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ABSTRACT

Ochromoaas danica Pringsheim, a freshwater chrysomonad, converts D-
glucose into L-ascorbkc acid over a metabolic pathway that 'inverts' the
carbon chain of the sugar. In this respect, L-ascorbic acid formation
resembles that found in ascorbic acid-synthesizing animals. It differs from
this process in that D-galacturonate and L-galactono-1,4-Iactone, rather
than D-gucuronate and L-guloo-1,4-lactone, enhance production of ascor-
bic acid and repress the incorporation of 14C from D-l1-14ClgIucose into
ascorbic acid.

Two mutually exclusive, biosynthetic pathways of AA3 forma-
tion are found in eukaryotic organisms. In both, D-glucose is
implicated as the six-carbon precursor on the basis of studies with
radioactive specifically labeled sugars. Both pathways conserve
the six-carbon chain. One 'inverts' the sequence of carbons, as
referred to the parent sugar by reduction of C- 1 and oxidation of
C-5 (or C4) and C-6 with conservation of the chirality of C-2 and
C-3. AA-Synthesizing animals such as the rat utilize this process
according to the following scheme:

D-Glucose -- - D-Glucuronate -+ L-Gulonate -- L-Gulono- 1,4-
lactone -. L-Ascorbate.

The other pathway requires that C- I and C-2 (or C-3) be oxidized
while an epimerization reverses the configuration of C-5. Higher
plants utilize this latter process, which conserves the hydroxy-
methyl function of C-6 of hexose (15). Intermediate steps in the
conversion of D-glucose to AA by higher plants have yet to be
determined, but evidence of overall conversion is thoroughly
established (18). Participation of D-glucuronate or products of D-
glucuronate metabolism in this conversion is excluded (16).

Higher plants also synthesize AA when supplied with D-glucu-
rono-3,6-lactone, D-galacturonate, L-gulono-1,4-lactone, or L-gal-
actono- 1,4-lactone (4, 6, 9, 19). Inasmuch as radiolabeling studies
exclude these compounds as intermediates in the overall pathway
from D-glucose to AA, these synthetic events appear to be de-
pendent upon the exogenous source or, at best, salvage mecha-
nisms (7). It is important to point out that higher plants, unlike
AA-synthesizing animals, fail to utilize D-glucuronate or L-gulon-
ate for AA formation.

Recently, Shigeoka et al. (23) tested the effect of a number of
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simple sugars and potential AA precursors on AA formation in
Euglena gracilis Z, a unicellular alga with animal-like properties.
Their results led them to propose a biosynthetic scheme from D-
glucose to AA, in which D-galacturonic acid, L-galactonic acid,
and L-galactono- 1,4-lactone were intermediates. D-Glucurono-3,6-
lactone and L-gulono- 1,4-lactone also effected AA synthesis, and
these compounds were included in their scheme as a minor
alternate route that differed from the animal pathway in one
respect, reduction of D-glucurono-3,6-lactone to L-gulono- 1,4-lac-
tone rather than reduction of D-glucuronate to L-gulonate (23).

Ochromonas danica Pringsheim, a unicellular chrysophycean
alga with phagotrophic, heterotrophic, photoheterotrophic, and
photoautotrophic properties, provides an exceptional opportunity
to explore the phylogenetic connection between animal and plant
as it pertains to AA biosynthesis. 0. danica synthesizes and secretes
into the medium a number of vitamins, including AA, when
grown in an artificial medium (2). Advantage has been taken of
this observation to explore the conversion of specifically labeled
D-glucose into AA and to test the effect of possible intermediates
in this process.

MATERIALS AND METHODS

Chemicals. L-[l-14C]Ascorbic acid and specifically labeled forms
of D-glucose were purchased from New England Nuclear Corp.
Chemicals, including those used to prepare culture media, were
reagent grade.

Algal Culture. 0. danica Pringsheim was obtained from the
Culture Collection of Algae at the University of Texas at Austin.
Cells were dark-grown at 25°C in chemically defined medium
containing 1% D-glucose (1). Inoculum (10 ml, approx. 108 cells)
was added to 100 ml of medium. After 14 d, the entire 100 ml was
added to 1 L of medium in a 2.5-L, low-form, culture flask in
which growth was continued for an additional 10 d. Light-adapted
cells were prepared by exposure of the final growth suspension for
24 h at 25°C to fluorescent white light (320 ft-c) plus a minor
incandescent source. Batches of cells (1 L) were harvested by
centrifugation (2,000 g, 6 min), washed (2x) with glucose-free
medium, and finally resuspended in the same medium (100 ml).
Aliquots (10 ml, 1010 cells) were transferred to the outer well of
50-ml center-well flasks (MRA Corp., Clearwater, FL) as de-
scribed below.

Labeling Procedure. Labeled D-glucose or AA (2-10 ttCi) and
unlabeled carbohydrates as indicated were placed in the outer
well of each 50-ml flask prior to addition of the cell suspension.
Respired CO2 was trapped with I N KOH (0.5 ml, center well).
Flasks were sealed with rubber serum-bottle stoppers and incu-
bated at 25°C in dark or light (320 ft-c) for 6 h. Experiments were
terminated by adding 2% oxalic acid (0.5 ml) with 50 mg of AA
as carrier. Before the flasks were opened, they were shaken (30
min, 20°C) to facilitate complete transfer of CO2 to the center
well. Aliquots from center wells of flasks used in 14C-labeled
studies were counted to determine respired 14CO2. In experiments
involving the use of 3H-labeled substrates, aliquots from both the
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outer and the inner well were transferred to one arm of a 2-vessel
sublimation apparatus, frozen, and sublimed to recover tritiated
H20. Cells were recovered by centrifugation (12,000g, 20 min,
4°C) and washed (2X) with 2.5 ml 0.1% oxalic acid. When secreted
and intracellular AA were examined separately, centrifugation
and washing of cells with glucose-free medium preceded addition
of oxalic acid and carrier AA to the separated cells and medium.
Supernatant and washes were combined. When cells and medium
were not separated, the acidified cell suspension was frozen and
stored at -20°C until analyzed. Prior to isolation of AA, the
thawed suspension was homogenized and separated by centrifu-
gation (12,000g, 20 min, 4°C) into supernatant and residual pellet.

Separation of Labeled Products. Oxalic acid was removed from
the combined supernatant and washes by precipitation as calcium
oxalate. The oxalate-free solution was separated into cationic,
anionic, and neutral fractions, as described previously (24). AA
was separated from other acidic constituents in the anionic fraction
and recrystallized from glacial acetic acid until constant specific
radioactivity was attained (usually 2x). AA was further charac-
terized by its conversion into 5,6-O-monoisopropylidene AA, as
described by Lee et al. (13). The reaction was scaled down to 100
mg of finely powdered AA and run at 30°C in dry acetone (2 ml)
with acetyl chloride (50 ,ul) as catalyst in a stirred 5-ml Reacti-
Vial (Pierce Chem. Co., Rockford, IL). The AA dissolved within
10 min, and the product slowly crystallized from solution over the
next 2 h. It was collected on a Hirsh filter and washed with cold
hexane:acetone (7:4). The product melted at 219 to 221°C. After
one recrystallization, the melting point was 220 to 221°C. Distri-
bution of radioisotope in AA was determined by chemical degra-
dation (17).

Aliquots of the cell pellet were combusted in a biological
oxidizer (Packard Instrument Co., Model 306B) to determine the
3H or '4C content. Other aliquots were extracted once with 98%
ethyl alcohol and then twice with 20% ethyl alcohol (70°C, I h) to
solubilize the 8l-glucan storage product (11). Combined extracts
were subjected to ultrafiltration (47-mm diameter UM-2 Diaflo
membrane, 20 p.s.i., N2) to remove low mol wt components. Less
than 0.1% of the extracted radioactivity passed through the mem-
brane. The polymeric material was hydrolyzed in concentrated
HCI (25°C, 24 h) and evaporated to dryness to remove HC1.
Glucose was recovered by descending paper chromatography on
Whatman 3MM (72 h; ethyl acetate:pyridine:water, 8:2:1, v/v/v).
Radioactive glucose was recovered, diluted with 150 mg carrier
glucose, and recrystallized from ethyl alcohol. Distribution of
radioisotope in D-glucose was determined according to Bloom (5).
Quantitative analysis of AA was performed by titration with 2,6-
dichloroindophenol (17).

RESULTS AND DISCUSSION

Secretion and Identification of AA. When dark-grown 0. danica
suspensions in 0.1% D-glucose were transferred into the light for
24 h preceding addition of label, secretion of [14C]AA was mea-
surable within 0.5 h after supplying D-[1-'4C]glucose to the me-
dium (Fig. 1). Cells continued to release [1'4C]AA into the medium
at an almost linear rate up to 6 h. Very little [14C]AA was retained
by the cells. At 6 h, the ratio of [14C]AA in the medium to that in
the cells was 6:1. Breakdown and oxidation of secreted AA during
the metabolic period was negligible. This was demonstrated ex-
perimentally by supplying 0.1% L-[l-14C]AA to a suspension of
cells that was grown on 0.1% D-glucose (Table I). At the end of 6
h, 87% of the labeled AA was recovered unchanged. Another 7%
of the 14C present in the neutral fraction probably represents
labeled dehydro-AA.
To characterize the AA, an experiment was performed in which

cells were grown on 0.1% D-[1-'4C]glucose for 6 h. At the end
of this metabolic period, 500 mg of authentic AA was added to
the medium. The labeled AA was recovered by ion exchange
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FIG. 1. Appearance of labeled AA in cells (O) and in medium (0) after

the addition of 0.1% D-[I-'4Clglucose to a dark-grown suspension of 0.

danica that had been transferred to the light 24 h preceding addition of
label.

Table I. Distribution of Radioactivity after Metabolism of 0.1% Labeled
D -Glucose or AA by 0. danica in the Presence of Light

Labeled Fraction

Site of InI Neu- Other
Radiolabel C02 H20 uble AA comn-

residue com- poundspounds

% total radioactivity
D-Glucose [1-'4C] 13 28 52 0.9 6

[6-'4C] 12 29 51 0.9 7
[1-3H] 47 6 41 0.7 5
[6-3HI 54 7 36 0.2 3

AA [11-'4C] 0.1 0.4 7 87 5

Table II. Percentage of 14C in Terminal Positions ofAA and ,B-Glucan-
Derived Glucosefrom Cells of 0. danica after Incubation in Media
Containing D-[1-'4C]- or D-[6-'4CJGlucose in the Presence of Light

Terminal 0.01% 0.1% Glucose
Formof La-Carbon An- Glucose,beled Glucose Carbon A-Gcs Glucosealyzed AA AA (f?-glucan)

% of 14C in molecule
-'4Cq Cl 16 21 59

C6 37 53 14

[6-'4C] Cl 42 77 8
C6 18 10 66

chromatography and carried through three successive crystalliza-
tions in glacial acetic acid with no loss in specific radioactivity (2
X 104 dpm/mmol). Conversion of the thrice-crystallized AA to its
5,6-O-monoisopropylidene derivative produced no change in spe-
cific radioactivity (20).
AA is found in species of algae from several classes, including

the Cyanophyceae (25), Rhodophyceae (14), Chrysophyceae (2),
Phaeophyceae (10), Bacillariophyceae (22), Chlorophyceae (3),
and Euglenophyceae (23). Only the chrysophycean alga 0. danica
is known to secrete AA (2). Conversion of D-glucose to AA is
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Table III. Effect of Putative Intermediates (Concentration 0.25%o) on AA
Biosynthesisfrom D -[1-'4qGlucose in 0. danica

AA Synthesized

Compound Added to Medium DCIPa-Titratable
material Radioactivity

relative to control (=100)
D-Glucose only (0.1%) 100 100
Plus D-glucuronic acid 106 97
Plus D-galacturonic acid 333 61
Plus L-gulonolactone 108 107
Plus L-galactonolactone 657 72

a 2,6-Dichloroindophenol.

reported in two studies (22, 23) as well as in this paper.

Conversion of D-Glucose to AA. Preliminary studies established
the condition of illumination and the range of D-glucose concen-
trations used here. Dark-grown cells were preilluminated for 24 h
before addition of labeled glucose. Illumination was maintained
during the labeling period. In the absence of this light period,
conversion of labeled glucose to AA was only 67% of that obtained
in the light (data not shown). Addition ofAA (5 mg/ml) as carrier
at the beginning of the labeling period led to decreased production
of labeled AA. To facilitate maximal secretion of AA, addition of
carrier was delayed until completion of the metabolic period.

Cell suspensions supplied with D-[l-_4CJ- or D-[6- C]glucose
converted 0.9% of the 4C to AA (Table I). The major labeled
products were C02, isofloridoside, and,f-glucan (12). When the
neutral fraction was separated by descending paper chromatog-
raphy (ethyl acetate:pyridine:water, 8:2:1, v/v/v; 24 h), virtually
all of the radioactivity remained on or near the origin. The region
corresponding to glucose contained a ne§ligible amount of 14C.

Cell suspensions supplied with D-[l- H]glucose produced la-
beled AA in an amount similar to that of those given D-[l-14CJ- or
D-[6-14C]glucose, if one takes into account the loss of 3H due to
exchange with the medium (Table I). AA from cell suspensions
supplied with D-[6-3H]glucose contained less 3H. In these tritiated
glucose experiments, much less 3H appeared in the cellular residue,
again a consequence of exchange processes. The displaced label
was recovered as tritiated water.

Distribution of 14C in AA and ,B-Glucan. At 0.01% glucose, there
was rapid redistribution of label in the hexose carbon chain
preceding conversion to AA (Table II). This could be suppressed
somewhat by raising the concentration of glucose to 0.1%. Since
the cells were labeled in the light, some of the respired 14CO2 was
photosynthetically recycled into hexose and eventually into AA.
This 'C would appear primarily in internal carbons of hexose
products such as AA and the ,B-glucan, accounting in part for the
lower percentages of 14C in the terminal positions, Cl and C6.
Even so, the relative percentages of 14C found in terminal positions
of AA indicate that the pathway of conversion from D-glucose to
AA, involves inversion of the carbon chain. Confirmation was

obtained by examining the distribution of 14C between terminal
carbons of glucose residues in the fl-glucan (Table II) where the
percentages of 14C in C 1 and C6 correspond inversely to those in
AA.

Tritium linked to Cl of glucose was conserved during the
conversion of glucose to AA (Table I), additional evidence that
C 1 of glucose was reduced. By contrast, AA from cell suspensions
labeled with D-16-3Hlglucose contained less label. The small
amount observed here corresponds closely to the 3H anticipated
to be present as the result of redistribution of label from C6 into
Cl during hexose phosphate metabolism. Only the 3H at Cl of
hexose is retained during the conversion to AA.

Effect of Putative Precursors of AA on AA Formation. Cells
that were grown in media containing 0.25% L-galactono-1,4-lac-

tone in addition to 0.1% D-glucose produced 6.6 times as much
AA in a 6-h period as did cells lacking the lactone (Table III).
Addition of 0.25% D-galacturonate instead of L-galactonolactone
resulted in a 3.3-fold increase in AA. Under the same conditions,
neither D-glucuronate nor L-gulono-1,4-lactone had an apprecia-
ble effect. D-Galacturonate and L-galactono-1,4-lactone also re-
duced the incorporation of 14C from D-[l-'4CJglucose into AA
(Table III). Again, D-glucuronate and L-gulono-1,4-lactone were
relatively ineffective.
The enhanced production ofAA by cells grown in the presence

of D-galacturonate or L-galactono- 1,4-lactone, as well as the dilut-
ing effect of these putative intermediates on the conversion of D-
[1-'4Cjglucose into AA, suggests a pathway to AA which involves
both D-galacturonate and L-galactono- 1,4-lactone as intermedi-
ates. Such a scheme has already been proposed by Shigeoka et al.
(23) to explain their observations on AA biosynthesis in E. gracilis.
An L-galactono- 1,4-lactone oxidase, the final step in this scheme,
has been isolated from yeast (21). Occurrence ofAA in yeasts has
been reported (8), but a more specific method for this identification
of AA is needed to confirm this observation.
The presence of two mutually exclusive processes of AA for-

mation in photosynthetic organisms poses an interesting question
concerning the evolutionary development of alternative pathways.
Higher plants convert glucose to AA by oxidizing Cl of the sugar
and conserving the hydroxymethyl function of C6 (15, 18). The
two algal systems that have been studied utilize a variant of the
pathway found in animals in which glucose is oxidized at C6 and
reduced at Cl during its conversion to AA (9). It will be of interest
to examine representative species from other algal classes in this
regard.
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