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Synthesis of L-Ascorbic Acid in Plants and Animals

By F. A. Isuerwoobp, Low Temperature Station for Research in Biochemistry and
Biophysics, University of Cambridge and Department of Scientific and Industrial

Research

The chemical synthesis of L-ascorbic acid from D-galactose, by Haworth, Hirst
and co-workers in 1932, stimulated speculation as to whether the biological synthesis
of L-ascorbic acid proceeds along similar lines (Haworth & Hirst, 1933). The
common occurrence of sugars in both plants and animals, and the fact that L-
ascorbic acid is closely related to a sugar, L-gulose, tended to support this idea. Two
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particular pieces of evidence may be cited which suggest that a hexose is the pre-
cursor. In plants the overall conversion of sugars (D-glucose, D-fructose and D-man-
nose) into L-ascorbic acid has been shown in cotyledonless pea seedlings by Ray
(1934) and, in the rat, Professor C. G. King and his colleagues have shown that
14C p-glucose labelled uniformly in all positions caused the excretion in the urine
of L-ascorbic acid which was also labelled uniformly in all positions (Jackel, Mos-
bach, Burns & King, 1950). No clue had, however, been obtained as to the series
of changes by which the hexose was transformed into L-ascorbic acid. The inves-
tigations to be described in this and the following paper (Mapson, 1953) were
directed towards establishing the nature of the hexose precursor and elucidating the
mechanism by which the hexose is transformed into L-ascorbic acid. The general
plan was to assume that the hexose precursor was probably D-glucose, and then to
imagine the transformation to L-ascorbic acid in terms of a series of known chemical
and biochemical reactions. The main emphasis was on the changes in configuration
necessary (see p. 337) for the sugar which is a member of the D-series of sugars to
be transformed into L-ascorbic acid which is closely related to a member of the
L-series of sugars.

Each scheme was tested by adding the compounds postulated as intermediates
to germinating cress seedlings or, with rats, giving them by subcutaneous injection.
The increase in the amount of L-ascorbic acid present in the treated seedling as
compared with those grown in water indicated whether the compound could act as
a precursor, With rats, the amount of L-ascorbic acid in the urine was measured.

An important technical point was that all compounds described in the schemes
quoted on p. 337 as sugar acids, were added to the cress seedlings or injected
into the rats as lactones or esters. Under experimental conditions it was not possible
to test the free acids because organic compounds that are ionized in solution do
not readily penetrate the cell wall. Lactones and esters, being non-ionized, pene-
trate readily and then give the free acid inside the cell; lactones are preferable
because they are internal esters and are free from the criticism that a ‘foreign’
alcohol is introduced into the cell which might affect the synthesis to the L-ascorbic
acid.

For convenience in presentation, the various suggested sequences of reactions
have been grouped under two main headings.

Indirect conversion (i.e. the carbon chain is broken and then reformed) involves
the breakdown of the p-glucose via fructose diphosphate to the triose phosphates
and the conversion of these into other three-carbon compounds which then combine
to give L-ascorbic acid. Assuming that this occurs, two main types of condensation
reaction can be suggested.

The first is based on an aldol condensation between L-glyceraldehyde and hy-
droxypyruvic acid (which might be catalysed by an enzyme similar in function to
the aldolase of animal and plant tissue) to give 2-keto-L-gulonic acid which is then
transformed into L-ascorbic acid.

The second is based on an acyloin reaction between tartronic semialdehyde and
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L-glyceraldehyde to give 3-keto-L-gulonic acid which is then transformed into L-
ascorbic acid.

Direct conversion (i.e. without breaking the carbon chain of the p-glucose) involves
either the inversion of the configuration of the groups on carbon atom 5, or an in-
version of all the asymmetric carbons by transferring the aldehyde or potential
aldehyde group from carbon 1 to the terminal atom of the carbon chain,

The inversion of the groups attached to carbon atom 5 could occur through the
intermediate formation of a 5-keto-compound, as in the following scheme:

D-glucose > p-gluconic acid > 5-keto-D-gluconic acid >
L-idonic acid > L-ascorbic acid.

The possibility of inverting all the asymmetric carbon atoms by transferring
the potential aldehyde group from carbon 1 to the terminal atom of the carbon
chain is the basis of the two following schemes:

p-glucose > D-sorbitol > L-sorbose > 2-keto-L-gulonic acid >
L-ascorbic acid
and
D-glucose > D-glucuronic acid > L-gulonic acid > L-ascorbic acid.

The first of these is very similar to the sequence of reactions used for the com-
mercial manufacture of L-ascorbic acid. The second has been shown, in actuality,
to be substantially the pathway by which p-glucose is transformed into rL-ascorbic
acid.

The experimental facts are as follows. The y-lactones of D-glucuronic and L-
gulonic acids when added to cress seedlings or injected into rats, were found to be
transformed into L-ascorbic acid. D-galacturonic acid methyl ester and L-galactono-
y-lactone behave similarly. No other sugar-acid y-lactone yielded L-ascorbic acid
when tested in the same way, although all the sugar-acid y-lactones, both p- and t-,
were examined, except those of L-allonic and L-altronic acids.

These facts suggest that two analogous sequences of reactions can take place as
indicated in the accompanying schemes. A fundamental feature of both schemes
is the change, at the second step, from the D- to the L- series with inversion of the
whole molecule: it is significant that Professor C. G. King and his colleagues have
just shown that, in the rat, p-glucose labelled with *C at position 1 produces L-
ascorbic acid labelled mainly at position 6 (Harowitz, Doerschuk & King, 1952).

During the investigation it was found that D-araboascorbic acid (the configuration
of which differs from that of L-ascorbic acid only at carbon atom 5) was produced
from two of the lactones, in the rat from D-mannose-y-lactone only and in cress
seedlings from D-altrono-y-lactone only.

The other mechanisms briefly described earlier whereby hexoses might be trans-
formed to L-ascorbic acid, involving L-glyceraldehyde, L-sorbose, p-sorbitol and
p-gluconic acid, have not been found in cress seedlings or in the rat.

The discovery of a series of reactions that describe in broad outline the pathway
by which hexose sugars are converted into L-ascorbic acid is important because it
opens up the subject for rapid advances on the enzymic side, though it is possible
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that the reactions involved in the transformation may not be so simple as in the above
scheme.

Mapson (1953) discusses the enzymic mechanism by which plant mitochondria
produce L-ascorbic acid from L-galactono-y-lactone; it has, further, been shown
that mitochondria from rat liver will catalyse the transformation both of L-gulono-
and L-galactono-y-lactones to L-ascorbic acid.

The work described in this paper was carried out as part of the programme
of the Food Investigation Organization of the Department of Scientific and Indus-
trial Research.
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The Enzymic Conversion of L-Galactono-y-Lactone to L-Ascorbic
Acid by Plant Mitochondria

By L. W. MapsoN, Low Temperature Station for Research in Biochemistry and
Biophysics, University of Cambridge and Department of Scientific and Industrial

Research

Belief that the synthesis of L-ascorbic acid in vivo does in fact proceed via the
following routes:—

D-glucose—> D-glucurono-y-lactone—> L-gulono-y-lactone—= L-ascorbic acid

D-galactose——> D-galacturonic methyl ester
L-ascorbic acid

would be greatly strengthened if it were shown that any of these steps could be

carried out by enzyme preparations in vitro.

Our initial investigations were therefore planned to determine whether an enzyme
extract could be obtained that would catalyse the last stage in this sequence of
reactions, i.e. would convert either L-gulono-y-lactone or L-galactono-y-lactone
to L-ascorbic acid. Germinating seedlings, in which L-ascorbic acid forms rapidly,
were used as raw materials, extracts being prepared from them in the early stages
of germination when those enzymes that can oxidize ascorbic acid are either absent
or show lower activities than in the more fully developed plant.

Success was achieved with extracts in which the mitochondria (cytoplasmic
particles) of the cell were preserved intact. Mitochondria prepared from partially
germinated pea seedlings were able to convert L-galactono-y-lactone rapidly to
L-ascorbic acid, but could not effect the corresponding conversion of L-gulono-y-
lactone to L-ascorbic acid. The reaction proceeded smoothly until approximately
40% of the lactone had been transformed into L-ascorbic acid, and then ceased,
but began again if an additional quantity of the lactone was added. The disappear-
ance of the lactone, apart from that portion converted to L-ascorbic acid, was shown
to be due to its conversion into the free galactonic acid, a reaction which proceeds
simultaneously with the enzymically catalysed formation of L-ascorbic acid. Since
galactonic acid is not itself converted to L-ascorbic acid, this reaction decreases the
yield of L-ascorbic acid obtained from the y-lactone.

> L-galactono-y-lactone——>
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