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pr6sence dans le plasma et son absence dans l'urine, permettent d'envisager qu'il 
est hydrolys6 en partie dans les tissus par une arylsulfatase et que son constituant 
hormonal est d6siod6. 

3. Le r61e probable de ST s est celui d'une forme de r6serve de T3 accessible aux 
cellules apr~s hydrolyse de la liaison ester. 
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S U M M A R Y  

D-[I-14C] and D-[6-14C]glucuronolactone is metabolized by the detached ripening 
strawberry fruit to several six carbon acids including gulonic acid, L-ascorbic acid, 
D-galacturonic acid, and D-glucuronic acid. In addition, one of the acid intermediates 
is decarboxylated to yield free D-xylose from carbons I through 5 and CO 2 from carbon 
6 of D-glucuronolactone. A portion of carbons I through 5 is also utilized in sucrose 
synthesis and in pentose residues of cell-wall polysaccharides. The 14C distribution 
patterns and specific activities of the identified constituents suggest that two pathways 
of glucuronolactone utilization reside in the strawberry. The evidence for these 
pathways is discussed. 

INTRODUCTION 

Tracer studies of the over-all conversion of glucose* ** to ascorbic acid by the detached, 
ripening, strawberry fruit 2, s and by the etiolated, germinating, cress seedling 4 have 
revealed that the six carbon chain is conserved and that C-I of glucose is oxidized 
forming the carboxyl (C-I) carbon of ascorbic acid. The utilization of glucose for 

A preliminary report of this work has been published I. 
** A l abo ra to ry  of t he  W e s t e r n  Ut i l iza t ion  R e s e a r c h  a n d  D e v e l o p m e n t  Divis ion,  Agr icul tura l  

Resea r ch  Service,  U. S. D e p a r t m e n t  of Agr icul ture .  
*** The  pref ixes D a n d  L are  o m i t t e d  in all ins tances  where  the  na tu ra l ly -occur r ing  i somer  is 

men t i oned  and  where  the re  will be no ques t ion  of conf igurat ion.  
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ascorbic acid formation in the strawberry appeared to follow normal processes of 
hexose phosphate metabolism 5-7. 

We have, however, confirmed the existence of a path  of conversion from 
glucuronolactone (GL) to ascorbic acid in the strawberry that  corresponds to the 
stereochemical requirements of the scheme described by  ISHERWOOD, CHEN AND 
MAI'SON s. EI-14C]GL was converted, in part,  to ascorbic acid labeled almost ex- 
clusively in C-63. This finding has prompted a more detailed study of the metabolism 
of GL. 

EXPERIMENTAL 

Materials and methods 
EI-14C]GL was synthesized chemically from EI-14C]glucose 9. E6-14CIGL was 

prepared from E6-14C]sodium glucuronate obtained from Dr. H. S. ISBELL, National 
Bureau of Standards, Washington, D. C. Both lactones were purified just prior to use 
by  paper chromatography. 

Field grown strawberries (Fragaria, variety Shasta) were harvested in the early 
white stage of ripening on July 21, 1958. The stems were cut under water and kept 
thus until placed in the radioactive solutions. After the radioactive material had been 
taken up by  the berries (0.4 ml), water was added to keep the cut stems immersed 
until the respiration study was completed (41 h). At the end of this time, both berries 
were red and had gained 0.6 g. The respired CO2 was trapped in N NaOH. 

Separation o/ berry constituents and degradation procedures 

The methods of separation and isolation of the carbohydrate constituents have 
been described previously 2, 5, 7. A slight modification was introduced in the method by  
which ascorbic acid was eluted from the Dowex I (formate) exchange column in order 
to reduce the contamination of ascorbic acid with other labeled acidic products of GL 
metabolism 2, 7. The berry acids from the ethanol-soluble fraction that  remained on the 
Dowex i (formate) (I × IO cm, 200-400 mesh, medium porosity) were eluted with a 
gradient of 0.02 ~ 0.06 N formic acid that  consisted of a reservoir of 500 ml of 0.06 N 
formic acid which flowed through a mixing chamber containing 200 ml of 0.02 N 
formic acid onto the top of the resin column. After 500 ml of eluate had been collected 
in 5-ml fractions, 200 ml of 3 N formic acid was added to the reservoir and an 
additional 200 ml of eluate collected. Finally, 35 ml of 6 N formic acid was added 
directly to the top of the column and collection of fractions continued until the 
column was dry. 

Galacturonic acid from the fungal pectinase hydrolysate of the 70 % ethanol- 
insoluble portion of the strawberries was also recovered using the anion exchange 
column and formic acid gradient just described. 

All carbohydrate constituents scheduled for degradation were first recrystallized 
until there was no further change in radioactivity. The methods employed in degrada- 
tion and counting have been described previously 2, 5-7. 

RESULTS 

Distribution o/14C among the berry #actions 

A plot of the 14C accumulation in respired CO 2 during the uptake  and metabolism 
of labeled GL is shown in Fig. I. 14C from F6-14CIGL appeared almost immediately 
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Fig. I. A plot  of I~C accumulat ion in the 
respired CO= as a function of t ime. The 14C 
values given for the [i-l¢C]glucuronol - 
actone have been reduced by  a factor of 
0.76 in order to pe rmi t  direct comparison 
of respired activities between the two 

experiments .  ! D- [6-14C] Glucuronolacto 
05 

~ 0.25 ojo of O 
IO 20 30 40 

HOURS 

T A B L E  I 

DISTRIBUTION OF RADIOACTIVITY IN LABELED STRAWBERRIES 

D -glucuronolactone 

[z-l~C] [6-~4C] 

~c i~c 

1~C Administered 3.8 2.9 
(I.46 mg) (2.84 mg) 

14C Recovered 
Respired CO= 0.44 o.87 
Berry, ethanol-soluble o.9o o.91 
Stem and calyx, ethanol-soluble o.82 o.51 
Pectinase solubilized o.21 o. z 2 

14C Unaccounted for* 1.43 0.5 

* Seeds, unhydrolyzed cell wall material  and related insolubles. 

TABLE I I  

DISTRIBUTION OF RADIOACTIVITY IN ETHANOL-SOLUBLE PORTION OF LABELED STRAWBERRIES 

D-gluvuronolactone 

[r-14C] [6.1'C] 

mpC ml~C 

Activi ty added to Dowex I 
Activi ty of acidic pooled fractions* 

Activity of neutral  effluent 
Activi ty of sucrose and xylose only 
Activity lost during separat ions 

A ( o -  3 ° ml) 
B ( 9o-215 ml) 
C (215-34o ml) 
D (340-45 ° ml) 
E (51o-615 ml) 
F (640-700 ml) 

900 91o 
8 4 

15o 17o 
51 34 
14 31 
89 51 
32 17 

440 18o 
240 negligible 
12o 42o 

* Pooled fractions corresponding to the  various radioactive peaks eluted from the Dowex 
(formate) resin wi th  the dilute formic acid gradient. The successive volume increments  are indicated 
in parentheses .  
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and continued to accumulate at a linear rate during the respiration. When the 
experiment ended, 30 % of the 14C from [6-14C]GL had been converted to CO v In 
contrast to this observation, EI-14CIGL was metabolized to 14CO~ by the strawberry 
only after a lag period. Less than 12 % of the administered 14C appeared in the CO~. 
EI-14C]GL resembled EI-14Clglucose and EI-14Clxylose in this respect. The preferential 
decarboxylation of C-6 of GL has also been observed in corn coleoptiles by SLATER AND 
BEEVERS 1° and in rat kidney preparations by RABINOWlTZ AND SALL 11. 

A crude accounting of the 14C distribution in the berries is presented in Table I. 
The 14C remaining in the 7 ° % ethanol-insohible portion of the berries after treatment 
with fungal pectinase has not been examined but the work of NEISH 12 has already 
demonstrated that considerable 14C from EI-14C]GL is incorporated into cell wall xylan 
and cellulose. 

The distribution of activity among the various crude fractions of the ethanol- 
soluble portion of each berry after removal of the stem and calyx is given in Table II. 
About a third of this activity remained on the anion exchange column after it had been 
thoroughly washed with water. The neutral effluent which had previously been shown 
to consist primarily of free sugars (sucrose, glucose, fructose, xylose, and a trace of 
ribose 5) also contained, in the present experiments, some labeled GL. Very little 14C 
appeared in the free sugars from the [6-14C]GL-labeled berry and the 180 m~C found 
in the neutral effluent was almost entirely due to GL. The neutral effluent from the 
alcohol solubles of the Ei-14ClGL-labeled berry contained, in addition to E14C]GL, 
considerable activity in the free xylose and sucrose confirming our earlier report of the 
preferential labeling of these sugars s. 

Elution of the activity retained by the anion exchange resin resulted in several 
radioactive peaks. The fractions corresponding to these peaks were pooled as described 
in Table II. Ehition patterns from EI-14C]GL - and [6-14ClGL-labeled berries were 
similar. 

Pooled fractions "B"  contained one major radioactive component and at least 
six minor components. The major component could be lactonized and did not 
react with aniline-trichloroacetic acid spray reagent (an aldose test). When 
chromatogrammed on paper in three different solvent systems, the lactone of the 
major component migrated identically with L-gulonolactone. Comparisons were 
made with D-mannonolactone, D-altronolactone, L-gaiactonolactone, L-idonolactone, 
and 9-gluconolactone in ethyl acetate-acetic acid-water (3: I:3) TM, ethyl acetate- 
pyridine-water (8:2:1) 14 and 2,2-dimethyl-I-propanol-water-I-propanol-ethanol 
(4:2:1.3:o.5) 15. In all of these systems, gulonolactone was the slowest moving 
aldonolactone tested. 

Pooled fractions "C" included ascorbic acid which was recovered by dilution with 
unlabeled ascorbic acid followed by successive crystallizations from glacial acetic 
acid until the activity remained constant. Less than one-half of the activity in "C" 
could be ascribed to ascorbic acid. 

Pooled fractions "D" were eluted in the fractions that  characterized glucuronic 
acid in separate control runs. I t  gave an aniline-trichloroacetic acid spot test similar 
to glucuronic acid and probably represented the lion-metabolized GL that  was 
hydrolyzed to free acid by the berry. Pooled fractions "E"  and "F "  have not been 
investigated as yet. 

Table II  also records the portion of 14C unaccounted for after anion exchange 
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TABLE I I I  

DISTRIBUTION OF RADIOACTIVITY IN  PECTINASE-HYDROLYZED SOLUBLES OF LABELED STRAWBERRIES 

D -glucuronolactone 

D-14C] [6-"C] 

mpC m,uC 

A c t i v i t y  a d d e d  t o  D o w e x  i 194 i 14 
A c t i v i t y  in  g a l a c t u r o n i c  p e a k  73 80 
A c t i v i t y  in  o t h e r  p e a k s  ( c o m b i n e d )  24 i i 
A c t i v i t y  of  n e u t r a l  e f f l u e n t  94  2 
A c t i v i t y  l o s t  ( u n a c c o u n t e d  for)  3 21 

resin treatment of the ethanol solubles. In the case of the berry labeled with 
[6:4C]GL this loss represented almost one-half of the added activity. Presumably, 
this loss of activity was due to decarboxylation of unknown, labile, acidic components. 
Further work on the nature of this phenomenon is planned. 

The distribution of radioactivity in the soluble pectinase hydrolysate of the 7 ° % 
ethanol insoluble portion of each berry is given in Table I n .  A major portion of the 
activity retained on the anion exchange column was located in galacturonic acid. 
A smaller radioactive peak of glucuronic acid followed the galacturonic acid in both 
experiments. Galacturonic acid was recovered from the pooled fractions as its sodium 
calcium salt le. 

A significant amount of 14C appeared in the neutral effluent only when [I-14C]GL 
was the source of label. Paper chromatography followed by radioautography 7 revealed 
just two radioactive components, arabinose and xylose. Neither glucose nor galactose 
residues were labeled although, quantitatively, these hexoses accounted for two-thirds 
of the sugar residues in the pectinase-hydrolysate. 

Labeling patterns o/ascorbic acid, galacturonic acid and sugar constituents 

The activity and distribution of ~4C in the carbon chains of ascorbic acid and 
galacturonic acid residues are given in Table IV. Earlier attempts 2,7 to demonstrate 

T A B L E  I V  

R A D I O A C T I V I T Y  A N D  S I T E  O F  L A B E L I N G  IN ASCORBIC A C I D  A N D  GA.LACTURON1C A C I D  F R O M  [ I - 1 4 C  i -  

AND [6-14C]GLUCURONOLACTONE LABELED STRAWBERRIES 

[ z - * 4 C Jglucuronolaaone [6:~C]glueuronolactone 

Ascorbic Galac2uronic Ascorbic Galaauromc 
acid acid acid acid 

R e c o v e r e d  , m g  6.1 31 26.1 5.5 33 .4  
D i l u t i o n  f a c t o r  21 .6  1.4 5.8 27 .7  4 .7  
T o t a l  a c t i v i t y ,  m # C  3 ° 4 6  77 32 74 
Spec i f i c  a c t i v i t y ,  m / ~ C / m g  c a r b o n  z2 4 ° 8 14 6 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  P e r  c e n t  of  t o t a l  a c t i v i t y  . . . . . . . . . . . . . . . . . . . . . . . .  

A c t i v i t y ,  c a r b o n  i - -  9 9  99  95 - -  
A c t i v i t y ,  c a r b o n  6 9 9  - -  i 2 99  

* T h i s  c o l u m n  c o n t a i n s  d a t a  o n  g a l a c t u r o n i c  a c i d  r e c o v e r e d  f r o m  a b e r r y  u s e d  i n  a n  e a r l i e r  
e x p e r i m e n t  3. 

** B a s e d  o n  a s s a y  b e f o r e  c a r r i e r  d i l u t i o n .  
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a conversion of 14C from [6-14C]GL to ascorbic acid were unsuccessful since the anion 
exchange procedure employed at that time could not separate ascorbic acid from the 
radioactive aldonic acid found in pooled fractions "B" in the present study. 

The results in Table IV provide isotopic evidence for the over-all conversion of 
GL to ascorbic acid with inversion of the intact carbon chain as originally described 
by ISHERWOOD, CHEN AND ~¢~APSON 8. Our earlier demonstration of the conversion of 
[I-IN2]GL to [6-1~C]ascorbic acid 3 is confirmed in the present experiment and sub- 
stantiated by the E6-14C]GL to [I-l~C]ascorbic acid conversion. Both [I-14C]GL and 
[6-14C]GL were converted to galacturonic acid by all epimerization of C-4. 

Very little saC from [6-14C]GL was incorporated into the free sugars or the 
pectinase-solubilized cell wall polysaccharides. [I-14C]GL was converted by the 
strawberry to free xylose and sucrose, and to arabinose and xylose residues in the 

T A B L E  V 

RADIOACTIVITY AND SITE OF LABELING IN SUCROSE-DERIVED GLUCOSE AND PENTOSES FROM 

[I-14C]GLUCURONOLACTONE LABELED STRAWBERRIES 

Sucrose-derived 
glucose Free xylose 

Pectinase-kydrolyzed 

Xyl~se Arabino~e 

R e c o v e r e d  , m g  2.2  7.1 3 .6  0 .8  i . i  1 .6 6.1 
D i l u t i o n  f a c t o r  46.  4 15,2  61 57 .3  175 93 .7  89 17.9  
T o t a l  a c t i v i t y ,  m / , C  19 20  806  144 4 6  i i 4 6  39  
Spec i f i c  a c t i v i t y ,  m / ~ C / m g  

c a r b o n  21 7 3 3 o  IOO 143 25 72 16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  P e r  c e n t  o f  t o t a l  a c t i v i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A c t i v i t y  c a r b o n  i 41-5 49  99  84 92 9 0  i o o  9 9  

3 13 15 I I  8 8 

4 12 9 .5  
5 5 .5  2 5 2 
6 2 4 20  

* T h e s e  c o l u m n s  c o n t a i n  d a t a  o n  s u g a r s  r e c o v e r e d  f r o m  a b e r r y  u s e d  i n  a n  e a r l i e r  e x p e r i m e n t  s. 
*" B a s e d  o n  a s s a y  b e f o r e  c a r r i e r  d i l u t i o n .  

cell-wall polysaccharides. Table V gives the labeling patterns from the present 
experiments as well as unreported data on the sugars of the previously reported 
[I-I*C]GL experiment 3. Free xylose had the highest specific activity, IO and 31% of 
the administered label (lO5O m~C/mg carbon). A portion of free xylose from the 
previous experiment was converted to 2 : 4, 3 : 5 dibenzilidene xylose dimethyl acetal, 
a reaction highly specific for xylosO 7, with no change in radioactivity in the product. 
Another portion of this free xylose was degraded microbiologically with D-xylose 
adapted Lactobacillus plantarum. 99 % of the 14C appeared in the acetic acid fragment 
(C-(I + 2)) which chemical degradation revealed to be labeled only in the methyl 
carbon (C-I of the original xylose). These data have been interpreted as evidence that 
the major free pentose product from [I-~C]GL was D-xylose. 

The glucose and fructose moieties of sucrose were equally labeled. Both their 
specific and total activities were considerably less than that of the free xylose. The 
activities and distribution patterns in the carbon chains of tile glucose moieties are 
given in Table V. C-I contained the most 14C. C-3, C-4, and C-6 also contained 
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significant amounts of label. The appearance of 14C in C-I and C-3 is particularly 
significant since it suggests that  a pentose labeled in C-I was the precursor ~. Redistri- 
bution from C-I and C-3 into C-6 and C-4 respectively corresponds to the normal 
pattern of label redistribution among hexose phosphate-derived constituents of the 
strawberry2, 5,6 as well as those of other plants. A previous study of the metabolism of 
[I-laClxylose by the strawberry e revealed that  sucrose was the primary free sugar 
product that  became labeled. I t  appears reasonable to assume that  in the conversion 
of II-14CIGL to 14C-sucrose, a Ei-~4C]pentose precursor was the principle intermediate. 

Table V also records the activities and patterns of xylose and arabinose residues 
that  were isolated from the pectinase hydrolysate of the 7 ° % ethanol-insoluble 
portion of the EI-14ClGL-labeled berries. Both pentose residues had lower specifc 
activities than did free xylose. Essentially no redistribution of ~4C occurred in the 
arabinose, C-I retained all the activity. In xylose residues, between 8 to IO % of the 
14C incorporated was in carbons other than C-I. These patterns differ from those 
obtained when II-14C~xylose was the source of label 6. I t  is entirely possible that  
II-14Clxylose administered through the vascular tissues of the berry is utilized quite 
differently in polysaccharide synthesis from II-14Clpentose generated from EI-I4C]GL 
in situ. 

DISCUSSION 

The discovery that  free D-xylose was a product and that  it corresponded to the first 
five carbons, while C-6 of GL was lost as CO2 implied a direct decarboxylation of GL. 
ALTERMATT AND NEISH x9 and NEISH 1~ have already discussed this possibility in terms 
of uridine diphosphate derivatives in the course of their tracer studies of cellulose and 
xylan synthesis in wheat seedlings. HASSII) et a/. 2°-22 have experimentally demon- 
strated the conversion of glucuronic acid to the uridine diphosphate derivatives of 
galacturonic acid, xylose and arabinose by  plant extracts. Their findings explain the 
observed conversion of GL to cell wall polysaccharides in the strawberry. If the same 
path of conversion is responsible for free xylose formation, then a hydrolytic mechanism 
is also necessary although experimental evidence is still lacking. Alternatively, free 
xylose could be formed by  non-phosphorylative reactions related to the production 
of gulonic acid and ascorbic acid during GL utilization by  the berry. This was dis- 
cussed in a previous paper 3. 

The exact nature of the non-phosphorylative conversion of GL to gulonic acid 
and to ascorbic acid and, possibly, to xylose is not fully understood. ISHERWOOD, 
CHEN AND MAPSON 8 proposed a direct reduction of GL to L-gulonolactone which was 
then oxidized to an ascorbic acid precursor. Recent studies on the metabolism of GL 
and glucuronic acid by  certain bacteria *s-25 have revealed that  the first step is an 
isomerization to D-fructuronic acid followed by a reduction of this compound to 
D-mannonic acid 23. Although the corresponding reaction has not yet been reported 
to be present in plants, it provides a reasonable explanation for the appearance of 
gulonic acid (the C-2 epimer of mannonic acid) which could be obtained from fruc- 
turonic acid by a stereospecific reduction. Assuming that  fructuronic acid, and not 
gulonic acid, is the intermediate that  is oxidized at C-4 (corresponding to C-3 of gulonic 
acid), then the product would be 3,5-diketogulonic acid. This diketo compound could 
be decarboxylated as a beta-keto acid to form a pentose directly, or it could con- 
ceivably enolize at the beta-keto function to form the 5-keto analog of ascorbic acid. 
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3,5-diketogulonic acid differs from 3,5-diketogluconic acid only in the configura- 
tion about C-2. Enolization of the C-3 keto function would destroy this difference, 
providing a common intermediate from GL via fructuronic acid and from glucose via 
3-keto-6-phosphogluconic acid 3,~. A stereospecific reduction of C-5 to L-ascorbic acid 
would represent the final step. Such a scheme would accommodate all of the tracer 
patterns obtained with labeled glucose or GL. 

NOTE ADDED IN PROOF 

Positive characterization of the major component of peak "B" as L-gulonic acid 
has recently been completed and reported elsewhere 26. 

(Received November 2oth, 1959) 
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