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U n i v e r s i t y  of C a l i f o r n i a  
Berkeley,  C a l i f o r n i a  94720 

ABSTRACT 

A method f o r  s e p a r a t i n g  14C-labeled m e t a b o l i t e s  ( i n c l u d i n g  
key i n t e r m e d i a t e s  of t h e  g l y c o l a t e  pathway) from p l a n t  e x t r a c t s  
by t h i n - l a y e r  chromatography i s  r e p o r t e d .  The ethod p rov ides  
f o r  r a p i d  and conven ien t  d e t e r m i n a t i o n  of t h e  “C-content of 
m e t a b o l i t e s  i n  leaf samples o b t  ned d u r i n g  k i n e t i c  i n v e s t i -  
g a t i o n s  of pho tosyn thes i s  w i t h  “C02. 

INTRODUCTION 

A r e c e n t  p u b l i c a t i o n  from our l a b o r a t o r i e s  d e s c r i b e d  paper 

chromatographic  (PC) so lven t  systems f o r  s e p a r a t i n g  g l y c o l a t e  

pathway i n t e r m e d i a t e s  from l e a f  e x t r a c t s  ( 1 ) .  These sys t ems ,  
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240 P U T T  AND RAND 

a long  with an a d d i t i o n a l  PC s o l v e n t  system, have been used i n  

s e v e r a l  i n v e s t i g a t i o n s  t o  de t e rmine  t h e  e x t e n t  of 14C- 

accumulat ion 1.11 varlour p l a n t  m e t a b o l i t e s  du r ing  p h o t o s y n t h e s i s  

w i t h  I4CO2 (2-4).  

t o  t h in - l aye r  chromatography (TLC). The TLC procedure u t i l i z e s  

a r e c e n t l y  developed dev ice  f o r  c o l l e c t i o n  and t r a n s f e r  of TLC 

zones i n t o  s c i n t i l l a t i o n  v i a l s  f o r  coun t ing  ( 5 )  ard has s e v e r a l  

advantages over PC. For many i n v e s t i g a t i o n s ,  i t  may o b v i a t e  

t h e  need f o r  a d d i t i o n a l  s e p a r a t i o n  p rocedures  ( t h i n - l a y e r  

e l e c t r o p h o r e s i s ,  g a s  chromatography, and l i q u i d  column chromato- 

graphy) which have been used i n  the i s o l a t i o n  of l a b e l e d  

m e t a b o l i t e s  from pho tosyn tha te  ( 1 ,  6-9). The t echn ique  used is 

advantageous re l a  t i v e  to p r  ev i o  us1 y d e s  cr i bed photos  yn t ha te 

f r a c t i o n a t i o n  methods ( 1 , 9 , 1 0 )  as i t  s e p a r a t e s  g l y c i n e  from 

s e r i n e  and i s o l a t e s  g l y c o l a t e  under b a s i c  c o n d i t i o n s  w i t h o u t  

l o s s e s  due t o  i t s  v o l a t i l i z a t i o n .  

We have now adapted t h e  s o l v e n t  systems 

MATERIALS AND METHODS 

Rad ioac t ive  S tanda rds  

14C-labeled g l y c o l a t e ,  g l y c i n e ,  s e r i n e  , mala te  and c i t r a t e  

were purchased from New England Nuclear  (Boston, Mass.), Bio- 

chemical and Nuclear Corp. (Burbank, C a l i f  .) and Amersham 

( O a k v i l l e ,  Ont . , Canada) . 
P r e p a r a t i o n  of l4C-labeled P l a n t  E x t r a c t s  

A l f a l f a  p l a n t s  (Medicago s a t i v a  L.,  va r .  E l  Unico) were 

grown, l e a f l e t s  s e l e c t e d ,  leaf d i s c s  prepared and exposed t o  
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14C-LABELED METABOLITES FROM PHDTOSYNTHATE 241 

1 4 C 0 2  a s  d e s c r i b e d  p r e v i o u s l y  ( 4 ) .  P h o t o s y n t h e t i c  a s s i m i l a t i o n  

by t h e  l e a f  d i s c s  of l 4 C O 2  (0.038%, s p e c i f i c  r a d i o a c t i v i t y  30.2 

pCi/pmole) i n  a i r  (20% 02) occur red  a t  2400 f t - c  and 27°C 

Fol lowing pho tosyn thes i s  t h e  samples were f r o z e n  and ground i n  

l i q u i d  n i t r o g e n .  The l e a f l e t  powder w a s  e x t r a c t e d  w i t h  80% aq. 

e t h a n o l ,  20% e t h a n o l ,  and w a t e r ,  and t h e  e x t r a c t s  were combined 

as d e s c r i b e d  p r e v i o u s l y  ( 4 ) .  

Chromatography Equipment and Genera l  P rocedures  ' 

TLC p l a t e s  (20 cm x 20 cm) coa ted  w i t h  a 250 ,,m l a y e r  of 

MN 300 c e l l u l o s e ,  were purchased from A n a l t e c h  Inc.  (Newark, 

Del.) .  A band of c e l l u l o s e ,  ca. 3 mm wide ,  was sc raped  from 

t h e  l e f t  and r i g h t  edge of t h e  p l a t e s  i n  o r d e r  t o  make t h e  

l a y e r  uniform. A l e a f  d i s c  e x t r a c t  (20-,1 a l i q u o t  p l u s  added 

carrier s o l u t i o n ,  as needed)  was a p p l i e d  t o  a c o r n e r  (1.7 c m  

from both edges )  of t h e  p l a t e  u s ing  a d i s p o s a b l e  m i c r o p i p e t t e .  

The e x t r a c t  was d r i e d  i n  an a i r  s t r eam at room tempera tu re .  

P l a t e s  were developed i n  a m u l t i - p l a t e  Desaga TLC deve lop ing  

t a n k  (Brinkmann I n s t . ,  Westbury,  N.Y.). As many as seven p l a t e s  

can  be developed s i m u l t a n e o u s l y  i n  a s i n g l e  tank.  S o l v e n t s  were 

p laced  i n  t h e  t anks  approx.  15 min p r i o r  t o  i n s e r t i o n  of t h e  

p l a t e s  , and development was al lowed t o  c o n t i n u e  u n t i l  t h e  s o l v e n t  

had reached t h e  t o p  of t h e  p l a t e .  Fol lowing development,  p l a t e s  

were d r i e d  o v e r n i g h t  on p l a s t i c  r acks  (Analabs Inc . ,  North Haven, 

Conn.) i n  a hood. S h o r t e r  d ry ing  p e r i o d s  a r e  s u f f i c i e n t  i f  t h e  

s o l v e n t s  do not  c o n t a i n  phenol.  When d r y ,  t h e  c o r n e r s  of t h e  
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242 PLATT AND RAND 

p l a t e  were marked wi th  r a d i o a c t i v e  i n k  ( i n k  p l u s  any a v a i l a b l e  

14C-labeled compound). The p l a t e  w a s  covered w i t h  a t h i n  f i l m  

of p l a s t i c  (Sa ran  Wrap) and l a b e l e d  p roduc t s  were l o c a t e d  by 

r ad ioau tography  ( 4  t o  5-day exposure )  ( 1 1 ) .  

TLC Zone R a d i o a c t i v i t y  De te rmina t ion  

The chromatogram was p l aced  on a l i g h t  box and o v e r l a i d  

with t h e  radioautogram, us ing  t h e  c o r n e r  marks f o r  a l ignmen t .  

The o u t l i n e s  of zones t o  be c o l l e c t e d  were t r a c e d  th rough  t h e  

radioautogram on to  t h e  TLC l a y e r  by p r e s s u r e  w i t h  a b a l l p o i n t  

pen ( 1 2 ) .  The zone o u t l i n e  m a t e r i a l  was sc raped  l o o s e  from t h e  

p l a t e  using a n e e d l e ,  c o l l e c t e d  by s u c t i o n  ( 1 3 ) ,  and t h i s  

m a t e r i a l  was d i s c a r d e d .  

The c e l l u l o s e  adso rben t  i n s i d e  t h e  o u t l i n e s  was q u a n t i t a -  

t i v e l y  c o l l e c t e d  and t r a n s f e r r e d  i n t o  s c i n t i l l a t i o n  v i a l s  u s ing  

t h e  dev ice  shown in F i g .  1 ( 5 ) .  A d i s k  of Whatman GF/A g l a s s -  

f i b e r  f i l t e r  paper  was h e l d  on t h e  f r i t t e d  d i s k  by s u c t i o n .  A 

zone was scraped l o o s e  from t h e  p l a t e  w i t h  a s c a l p e l  b l ade  and 

t h e  c o l l e c t o r  w a s  he ld  over  t h e  loosened a d s o r b e n t .  The a i r  

f low through t h e  g l a s s - f i b e r  f i l t e r  was s t r o n g  enough t o  c a u s e  

t h e  adso rben t  t o  adhe re  t o  t h e  f i l t e r .  The bottom of t h e  

c o l l e c t o r  was i n s e r t e d  i n t o  t h e  mouth of a l i q u i d - s c i n t i l l a t i o n  

v i a l  and i t s  v a l v e  was c l o s e d .  With the s u c t i o n  s h u t  o f f ,  t h e  

a d s o r b e n t  and f i l t e r  f e l l  t o  t h e  bot tom of t h e  v i a l .  The 

c o l l e c t o r  w a s  now ready  f o r  u s e  w i t h  t h e  n e x t  sample,  no 

c l e a n i n g  be ing  r e q u i r e d .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



14C-LABELED METABOLITES FROM PHOTOSYNTHATE 

TO VACUUM t 

6 m m  OD 

9 )  I I I  

1 
O-RING %;ID X %;OD 

FRITTED 
GLASS DISK 

FIGURE 1 

Zone collector and transfer device for thin-layer 
chromatography. 

The samples were eluted from the sorbent by adding 5 ml 

H 2 0  to each vial and then shaking them in a water bath at 30°C 

for 1.5 hr. This was followed by addition of 15 ml Aquasol 2 

(New England Nuclear, Boston, Mass.,), thorough shaking, and 

scintillation counting. Alternatively, an aliquot of eluent 

could be counted and the remainder of the sample used for other 

purposes. The counting efficiency (ca. 70%, determined by 

adding a 14C-toluene standard) was not significantly changed by 

the presence of the filter and adsorbent in the vials. 

24 3 
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244 PUTT AND RAND 

Solvent System I 

Most metabolites of interest were separated in a single 

two-dimensional thin-layer chromatogram. In the first dimen- 

sion, we used a modified version of the phenol-water-acetic 

acid-ethylenediaminetetraacetic acid (EDTA) solvent (11,14,15) 

previously described for the PC analysis of photosynthate. The 

modified solvent was prepared as follows (1): Seven liters of 

aq. phenol (ca. 88%,w/w), 3 1 of water, and 50 g of Na2C03 

were stirred overnight. After the layers had separated, 8 1 

of the lower phenol phase were siphoned off. Glacial acetic 

acid was added to it until the pH was in the range 4.1-4.4. 

(The pH of the .phenol phase was determined by testing the pH 

of the upper water layer resulting from mixing a small aliquot 

of the phenol phase with an equal volume of distilled water.) 

About 400 ml of the acid were required. After pH adjustment, 

2 ml of 0.5 M EDTA solution were added per liter of final 

phenol solution. 

In the second dimension, we used a solvent prepared by 

mixing equal volumes of 2-butanol-water (370:25) and of pro- 

pionic acid-water (180:220) (14). 

Development with each solvent required from 5-7 hr. A 

typical radioautogram, prepared from a thin-layer chromatogram 

developed with this solvent system is presented in Fig. 2. For 

comparison, a paper chromatogram (Whatman 1 paper, 57 cm x 46 

cm, 100 y1 aliquot of the same extract) developed for 24 hr in 

each direction with the same solvents is also shown. 
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14C-LABELED METABOLITES FROM PHOTOSYNTHATE 245 

The locations of most metabolites were ascertained by 

adding them in unlabeled form to the alfalfa extracts prior to 

chromatography. The carrier compounds were then detected on 

the chromatogram by standard chemical tests: amino acids by 

ninhydrin, sugars and glycerate by AgN03 followed by NaOH, and 

phosphorylated compounds by Benson's method (16). Malate and 

citrate were collected and eluted from the TLC plates. Their 

identity was established by rechromatographing the eluted 

materials in three solvent systems (pH 4.1 phenol-acetic acid- 

water-EDTA (l), butanol-propionic acid-water (14), and ethyl 

acetate-formic acid-water (17)) and checking their mobility 

against that of the authentic 14C-labeled compounds. 

Solvent System I1 

Glycine and serine were separated with a solvent system 

previously described for PC ( 1 ) .  Prior to chromatography, 0.67 

umol of carrier glycine and 0.48 urn01 of carrier serine were 

added to each aliquot of leaf extract. 

developed with the phenol-water-acetic acid-EDTA solvent 

described above (5-7 hr). For the second dimension, ethyl 

acetate-formic acid (85%)-water (7:2:1) (17) was used (ca. 2 hr). 

Products were located as described above. Glycine and serine 

recoveries were determined by TLC of authentic 14C-glycine and 

l4C-serine, both alone and in mixture with alfalfa extract. A 

typical radioautogram is shown in Fig. 3 .  

The TLC plate was first 
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246 PLATT AND RAND 

ALFALFA: PC 

ALFALFA: TLC 

Ala 

GI x 

F6 P 

UDPG 
5 cm 

c-----c 

Malt 
5 cm - 

t 
G L 

; 
V 
4 

-PhOH: HOAc: H,O, 6hr. w m - 
A la Glyc 

Fruc 

A Glx 

sue 

f6 P 

c----- PhOH: WOAc: H,O, 24hr. 
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“C-LABELED METABOLITES FROM PHOTOSYNTHATE 247 

Solven t  System I11 

G l y c o l a t e  w a s  s e p a r a t e d  from t h e  p l a n t  extracts as fo l lows :  

Carrier g l y c o l i c  a c i d  (0.013 umol) was added t o  t h e  a l i q u o t s  of 

e x t r a c t  b e f o r e  t h e y  were a p p l i e d  t o  t h e  TLC p l a t e s .  Chromatograms 

were f i r s t  developed (6-8 h r )  w i t h  a s o l v e n t  p repa red  by mixing 

754 m l  of aq .  phenol ,  224 m l  of water, 22.4 m l  of  c o n c e n t r a t e d  

NH40H, and 2 m l  of 0.5 

a d a r k  band, c a .  5 c m  wide n e a r  t h e  s o l v e n t  f r o n t ,  w a s  s c raped  o f f  

t h e  p l a t e  and d i sca rded .  The p l a t e s  were t h e n  developed i n  t h e  

second dimension w i t h  g-butanol-95% ethanol-water-diethylamine 

(80:10:20:1) f o r  4-6 h r  (19) .  A t y p i c a l  radioautogram is  shown i n  

Fig.  4 .  Glyce ra t e  was l o c a t e d  as d e s c r i b e d  above. G l y c o l a t e  

l o c a t i o n  was determined by chromatography of a u t h e n t i c  14C-glycolate 

a l o n e  a s  w e l l  as i n  a mix tu re  wi th  a l f a l f a  e x t r a c t .  I n  o r d e r  t o  

de t e rmine  r ecove ry ,  g l y c o l a t e  TLC zones were c o l l e c t e d ,  and t h e i r  

r a d i o a c t i v i t y  determined as desc r ibed  above. 

EDTA (18) .  When d r y ,  t h e  a d s o r b e n t  i n  

FIGURE 2 

Radioautograms of a two-dimensional t h i n - l a y e r  
chromatogram (TLC) and a paper chromatogram (PC), 
prepared by us ing  So lven t  ystem I. P h o t o s y n t h e s i s  
i n  a l f a l f a  l e a f l e t s  w i th  “C02.  Abbrev ia t ions :  
A l a ,  a l a n i n e ;  Glyc,  g l y c e r a t e ;  Mal, ma la t e ;  C i t ,  
c i t ra te ;  F ruc ,  f r u c t o s e ;  Glu,  g lu t ama te ;  A, s e r i n e  + 
Glyc ine  + Glucose; Asp, a s p a r t a t e ;  PEPA, phosphoe- 
no lpy ruva te ;  Glx,  g lu t amine ;  SUC, suc rose ;  Malt, 
m a l t o s e ;  F6P, f r u c t o s e  6-phosphate; S7P, 
s edohep tu lose  7-phosphate;  G6P, g lucose  6-phosphate;  
PGA, 3-phosphoglycerate;  UDPG, u r i d i n e  diphospho- 
g lucose ;  Dip, sugar  d iphospha te ;  0 ,  o r i g i n ;  PhOH, 
phenol.  
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PUTT AND RAND 

ALFALFA TLC 

Glyc 

Fruc Se r 

5 cm Glue 

SUC 

-I--------------c 

Malt 
m P h O H :  HOAc: H,O, 6hr 

t 

P 
V 
II 

a 

.. 
Lu 
c 
c 
UJ 
a 

FIGURE 3 

S e p a r a t i o n  of g l y c i n e  and s e r i n e  by TLC w i t h  So lven t  
System 11. Radioautogram of two-dimensional t h i n -  
l a y e r  chromato Pho tosyn thes i s  i n  a l f a l f a  
l e a f l e t s  w i th  ";;;. C a r r i e r  g l y c i n e  (0.67 pmol) 
and carrier s e r i n e  ( 0 . 4 8  pmol) added p r i o r  t o  
chromatography. Abbreviat ions:  Gly,  g l y c i n e ;  S e r ,  
s e r i n e ;  g l u c ,  g l u c o s e ;  remainder as i n  Fig. 2 .  

RESULTS AND DISCUSSION 

The TLC t echn ique  d e s c r i b e d  produces e x c e l l e n t  s e p a r a t i o n  

( F i g s .  2 - 4 )  of a w i d e  range of m e t a b o l i t e s .  It is capab le  of  
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14C-LABELED METABOLITES FROM PHOTOSYNTHATE 249 

ALFALFA: TLC 

2 cm 
k--rcl 

PhOH :Ha0 

at 
Qu, z 
d 

FIGURE 4 

Glycolate  i s o l a t i o n  by TLC with Solvent System 111. 
Radioautogram of two-dimensional th in- layer  c h r  
gram. Photosynthesis  i n  a l f a l f a  l e a f l e t s  with 
C a r r i e r  g l y c o l i c  ac id  (0.013 pmole) and labe led  
g l y c o l a t e  (18570 dpm; 11.36 wi /umol)  added p r i o r  t o  
chromatography. 

nt;;;: 

providing s u p e r i o r  r e s o l u t i o n  and s i g n i f i c a n t l y  more compact zones 

t h a n  PC (Fig.  2 ) .  Developing t i m e  is reduced to  approximately 

one-fourth of t h a t  required f o r  the same so lvent  i n  PC: phenol-acet ic  

acid-water-EDTA, 5-7 h r  VS. 24-30 hr  (1 ,14) ;  butanol-propionic 
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acid-water ,  5-7 vs .  24 hr  ( 1 4 ) ;  phenol-water-NH40H-EDTA, 6-8 hr  

V S .  32 hr ( 1 ) ;  butanol-95% ethanol-water-diethylamine,  4-6 hr  

vs .  51 h r  (1);  e t h y l  acetate-formic acid-water ,  2 hr v s .  8 hr  

(1). The e n t i r e  process  from sample a p p l i c a t i o n  t o  s t a r t i n g  the  

radioautography can be accomplished i n  l e s s  than 48 h r .  Average 

recover ies  of 14C-labeled g l y c o l a t e  i n  Solvent  System 111 and 

g lyc ine  and s e r i n e  i n  Solvent  System 11 were i n  excess  of 90%. 

Many e x t r a c t  samples can be s imultaneously chromatographed 

i n  small tanks i n  an ord inary  labora tory  hood. There is  no need 

for  the bulky PC development chambers and the  l a r g e  amounts of 

solvent  used i n  PC. The a l i q u o t s  of l e a f  e x t r a c t  needed f o r  t h e  

TLC s e p a r a t i o n  are smaller than those requi red  f o r  PC. This i s  

because the zones a r e  more compact i n  TLC (Fig.  2 )  and a l s o  because 

s c i n t i l l a t i o n  count ing i s  more e f f i c i e n t  than t h e  Geiger count ing 

technique (ca .  70% vs .  10%) used i n  our l a b o r a t o r y  f o r  eva lua t ing  

paper chromatograms (20 ) .  

The device shown i n  Fig.  1 provides  f o r  simple q u a n t i t a -  

t i v e  c o l l e c t i o n  and t r a n s f e r  of l a r g e  numbers of TLC f r a c t i o n s  

t o  l i q u i d  s c i n t i l l a t i o n  v i a l s  (5 ) .  We have not  found it neces- 

sa ry  to  r e s o r t  t o  the  c e l l u l o s e  a c e t a t e  l a y e r  s t r i p p i n g  technique 

(21 ,22 ) ,  the  time-consuming process  of d i r e c t  count ing of zones 

on t h e  TLC with a Geiger c o u n t e r ,  or the e l a b o r a t e  devices  t h a t  

have been designed f o r  the a n a l y s i s  of r a d i o a c t i v e  TLC o r  PC 

zones (20,23). 

In  conclus ion ,  it may be mentioned t h a t  we have s u c c e s s f u l l y  

appl ied  the procedures descr ibed i n  t h i s  paper to  a f u l l  k i n e t i c  
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14C-LABELED METABOLITES FROM PHOTOSYNTHATE 251 

s t u d y  of p l a n t  metabol ism,  i n v o l v i n g  t h e  s e p a r a t i o n  of a l a r g e  

number of e x t r a c t  samples and t h e  d e t e r m i n a t i o n  of t h e  r a d i o -  

a c t i v i t y  of a wide range 

The a u t h o r s  thank  J 

of m e t a b o l i t e s  ( 2 4 ) .  
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