·NO2 AtGLB1
 AtGLB2 AtGLB3

13  ·NO2

NO3
–  NO2

– 13

 ·NO 
·NO2

3.1.4- (1) - (d)
UN  ·NO2

·NO 
·NO2

·NO2

 (Rhododendron mucronatum)
GLP GLP 



GLP RmGLP1, RmGLP2  ·NO2  ·NO2

14
 RmGLP2 

 H2O2

RmGLP2  ·NO2

 H2O2

GLP 

3.1.4- (1) - (e)
XDH

 NO2
–  ·NO UN

 XDH 
RNAi  XDH 15 XDH

·NO

3.1.4- (2)
UN

·



 UN

 ·NO 

 ·NO 

 GSNOR 

3.1.5 UN
3.1.5- (1)

3.1.5- (1) - (a) SAR
UN 1)  (

)  ( )
 ( )

 NOx “ ”
UN NOx

UN
 SAR UN

benzo(1,2,3)thiadiazole-7-carbothioic acid (BTH) 
 (3’-chloro-4,4’-dimethyl-1,2,3-thiadiazole-5-carboxanilide; )

(systemic acquired resistance, SAR) 

 RNA  PCR SAR
 PR1 PR2 PR5 16

PR-1 PR-2 PR-5

H
2O

0.
25

m
M

 

0.
5m

M
 

1 
m

M
 

H
2O

0.
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m
M

 

0.
5m

M
 

1 
m

M
 

H
2O

0.
25

m
M

 

0.
5m

M
 

1 
m

M
 



PR1  PR2 PR5 
 SAR 

3.1.5- (1) - (b) UN
 UN 

 (0.1 N 1.0 N HCl, 0.1 N )
NOx

NOx  (NOx
) NOx  (<5 ppb, NOx) 

UN  1/2 MS  (2
/ ) 1/2 MS  ( pH  UN )

4

UN
3 7 9 (

17) 2 ( 18) UN
B

( ) NOx
 UN 



3.1.5- (2)

3.1.6 NOx
3.1.6- (1)

NO2

 NOx (NO  NO2)
C, N, S, P, K, Ca, Mg ( , )

NOx
1)  NOx 

(1:1, v/v)
100 ppb NO2

+NOx <5 ppb NO2
-NOx

HNO3 : HClO4

ICP-MS model 8500, Shimadzu, Kyoto, Japan S P K Ca Mg
C N NO2 EA-MS

19 NOx
C N S P K Ca Mg +NOx

-NOx 1.7 19 +NOx NO2
NO2

NOx

+NOx -NOx
+NOx  -NOx  1.5 

 42.2 ± 3.6 μm (-NOx) 41.6 ± 5.4 μm (+NOx) 
 1.5 

NOx



+NOx -NOx RNA
NOx PCR ( 20)

CDK

NOx

2000

1500

1000

0

500

-N
O

x
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0

C
YC

B1
;2

C
YC

B1
;4

C
YC

B2
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C
YC

D
2

C
YC

D
3;

2

C
YC

D
5;

1

C
YC

D
7;

1

C
D

KB
1;

2

C
KL

11

C
KL

12

C
KL

14

SD
S

TR
Y

-NOx
+NOx

***

*

* ** **

*

* *

*

*
*

(* p<0.05, ***p<0.01 )

(n=3)

EX
PA

7

EX
PA

10

EX
PA

25

EX
PA

16

EX
PA

17

E
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B5

E
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B2

EX
PA

18

EX
PA

21

EX
PA

19

2000

1500

1000

0

500

-N
O

x
10

0

-NOx
+NOx

***

*

****

*

*

*

* **

(* p<0.05, ***p<0.01 )

(n=3)



3.1.6- (2)

CDK
RNAi

NOx
NOx

NOx

NOx

3.2
H16 )

3.2- (1)

NO2

HNO3 NO NO
ONOONO HNO2

(O2
.-)

(ONOO-)
NH4

+

NO2 NO3
-

15N- NO2

NO2 1/3
Unidentified nitrogen compounds; 

UN UN
NO2 NO2



NO2

NO2 UN
UN

3.2- (1) - (a)

NO2 Arabidopsis thaliana
Arabidopsis thaliana UN

1H- 13C- 15N-NMR UN

UN 21
UN A

B UN Mass NMR
UV IR

3.2- (1) - (b)
3.2- (1) - (b) - (i) UN

A 4 ppm 15NO2 Arabidopsis 
thaliana Arabidopsis thaliana Milli-Q

Q-Sepharose
Dowex 50W UN 50 70%

15NO2(4ppm,4h)

21 UN



UN 1H-NMR 1H-1H COSY EI- CI-
FAB-Mass GABA

1D-1H-NMR
pH

1H-1H COSY

2-1,2,3- 1

FAB-MASS -MASS
1

1

NN

S
X

O

NO2 UN
1H-NMR

GABA
UN

B Q-Sepharose
MCIgel Accell Plus CM

UN
Dowex 50W TOSOH ODS80Ts HPLC

1H-NMR 1H-1H COSY Mass
N- 10

UN N-

UN

3.2- (1) -(b) -(ii)
i) 2-1,2,3- 1

1,2,3-
2-1,2,3- SciFinder

Chemical Abstracts

NN

S
X

2



1  –S-N=N- 

1,2,3- -4-
C=C

1 1 25
C=C 6

1 C=C

Sm - I2

1,2,5-
5

1,2,5-
lissoclinotoxin F

1,2,3-

1 1,2,3-

1,2,3- -4-

NN
S

H

CO2C2H5

S
CO2C2H5

S
S

S
S S

CO2C2H5

CO2C2H5

CO2C2H5

CO2C2H5

S
CO2C2H5. . ..

x 3
CH2=CHCO2C2H5

- N2
+

4 5

NN
S

NN
S

H

CO2C2H5
CO2C2H5HN

CO2C2H5

NH2

CO2C2H5

CH3 N

CO2C2H5H3C
O

SOCl2NHCO2C2H5 [H}

3 4

+

Cl
S

NN
S H

CO2C2H5
OO

O Cl NN

O
+ RNHNHR

46



1,3-
1,2,3- 1

S- S-

1,3-

-2- ( ) 3- -4,4- -2-
1,2,3-

S- N-

-2-
N- - - -

S-N
1

J. Heterocyclic Chem. 2002, 39, 487 S-N
1,2,3-

CO2H

NH2HS NaNO2

- H+, - N2

S

CO2HCO2H

NHS
N

+

aq-HCl
9

S

C4H9S

N

CO2CH3

Br S

C4H9S

BocON=N

CO2CH3

Br S

CO2CH3

BrS

C4H9S

BocHN

CO2CH3

Br

S
N
N

Boc

O=N

HNO2

- C4H9OBoc

S
C

NN
S

H

CO2C2H5

CO2C2H5
H

H
[3+2]

+ N -=N+=CH

7 8 4



ii) N- 10 ( )

N

NO

3.2- (2)

NO2

N2O4 80%
NO2 N2O4

HNO3 NO
HNO3 HNO2

NO2 NO
NO2 NO2 N2O4

[NO+NO3
-]

2 NO2   [O2NNO2   ONONO2]   [NO+NO3
-]

NO2

 1.5 eV
[NO+NO3

-]

N- S- C-
C- C-

NO2

NO2

N-
S-

NO2

-

-
NO2

10



a) 2-1,2,3-  ( )

b) N- ( )

c)
UN NMR

UN
NO2

ONOO-

pH
pH 7

NaN3

NaOONO pH 7 Na2HPO4/NaH2PO4

1:1.0 1:1.2 1H-NMR in situ

S- N- UN

NOBF4

2.8 3.4 ppm AB
dd UN

21%
3-

3- -
3,5- 16 17

UN 3- - 3,5-

OH

CH(NH 2)CO2H

OH
NO2

CH(NH 2)CO2H CH(NH 2)CO2H

OH
O2N NO2

ONOO-

D2 O

+

16 17

ONOOH

[NO2
. / . OH] NO2

.    +  . OH

[NO2
+ /  -OH] NO2

+     +  - OH

[NO . / . OOH] NO .     +  . OOH

[NO + / - OOH] NO +     +  -  OOH



NaNO2/ N-
N- N- N-

N- N- -2-
UN 1H-NMR

pH 7
18

[2,3-b] 19 18
N-Boc

-3-

UN

( )

15NO2 Arabidopsis thaliana Arabidopsis thaliana
Milli-Q A UN

UN
1

B UN UN N-

UN
UN NO2

N
H

NH2

CO2H

N
H

NH2

CO2H

N
H2

NH2

CO2H

N

NH2

CO2H

N
H

NH2

CO2H

N
H

NH2

CO2H

N
H

N
H

NH2

CO2H

HO

OH
O

HOHO

O OH

HO

OH

NH

CO2H

18

19

+

ONOO- H2 O

- H2O

- H2O



in situ
1H-NMR

UN

1 1,2,5-
Org. Biomol. Chem., 2004, 2, 2870-2873

3.3

3.3- (1)

3.3- (1) –(a) 1.
UN

UN

3
50ppmNO3 N 1

UN

N NO3-N, UN
22

UN 0.33 ~ 1.83, 0.76 ~ 4.81 gN/mgDW
UN/ N 2.2 ~ 9.0,

5.1~ 15.0%
23

UN N
UN



50,
1600ppmNO3-N 7 1
-N, -N NO3-N NO2-N UN

N N
N -N

UN N -N 3
N

UN -N
UN 50 ppmNO3-N

1600ppmNO3-N UN/ N
N

N UN
UN N N

N



3.3- (1) - (b) 2.

UN
UN

4
2 70L

0 50 1600 2200 2800 3200ppmN
2

pH 5.8 6.0

14 28 1600ppm
14 28 2200 2800ppm

14 1600ppm 28 50ppm
N

N -N
UN

-N 2800ppm
N 0 50ppm  N

2800ppm N/ N 0 50ppm
1 2800ppm 25 40 UN

UN/ N 28 14 22,23
18 32 35

N UN

UN N
UN N N

N NO3 N NO2 N NH4 N
50ppmN 400ppmN 11

N UN
NO2 NO3 NH4

N N UN

UN gN/mgDW UN/ N 13.5%
UN 24 UN

50ppmNO3-N NO2 NH4

NO2 NO3 NH4

UN N



UN
UN 0 50ppnM
(100~3200ppmN)

UN
4

0, 50, 1600, 2200, 2800 and 3200 ppmN 14 28
N UN

0, 10, 50, 100, 800, 1600 ppmN

SOD MDA
N

N
N UN

UN N (
22,23)

DAH N 25 GSSG
GSSG:GSH 26 SOD,MDA

27,28
29 N UN

NO3 N





3.3- (1) - (c) 3.

UN
UN

6 Ovis aries
1 2 1 100g

1 200g
Ca(NO3)2 4H2O 1 10g

1 2 2

80�
N, N, N,UN

2 2004 2006

1 Gallus gallus domesticus
1

50g/ 6 6
KNO3 1 2.1g/

1

80 N,
N, N,UN

N gN/ mg
30 UN gN/ 

mg N UN
Ca(NO3)2

( 30) Ca(NO3)2

UN
NO3-N

UN% 3
UN

UN%

4
UN

UN



UN KNO3 31
NO3-N

UN
UN

3.3- (2)

UN
UN N

UN UN

UN

UN UN



3.4  (
H17—)

3.4- (1)

15N 1/3
UN UN

2-1,2,3-

2-1,2,3-

2-1,2,3-
BY-2 bright yellow 2

BY-2

NADH
LC-MS 2-1,2,3-

NMR

2-1,2,3-



BY-2 bright yellow 2 BY-2

BY-2 LS 100 mL LS 2 mL 
80

PD-10
100 30

10 mM 60 L
BY-2 0.8 mg / ml 85 L NADH(6 mM) NADPH(6 mM) 5 L

30 30

DMEQ-H 

Takagi  (Chromatography p85-90. Vol 22, 2001) 

DMEQ-H ( ) 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide  (WSC)

 (NADPH +  +  NADPH +  +
 NADH +  +  NADH +  +

buffer + )  20 μl 

 1 μl 
4% /EtOH 1 μl 
50 mM DMEQ-H/DMF 1 μl 
0.2 M WSC/H2O 

1. 37°C 1 h 
2. 15 mg SCX 
3. 500 μl MeOH 
4. 500 μl H2O 
5.
6. 27 μl  H2O 
7. 100 μl  MeOH 
8. MeOH 
9. 30 μl  H2O 
10. 15 μl  LC-MS 



Trimethyksilyldiazomethane

DMEQ-H
(1)
(2)  DMEQ-H 

Trimethyksilyldiazomethane (0.6 mol/L in n-hexane) ( )

1.  (NADH +  + )  (NADH +  +
)  20 μl 

2.  1 μl 
3. 10 μl  MeOH 
4. 40 μl 
5. 25 μl 
6. 30 min 
7. 125 μl  MeOH  12000 rpm 10 min 
8. 15 μl LC-MS 

5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Time19

100

%

21

100

%

18:00:50  14-Dec-2005

5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Time19

100

%

21

100

%

051214-(D)-SCX-15mg-MeOH 4: SIR of 1 Channel ES+ 
421.13
5.00e4

42.62
5.15

5.03

4.433.04
0.99

42.29
41.93

30.89
30.4026.18

6.48 16.837.20
14.0812.63 21.3518.67 24.97 28.14

31.46 35.65 41.5437.10

43.35

43.74
44.49

48.32 51.67 53.24
57.7755.93 58.76

051214-(C)-SCX-15mg-MeOH 4: SIR of 1 Channel ES+ 
421.13
5.00e4

42.41

5.18

4.49

3.94
3.130.11

41.99

41.84

30.735.90
30.468.32

8.83 30.19

41.60
31.10
31.40
32.48 41.23

37.55

42.92

43.32

43.77

44.49
47.09 51.3149.32 53.12 55.17



LC-MS

0.01%  : MeOH = 70 :30 
 0.5 ml/min 

SIR  (  367 nm  445 nm) 

m/z 421.13 -DMEQ-H
m/z 419.11  –DMEQ-H
m/z 307.14  DMEQ-H

3.4- (2)

BY-2
2-1,2,3-

NADH LC-MS
2-1,2,3- NMR

2-1,2,3-

2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50 30.00 32.50 35.00 37.50 40.00 42.50
Time7

100

%

7

100

%

06:51:15  28-Feb-2006
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