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INTRODUCTION

This is a report on the concluding year of a study in depth on the
chemistry and metabolism of ascorbic acid and isoascorbic acid or erythorbic
acid. The broad objectives of the research were to study in detail the
biochemistry of these compounds to provide the fundamental background for
further studies on the nutritive and stress requirement for the soldier
for vitamin C. A further aspect of the study was to determine the metabolic
interaction of ascorbic acid and erythorbic acid, since the latter is an
optical isomer of vitamin C and also a common food additive, especially in

military emergency rations.

During the period of this report, three major projects were studied -
the first was the nature and enzymic properties of ascorbate sulfatase; the
second was whether C-6 oxidation of ascorbic acid was a significant process
in ascorbic acid metabolisms; and the third was an effort to prepare a C-6
oxidized ascorbic acid by synthetic methods, so that its presence or absence

in biological tissue could be tested.

REPORT ON ASCORBATE SULFATE SULFOHYDROLASE

Ascorbate is a ubiquitous metabolite of ascorbic acid in higher
animals. It is a vitamin in several species of fish. But most important
of all, it is stable to air oxidation and does not hydrolvze at neutral
pH's. Thus it has special nutritive value for fish. Man surely ingests

a considerable amount in his diet.

If ascorbate sulfate is to serve as a source of ascorbic acid there
should be an enzyme that can hydrolyze this compound back to ascorbic acid.
We have discovered such a compound in a number of animals, and examined in

detail the properties of the enzyme from cow liver. This report is attached.

Two interesting questions remain: ascorbate sulfatase is very similar
to an important animal enzyme called aryl sulfatase A. The absence of arvl
sulfatase A in humans results in the genetic disease metachromatic leukodystrophyv.
What is the relationship between these enzymes and what is their metabolic
role? The other problem is whether ascorbate sulfatase serves to hydrolvze
any significant amount of ascorbate sulfate, and whether the ascorbate
sulfate has a biolegical role. At present, it seems ascorbate is both

an excretion form of ascorbic acid, and has biological function, perhaps

as an hypolipodemic agent.




REPORT ON C~6 OXIDATION OF ASCORBIC ACID

Whether there is significant C-6 oxidation of ascorbic acid in
higher animals was tested in two ways. First, a periodate degradation
for ascorbic acid was developed, see attached reprint (1976) and this
method was applied to urine of monkeys and rats given [6—lqc] ~ ascorbic
acid. The experiments, see attached reprint, showed that about 457
of all ascorbic acid metabolites were no longer in the -CHZOH oxidation

state, characteristic of ascorbic acid.

To coniirm this result [6—3H] ~ ascorbic acid was injected into
monkevs and their excretion of 3H in urine measured. The excretion was
determined for 3H—water in the urine and for organic bound 3H in urine.
This study, see attached reprint, showed that again about 457 of the
tritum had been released from the ascorbic acid metabolites and appeared

in the urine.

The biological significance of this side chain metabolism of ascorbic

acid could be related to some special function of ascorbic acid - vitamin C.

PREPARATION OF SACCHAROASCORBIC ACID

If ascorbic acid is subject to C-6 oxidation, a likely product is
ascorbic acid with a side chain terminal carbon oxidized to a carboxyl
group, or saccharoascorbic acid. Preparation of this compound was attempted
in various ways. Success was finally achieved using the method shown in

Figure 1. Details of the procedure were published in 1978.

Harkrader, R.J., Plunkett, L.M., and Tolbert, B.M., "Periodate Degradation
of Labeled Ascorbic Acid," Analytical Biochemistry 72, 310-314 (1976

About a month after the new contract year began, October 15, 1975,
support for this work was terminated effective January 15th. This date was
later extended to June 30th with no additional funds to allow a more orderly
termination of the graduate students who were doing the work described in

this report.

Their work has been of outstanding quality and their results have been
the basis of significant further studies on the metabolism of ascorbic acid.
The problem remains to obtain solid scientific results from which optimum
intakes of ascorbic acid can be determined for the soldier under various

conditions to maximize his ability as a military man.
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Introduction
This is the final report of a twelve-year study on the chemistry and

biochemistry of ascorbic acid Vitamin C. Ascorbic acid is an essential
nutrient in the soldier (man) and in addition, recent studies suggest that
it has a variety of significant physiological functions that are related
to the ability of the soldjer to function adequately under a variety of
environmental conditions. The nutritional or pharmacological level of
ascorbic acid intake for maximum well being in man is a subject of con-
siderable technical controversy and although some of the effects of
increased ascorbic acid intake may be small, the possibility that supple-
mental intake of ascorbic acid can provide improved mental and physio-
loaical well being, improved wound healing and recovery from disease,

and greater resistance to the debilitating effects of unfavorable environ-
mental conditions, more than justifies military support of research on
ascorbic acid.

In addition, scurvy, the overt deficiency disease from inadequate
dietary vitamin C, is an important disease of man in war or whenever human
populations are displaced from normal food practices. Scurvy is an essen-
tial aspect of military nutrition, although it is under excellent control
today with synthetic ascorbic acid supplements. That is not to say it will
never return, for under the pressure of extended military operations in
hostile environments, this nutritional-medical problem can quickly reoccur,
even as it has in countless episodes in the history of man.

The discovery and synthesis of ascorbic acid is, comparatively speak-
ing, a relatively modernevent achieved in the period 1928 to 1932. The
elucidation of the molecular basis of its essential biochemical roles in
bioTogical systems has yet to be completed. It is known to be a general
oxidizing-reducing compound and to have a critical role in a number of
hydroxylation reactions. These functions, or our knowledge of these func-
tions, are not adequate to explain many other facts known about this vita-
min. Most important of these facts is the wide distribution, in fact,




ubiquitous presence of ascorbic acid in all multicellular organisms and in

unicellular eucaryotes. The role of ascorbic acid in plants, primitive
animals, and even aigae is unknown. In higher animals, the distribution of
ascorbic acid is unique and unexplained. It is present in high levels in
such tissue as the brain, eye, gonads and salivary glands, as well as adre-
nals. The levels of ascorbic acid in higher animals is controiled by several
facilitated transport systems and thus rather specifically maintained,
suggesting a regulatory role for ascorbic acid. Such a regulatory role

for ascorbic acid is also suggested by distribution and levels of this
enzyme in plants. One can conservatively state that an adequate understand-
ing of the distribution and function of ascorbic acid in biological systems
would provide a scientific basis on which we could develop patterns of

use of ascorbic acid for the optimum health and well being of man, including
the soldier.

Many scientific approaches to the problem of the essential roles of
ascorbic acid in animals have been made. The most common is to carry out
a physiological, nutritional, or medical problem with or without added
ascorbic acid and to measure the magnitude of the effect. In reality, these
are serendipitous experiments, but in total, a great number of interesting
effects have been reported, and are still being discovered. However, no
unifying biochemical theory for their molecular basis has been discovered.

The primary objective of the research supported by this contract has
been to workout the biochemistry and metabolism of ascorbic acid and to use
this information as a basis for physiological and nutritional studies con-
cerning Vit C in man.

The evolution of the chemical and biochemical problems studied in this
research is interesting and informative. They indicate a continuing increase
in our knowledge of this vitamin. A summary of the scientific aims for this
study for the years 1965 through 1975 is given below, together with current
comments.

16 April 1965. Aims. To study oxidation of ascorbic acid (As) to
dehydroascorbic acid (dAs) to oxalate on a chemical and enzymic level.
Comments. The objective is sound, but oxalate will prove to be a minor
metaboiite, and tissue levels of dAs very difficult or impossible to measure.




1 June 1966. Aims. Same as above, but broadened to cover sequence
of events involved in the in vivo catabolism of ascorbate.

1 May 1967. Aims. Broad aims to cover the biochemistry and enzy-
mology of As metabolism in the guinea pig, rat and human.

10 April 1968. Aims. Same as in 1967, but with the introduction of
the concept that biochemical information on ascorbic acid could be used
to explore the role of As in the physioiogy of stress. Comments. Rather
complex carbon-14 labelling experiments are proposed.

1 March 1969. Aims. Objective same as in 1967-1968. Comments. The
concept is introduced that specific biochemical roles of ascorbic acid are
invoived in the optimum use of As by animal systems.

28 May 1970. Aims. Same as in 1967-1969. Comments. The concept is
introduced that the food additive, D-isoascorbic acid, could have bad effects
in human nutrition.

1 April 1971. Aims. Same as in 1967-19, “smmants. The role of
ascorbate sulfate, a new metabolite of As in man ~ed.
1 June 1972. Aims. Same as in 1967-1970 plus Jreparation of

ascorbate derivatives for use in metabolic studies.
143
C, “H, and

S labeling techniques plus development of analytical methods for As

23 May 1973. Aims. Metabolic studies as before using
35

metabolites.
23 May 1574. Aims. As above plus a renewed emphasis on effect of

stress on ascorbate metabolism, and the possible effect of isoascorbic

acid on As metabolism and utilization. Comments. By now it was recognized
that the best animal-experimental results could be obtained by studying
these factors in monkeys. The metaboiism of As is quite different in pri-
mates as compared to rats or guinea pigs.

May 1975. Aims. Same as in 1974. Comments. The early work proposed
under this contract was a chemical and enzymic study of the only known
metabolites of ascorbic acid in the usual animal used for such studies, the
guinea pig. By the termination of this study, it was determined that the
guinea pig was not a good animal for studies--they should be done in pri-
mates--and that the early metabolites of ascorbic acid proposed for study
were minor products, probably of secondary interest, and that the metabolism

of ascorbic acid was far more complex than suggested by the literature on




this subject. During this period, Professor Linus Pauling gave dramatic

publicity to the concept that a high intake of ascorbic acid had value in
the prevention and cure of colds. The publicity on the problem was surely ,
good, and the number of scientific publications on this subject increased
several fold. In ways the publicity obscured Pauling's more fundamental
point, namely that ascorbic acid had a role in generalized treatment of a
stress, a concept that antedated Pauling's public and scientific state-
ments by several decades. Unfavorable publicity concerning Pauling’s pro-
motional activities also tended to reflect poorly on a growing body of
knowledge that clearly demonstrates a role for ascorbic acid in stress
reactions. This aspect of the problem probably remains the one of greatest
potential interest to the military, and one in which fundamental research
and appiied research are both quite appropriate. Afterall, stress is a
major factor in the well being of the soldier, both in war and peace time.
During the course of this study, isoascorbic acid has been used many

times. It has the same structural formuia as ascorbic acid, but differs in
being a "diasterioisomer” or an "optical isomer." It is commonly used as

a food additive because of its antioxidant properties. While not toxic as
a food additive, its use in foods contradicts good biochemical judgment,
insofar as many diasterioisomers of essential nutrients are antagonists of
the nutrient itself. Work on the metabolic aspects of this problem are
important since isoascorbic acid (commercial name: erythorbic acid) is a
very common additive in the military ration. This work did not progress
very far, but it remains an important problem. More recent studies, some
of them currently in progress at the laboratory of the principal investi-
gator, show that major metabolites of ascorbic acid have a chemically modi-
fied side chain. This in turn indicates that isoascorbic acid with a D-
configuration on the side chain should not be metabolized in a similar way
to ascorbic acid, where the configuration is L.

The following sections cover most of the important details of the
research that have been completed at this time and not reported in previous
annual reports. In addition, several papers have yet to be written. Sec-

tions are as follows:
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INTRODUCTION

Man has a total of about two grams of ascorbic acid (As) and
its metabolites in his body. Very Tittle of this amount of ascorbic
acid seems to be needed in known and assigned biochemical roles, such
as an enzyme cofactor in the nydroxylaticn of proline and amino acid
metabolism. The highest concentrations of As are found in tissues
such as the brain, salivary glands, and gonads, where ro significant
amounts of hydroxyproline synthesis occur. The disturbing fact
remains that for most of the As found in the body, the biochemically
active form(s) and biochemical role(s) are unknown. The discovery
of catabolic products may lead to discovery of a new biologically
active form of ascorbic acid. Such an active form of ascorbic acid
could, in turn, suggest a possible chemical role for As, thus helping
to explain the unknown function of the overwhelmingly greater portion
of this essential bodily substance.

Common assay methods for determining As levels in biological
tissues are based on one of the following chemical properties of
ascorbic acid: 1) the reduction capacity of the enediol aroup, and

P 2) the ability of oxidized ascorbic acid to form an osazone.

Methods of employing the reduction capacity of As rely on the
detection of those substances reduced by As, such as iodine, ohos-
phomolydate, ferric ions, methylene blue, and dichloroindophenc]

(DCIP). Of these oxidizing agents, the DCIP test, introduced by

Tillmans (1), has the greatest specificity for As in biological




tissues. Gessey (2) showed the nighest specificity of the DCIP
method for As at pH 3.5. At pH 4.0 naturally occurrincphenolic or
sulfhydryl groups may react with DCIP. Thiosulfate, sulfite,
ferrous, cuprous and stannous salts interfere with the DCIP test

(3). At a pH of greater than or equal to 7, DCIP is a dark blue
color. At a pH of less than 7, DCIP is a light pink color. Reduced
DCIP is colorless at any pH. Visualization of the light pink end-
point of a dilute DCIP solution in a DCIP titration assay is uncer-
tain at best. In preference to visualization, spectrophotometers
have been used even though many corrections are necessary for the
large background absorption and slowly reacting substances associated
with most biological tissues. DCIP reacts on an equimolar basis with
ascorbic acid. Zannoni (4) developed a more sensitive colorimetric
procedure where the ferric ion was reduced to the ferrous state. The
reduced iron couples with 2,2'-dipyridyl to produce a red color. The
color development is read at 525 nm and is linear witnh the amount of
ascorbic acid.

An assay based on the ability of oxidized As to form an
csazone with 2,4-dinitrophenylhydrazine (DNPH) was developed by Roe
and Kuether (5). Trichloroacetic acid (TCA) is added to the sample,
then the ascorbic acid is oxidized to dehydroascorbic acid usually i
with Norit and either filtered or centrifuged. The sample may or may
not be centrifuged prior to oxidation. The DNPH in 9N H2504 is added
to react with the oxidized As to form an osazone while incubating at
elevated temperatures (eg. 3 hours at 37°C, 1 hour at 56°). The

samples are cooled in an ice water bath, and the osazone crystals

S R e o S 2




are slowly dissolved in 80/ w/w stog' The red color developed is
recorded at about 515 nm. The 515 nm absorbance for the As standards
is directly proportional to the amount of As present up to about

S0 ugli(5

—

. The sensitivity of this colorimetric method is second
only to the Zannoni method. The specificity of the DHPH method is
poor. All five and six carbon sugar-like compounds produce the red
color, but this color fades more quickly than with As and the method
aliows 30 minutes prior to color absorption measurement. Additicnal
interference occurs from the known metabolites--denydroascerbic acid,
As—2-SO4 (6), and could manifest from other As derivatives. C-6
ascorbate oxidation is a known major metabolic process (7) and could
result in such derivatives as saccharoascorbic acid (8), which is
shown in this thesis to assay on an equimolar basis with As in the

DNPH, DCIP and Zannoni methods. Also, derivatives of As with acid

[$9)

labile groups on the C-2 and C-3 positions could significantly inter-
fere with the DNPH assay after hydrolysis at those positions, since
the acid concentration is greater than 3N at elevated temperatures
during color development. This interference has been demonstrated
with ascorbate-2-sulfate (As-2-304), a known metabolite, by Baker,

et al. (6) using the DNPH method. Another problem with the DNPH
method is that much biological material is precipitated and removed
by either filtration or centrifugation. The extent of precipitation
and removil of DNPH material fluctuates due to different analytical

procedures. Thus, caution must be used when interpreting "whole"

sample analysis by the DNPH method.




In the search for ascorbic acid in biological tissues,

saliva has been investigated. The first investigator of ascorbate
in human saliva was Stuteville in 1935 (9). Stuteville used the
DCIP titration method on paraffin-stimuiated and acidified saliva.
He reported a measurable level of 2.5 ;g asccrbic acid per milliliter
of whole saliva. Stuteville also did a biological test with saliva
on a single guinea pig. The guinea pig was scorbutic with rapidly
declining weight. The animal was given a daily dose of saliva, and
the weight loss was stopped with a slight net weight gain. The bio-
assay suggested that an antiscorbutic factor was present in saliva,
but the value of a single animal experiment is highly questionable.
Zimmet and Dubois-Ferriére (10) reported an average of 1.42 .g As
per ml of saliva in ten human subjects of good health using the

DCIP assay. Glavind et al. (11) determined the ascorbic acid con-
centration by the DNPH method of a stimulated human saliva sample to
be 1.7 g As per ml1 and of a non-stimulated sample to be 2.4 g
As/ml. In a study of 85 subjects, Hess and Smith (12) reported a
mean As concentration of 1.9 g As/ml for unstimulated saliva using
the DNPH test. Also, a mean salivary As concentration of 0.7 g
As/ml for 110 subjects by the DNPH assay was reported by Freeman

and Hafkesbring (13). The measurements of ascorbic acid levels in
saliva listed above were determined on "whole" saliva. As mentioned
previously, the DNPH method necessarily removes precipitated

materials to some extent due to the analytical procedure of certri-

fugation or filtration to remove the Norit.




Whole saliva consists of secretions from two cell types:
serous cells wnich excrete a clear watery fluid, and mucous cells
which excrete a thick inucous. There are three salivary glands in
man: the parotid, the submaxillary and tne sublingual glands. The
parotid ducts are located on the cheeks across from the upper back
molars and lead from serous cells only. The submaxillary ducts are

located at the most forward juncticn of the tongue with the floor of

the mouth. The submaxillary ducts lead from serous cells and some
mucous cells. The sublingual ducts open at the junction of the
tongue with the floor of the mouth, but are lateral to the tongue
on each side. There are alsc sublingual ducts which exit with the
submaxillary ducts. Sublingual glands consist of mucous cells and
some serous cells. Saliva is greater than 99, water. The solids
of saliva consist of inorganic salts, a small amount of urea, mucin
(a glycoprotein), enzymes for polysaccharide nydrolysis and traces
of some vitamins (14, 15). Whole saliva samples may contain food
debris, oral epithelial cells, bacteria, fluid from pockets of the
gums, and blood cells --any of which might effect the results of an
ascorbic acid assay of the whole saliva.

Pretreatment of whole saliva by centrifugation on 25
salivary sampies resulited in an averaae value of 0.93 ug As/ml1 by
the DONPH test as reported by Dreizen (14). The sediment fractions
from the above samples averaged 2.16 vg As/ml. Dreizen (14) also
found the sediment of centrifuged saliva higher in Vitamin A,
pantothenic acid, nicotinic acid, and biotin. Makila and Kirveskari

(15) found the sediment higher in folic acid. Odumosu and Wilson




(16), using the DNPH assay, reported that whole saliva after treat-
ment with TCA and centrifugation contains one sixth as much As a&s
found in whole saliva with no pretreatment. Examination of the
sediment showed epithelial and mucosal cells, food particles and
some polymorphonuciear cells. Selective staining of the cells with
silver nitrate was reported to show granules of As in the cytoplasm
and cell nuclei (16); nhowever, the specificity of the silver nitrate

method for As in biological tissue has not been extensively inves-

Stimulated parotid saliva was assayed for As using the
DNPH test by Bates (17), who reported a value of 1.9 ug As/ml from
averaging the results from 66 human males, and a value of 2.3 .g
As/m! from averaging the results of 40 human females. Makild and
Kirveskari (18) collected parotid saliva and mixed submaxillary and
subiingual saliva by olafactory stimulation from subjects who had
fasted a minimum of 12 hours. The mean parotid value was 1.26 g
As/m1 by the DNPH assay on 13 subjects. The reported value for the
mixed submaxillary and sublingual saliva on the same 13 subjects was
0.60 g As/ml, also by the DNPH method.

In addition to the DCIP, DNPH and Zannoni methods, confirma-
tion of the presence of As in biological tissues by means of chroma-
tography has been attempted more recently. Bates (17) reported he
was unable to confirm the presence of free ascorbic acid in saliva
by using chromatography. Feller et al. (19) attempted to detect As
by paper and gas chromatography using pilocarpine stimulated parotid

and whole saliva from doga and saliva from humans. They reported no
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detectable free ascorbic acid in saliva, and their recoveries

of As when mixed with saliva were excellent.

In contrast, Smith {20) reported in an abstract that human
saliva contains 50 ascorbic acid and 507 dehydroascorbic acid,
observed by liquid chromatography. Using the Zannoni method, Smith
reported a total concentration of the reduced and oxidized forms of
As in saliva as being approximately the blood level (10 .g As/mi).

Many investigations have been undertaken to determine whether
there is an ascorbic acid dose response in salivary As levels in man.
Zimmet and Dubois-Ferriere (10) administered orally 500 mg As and
observed no increase in salivary ascorbic acid by the DiPH test.

Hess and Smith (12) orally administered 500 mq As dissolved in water
and observed that for 3 hours there was no increase in salivary As
using the DNPH assay. Dreizen (14) gave 500 mg of ascorbic acid
daily for seven days. Salivary samples on the eighth day failed to
show a statistically significant rise in ascorbic acid by the DNPH
test as compared with the preadministration saliva samplies. However,
Mdkild and Kirveskari (18), using the DNPH method, found a parotid

As concentration rising trend maximizing in four to eight (4-8) hours
after oral administration of 580 mg of As to subjects who had fasted
for a minimum of 12 hours. Makilda and Kirveskari suggest that a
negative result could be expected using whole saliva because of large
background levels and possible associated errors mentioned previously,

and because the three hour investigation period used by investigators

was too short. Dessy and Doneddu (21) noted a slight increase in
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saliva As levels 2-3 hours after administration of 1 gram of ascorbic
acid given intravenously, but they quoted no figures.

The correlation of saliva ascorbic acid Tevels with other
tissues in man is non-existent. Freeman and Hafkesbring (13) reported
that blood, urine and saliva DNPH reactive material concentrations
did not correlate. Bicknell and Prescott (22) concluded that the
salivary glands secrete ascorbic acid independently of the leveis in
other tissues. Bates (17) investigatzd the levels of ascorbic acid
in saliva, plasma and white blood cells (WBC);. The saliva and WBC
ascorbic acid levels were estimated using the DNPH assay. The plasma
levels of As were determined by the DCIP method. Bates reported a
significant correlation (P < 0.001) between the As concentration of
saliva and that of WBC in young (dental students) and old (over 65)
male subjects. Bates did not find this same correlation for female
subjects. No other statistically significant correlations of the
levels of ascorbic acid in the three fluids was observed.

Low salivary levels of As as measured by the DNPH test have
been reported for subjects with pathological conditions in which
vitamin C nutrition is considered to be disturbed. Bijos (23) re-
ported low levels of ascorbic acid in the saliva o1 TB subjects.
Zimmet and Dubois-Ferriere (24) observed that some infectious diseases
result in low As concentrations in saliva. Post-tonsillectomy sub-
jects were reported to have low ascorbic acid levels in saliva (25).
Lower salivary As values have been reported in patients with caries

as compared to healthy subjects (10). However, Hess and Smith (12)




observed no significant difference in salivary As concentrations r
in carious and noncarious patients. ;

Lars Hammarstrom (26) reported on the salivary gland (sub-

lingual and submaxillary glands) distribution patterns of 1-]4C-As I

as determined by impulse counting. Hammarstrom injected T-IAC—AS

in mice by the tail vein. Data was obtained by organ extracticn and
counting. At 5 minutes, the time of the first measurement, there

]4C in the submaxillary gland, and the

was already a nignh level of
radioactivity in this gland considerably decreased by the second
measurement at 30 minutes. In contrast, the sublingual gland had a
siower uptake, which maximized at 4 hours after the radicactive
injection. A 5-minute autoradiogram clearly chowed the faster uptake
of Tabel by the submaxillary gland as compared with the sublingual

gland.




Chapter I

13 _As LABELING OF TH
HC

L1 RATS: SPECIFIC ACTIVITY '
OF V

AND URINE |
Introduction

Literature reports have given some indication that the

frequently used wet chemical As assays are reacting with some
material other than As in saliva. Numerous papers report levels

of ascorbic acid in human saliva of about 0.6-2.5 pg/ml (9, 10, 11,
12). These levels of As in saliva are obtained using wet chemical
assays, namely the DNPH, Zannoni and DCIP methods, thought to be
specific for As in biological tissues. However, Feller, et al. (19),
using paper and gas chromatograpny, found no detectable levels of
ascorbic acid in pilocarpine stimulated saliva in dog, but did re-
port using the dinitrophenylhydrazine (DNPH) wet chemical As assay,

a DNPH reactive material equal to a standard As value of 0.9 ug/ml.

In Tight of Feller's work and the interference in the DNPH assay of

the known metabolite As-2—304, the specificity of the DNPH, Zannoni,
and DCIP assays for detecting As in biological tissues is suspect.
Therefore, ]4C-As was chosen to be used as a highly specific analyti-
cal tool to detect As and As metabolites. Rats were chosen for

radioactive labeling because they were available and easily handled.

The radioactive labeling of rats is described in this section.
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Methods

Radicactive Labeling of Rat and Saliva Collecticn

A glass vial containing solid ]4C-As in a vacuum was opened.
Encugh double-distilled sterile water was added to make an isotonic
solution and dissolve the As. Immediately, the dissolved 1—]46-
ascorbic acid with a specific activity of 50 ;Ci/10 mg was injected
subcutaneously (s.c.) into an albino female rat. In some cases,
the radioactive vial was rinsed with sterile salire. The vial rinse
was withdrawn with the same syringe containing the original radio-
active As solution. This radioactive solution was then injected
s.c. The vial was rinsed with saline a second time and the contents
withdrawn into the original radioactive syringe. This second vial
rinse was also injected s.c. The volume of the second vial rinse
was at least equal to the sum of the volumes of the original radio-
active As solution and first vial rinse solution. Just prior to
saliva collection, the rat was inserted into a slightly elastic
cloth tube equipped with neck and tail draw strings. This tube
allowed easy breathing but virtually no leg movement. A sterile
isotonic water solution of pilocarpine, equivalent to about 6.7 x
10'3 g pilocarpine HC1/kg body weight, was injected interperitone-
ally through the cloth tube. The rat was then laid ventral side down
upon a rack, which was tilted at about 30° so that the rat's head
was down. Whole saliva was aspirated into a small filter flask.

Collection of saliva began approximately two minutes after the pilo-

carpine injection and continued for 20 to 30 minutes. A typical
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20-30 minute collection pericod resulted in about 1 ml of saliva
being collected, although sometimes much less was collected. After
withdrawal of an aliquot of saliva for scintillation counting, the

filter flask was sealed with paraffin and refrigerated at 0°C.

adioactive Ra rine Collecti
Rad tive t U Collection

Rats were contained in a glass metabolism cage. Urine was
collected in 10 ml of 1.5M ammonium formate adjusted to pH 2 with
385 formic acid. Generally, urine was collected at twelve-hour

intervals.

Counting of Radioactivity

The solubilizer for the Beckman LS-250 scintillation counter
was 15 ml of [200 g naphthalene; 10 g PPO; 2 liters scintillation
dioxane]. 100 ul of freshly collected saliva or urinewere counted.
0.5 m! of the liquid chromatograpnh fractions was counted. Counting

efficiency was determined by spiking a sample with a dpm standard.
Results

In the first of two separate long-term labeling experiments
using T-]AC—AS, rat A (313 g body weight) was given 50 .Ci in 10 mg
As and rat B (276 g body weight) was given 15 (i in 3 mg As. The
dpm/100 ul of whole saliva collected and the average dpm/hour of
urine excreted are shown for both rats on Figure 1 and for Rat A
on Fiqure 2. Rat A received all of the contents of a radioactive
vial plus multiple rinses. Rat B received the last portion of a

ratioactive solution in a vial plus multiple vial rinses. For the
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Ficure 1 Excretion of 14¢ in Saliva of Rats A and B Labeled with |
50 +Ci/10 mo and 15 wCi/3 mg 1-14C-As, Respectively.
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Average dpm/Hour
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Figure 2 Exfretion of MC in Urine of Rat A Labeled with 50 uCi/10 mg
1- AC—AS.
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second long-term labeling experiment, the saliva and urine counts
for rat A (430 g) and rat C (324 g) are shown in Figures 3 and 4.

In this second experiment, rat A received the final portion of the

radioactive solution plus aultiple rinses of the radiocactive vial.
Rat C received a measured portion of the radiocactive solution and no
rinses. The lines of Figures 1-4 are obtained from a ieast squares
analysis of the data. The biological half-life of each set of data
is listed in Table I.

A third 1-]4C-As labeling experiment, where rat C was given
5 uCi in 1 mg 1—]4C—As, resulited in 175 dpm/100 11 of whole saliva.
The saliva was collected 35 minutes to one hour after the final radio-
active vial rinse injection.

A fourth labeling experiment was done with 6-]4C-As. Rat
D was given 16 nCi in 4.9 mg As, and the specific activity of the

whele saliva was 884 dpm/100 1. The saliva was collected 0.83 hour

to 1.33 hour after the final radioactive vial rinse injection.
Discussion

1-]4C-As labeled rats were found to give a radicactive peak
in saliva at about one hour after the radioactive injection.
Hammarstrom has studied the levels of labeled ascorbic acid in the
salivary glands of mice as a function of time after labeling. A
very fast accumulation of 14C in the submaxillary gland (within 5

minutes of labeling) was observed in mice, followed by a subsequent
1

4C in this gland after 5 minutes. The sublingual

rapid decline of
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dpm/100 ul Whole Saliva

100 200
Hours After Label

Figure 3 Excretion of ]4c in Saliva of Rats A and C, Each Labeled
with Approximately 50 pCi/10 ma 1-14C-As.
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Average dpuw/Hour

104

1 1 B 1 ! 1 L 1 . 1 1 L I

5 10
Days After Label
Figure 4 Excretion of 14C in Urine of Rats A and C, Each Labeled

with Approximately 50 uCi/10 mg 1-14¢.a5.
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gland slowly increased its ]4C level, peaking at 4 hours, in mice.
No measurement was done on the parotid gland, however (26).

The ]4C in saliva of the 1-]4C-As labeled rats declined
logarithmically over time, as did the urinary ]&C. This first order
process in saliva and urine was graphically analyzed by the least
squares method, and the biological half-life of ]4C was calculated.
The biological half-life of 142 in rats labeled with 10 mg 1-]AC-As
is an average of 2.9 days in saliva and 2.3 days in urine (Table I).
The variability of the urine excretion data is large, so that there
is no statistical difference in the observed saiivary biclogical nalf-
life and the biological half-1ife in urine. The biological half-life
of ]4C in saliva may be a less variable measure of the overall body
turnover of label than that of the excreted urinary label, which
fluctuates due to the amount of urine excreted, time of day;
duration of collection time and loss of urine during handling.

The salivary glands of rats, mice and guinea pigs rapidly
accumulate large amounts of ]4C when given 1-]4C-As by injection.

However, saliva is not a major excretory route of MC in ]—]4

C-As
labeled rats. Averaged data from three rat experiments where 10 mg
of 1-]4C-A3 was injected, resulted in only 0.05% of the ]4C injected
being excreted in saliva during a 20-30 minute saliva collection at
about one hour after the final radicactive injection.

Whenever such a small percentage of the original As label
is being observed, there is always the possibility that the observed

14

label results from an artifact of the 1-' 'C-As. This artifact could

result, for instance, from the breakdown of 1-]4C-As even before




labeling of the rat or from the breakdown and reincorporation of

] ! 4
'4C into the body pool of another compound. If the observed 1'C

in saliva were from a body pool other than the body pool of ascorbic
acid, a biological half-life would be expected that differed fronm

the biological haif-1ife of As calculated from the excretion of

1a - ] . X i ;
“C in urine. Since there is no statistical difference between the

e ! iy S . '
"C in saliva and that for ' 'C in urine of

T-‘4C—As labeled rats, then it can be concluded that the 1

tioleogical half-life of
AC observed
in saliva did not result from an artifact.
Figure 3 evidences the difficulties encountered in dividing

he contents of radioactive vials. Each rat should have received
10 mg of 1-]4C—As. However, rat A, which received the vial rinses,
showed a much higher specific activity of ]4C in saliva than did rat
C. Yet, if the specific activities for rats A and C {taken from

Figure 3) are averaged, then it will be seen that the average comes

s
very close to the specific activity of ]4C in saliva of rat A in
Figure 1, where rat A had received the entire contents of a radio-

active vial and multiple rinses.




Chapter 11

INVESTIGATION OF SALIVA FOR PRESENCE OF As AND SAs

Part A: Column Chromatography of Human
Saliva for As and SAs

Introduction

Experiments using ]4C in humans was not feasible in this
laboratory, but analysis of human saliva was desired for two reasons:
1) to add to the knowledge of As metabolism in humans, 2) as a con-
venient source of large quantities of saliva. Liquid chromatography
was chosen as a convenient method of separation because of its capa-
city to separate large quantities of materials. C. S. Smith (20)
reported in 1976 that ion-exchange chromatography was successful in
the separation of dehydroascorbic acid (dAs) and As in salivary
samples. He reports that 507 of the As excreted in saliva is dAs.
Using the 2,2'-dipyridyl assay (Zannoni), Smith reports that the
total As level (dAs + As) is close to blood levels. Blood levels
of As in humans are generally assayed by the DNPH method and are
reported to be 2bout 1 mg & (13). Feller et al. (12) reported no
free As in saliva. Tolbert et al. (7) reported a C-6-As oxidation
process of about 50% of the excreted urinary ]4C—As metabolites.
These reports suggest a Zannoni assay reactive material which is not
free As and may be a C-6-As oxidation derivative. A candidate for

this unknown C-6 oxidized derivative was saccharoascorbic acid

(SAs), which was available as a standard in this laboratory. Ascorbic




22

acid and SAs are poth good UV absorbers. Thus, human saliva was
analyzed for the possiblie presence of As and SAs using ion-exchange
chromatograpny with UV monitering of the ligquid chromatographic

fractions in the procedure below.

Methods

Human Saliva Collection

Paraffin stimulated saliva was coilected and, if not imme-
diately used, refrigerated at 0°C until use. Most saliva was col-

lected from a female subject taking 2 g As tablets/day.

Column Chromatography

Whatman DE 32, a DEAE cellulose [0-(diethylaminoethyl) cellu-
lose (formate form)], was the column support. The eluent was a
buffer gradient starting with water and ending in 0.5M ammonium for-
mate adjusted to pH 3 with 887" formic acid (buffer equivalent to i;
2.5M formate). A 200 ml1 gradient of 100 m] water and 100 ml1 formate |;
buffer was used to elute a 1 cm I.D. by 30-40 cm length (small)
column and a 400 ml gradient of 200 ml of each was used to elute a
1.5 cm I.D. by 75 cm length (medium) column. In all of the column
work, the 2.5M formate buffer was used as the strip solution. A
peristaltic pump was used to give a small column flow of 0.6-1.3
ml/minute. The UV absorbances of the column work were at 254 nm.

The small column runs were done at room temperature. The medium

column runs were done at 3°C.
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TCA Precipitation and Centrifugation

Trichloroacetic acid (TCA) was added to a sampie until a
pH of approximately 3 was obtained and precipitation occurred.
Usually this was accomplished by adding 2 ml of 5% w/v TCA to 5 ml
of saliva, which resulted in a 1.40 w/v TCA solution. The TCA
precipitated sample was then centrifuged for about 10 minutes at

13,000 RPM at 1°C in a Sorvall RC2-B refrigerated centrifuge.
Results

A DE 32 small column chromatograph of 1.0 ml human saliva
(from a male who was taking no supplemental As) which had been TCA
precipitated and centrifuged shows two major UV-absorbing peaks
labeled PI and PII in Figure 5. A small UV peak labeled PPI {pre-
peak I) is also shown. Saliva was collected from both male and
female subjects. The chromatograph of the saliva from the male sub-
ject (Figure 5) resuited in 1.2 for the ratio of the areas of PI/PII
and in 2.5 for that of saliva from a female subject taking 500 mg
As/day. Saliva from both male and female subjects resulted in no
chromatographic UV absorption position difference of PI and PII.
Analysis of human saliva collected from female subjects taking 2 g
As tablets/day and subjects taking 500 mg As/day showed no differences
in the UV absorbance peak area or positions of PI and PII by column
chromatography. 10 nug each of As and SAs applied to the column
resulted in a UV absorbance of 0.0055 for As and 0.0043 for SAs [

(see Table II). In runs using standards only, (i.e., no saliva),

the UV absorbance for an As standard was observed at approximately
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the same fraction as that for PI, and the UV absorbance for an SAs

standard was observed at approximately the same fraction as that
for PII. The positions of As, SAs, As—2-304, SAS-2-SO4. and As-2-
PC; on a small column chromatograph are indicated in Figure 6.

A DEAE 32 (formate form) small (1 x 30-40 cm) column
chromatograph of 1.0 ml of a centrifuged mixture of 9.0 ml of saliva
from a human female taking 2 g As/day, 1 ml water solution contain-
ing 0.10 mg As and 0.10 mg SAs, and 4 ml of 57 w/v TCA is shown in
Figure 6. The eluent was a gradient beginning with H20 and ending
with a 2.5M formate buffer (pH 3.0), which was the strip solution.
The 1 ml of mixture applied to the column (Figure 6) contained
0.64 ml saliva and 7.1 ug each of As and SAs. The expected UV
absorbance (calculated from Table II) of 7.1 ug As is 0.0039 and of
7.1 ug As is 0.0031. Since no new UV-absorbing peaks resuit from
adding As and SAs to saliva and they would be clearly visible by
themselves on this chromatograph (Figure 6), then it must be con-

cluded that the standards coincide with PI and PII.
Discussion

This preliminary invectigation of saliva using a UV moni-
tored liquid chromatograph indicated that it was possible for Loth
As and SAs to be present, but with no other major UV-absorbing sub-
stances. This did not account for the report of the presence of dAs
(20) in saliva, however, because dAs does not significantly absorb {

at 254 nm.  Also, no UV-absorbing peaks were observed for As-2-PQ,, .

As-2-504, and SAs-2-S0; (Figure 6). The two major absorbing peaks
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in human saliva were observed in both sexes, but not in the same

proportion. Human saliva of a female taking orally 2 g As/day in

the form or tablets did not show enhanced UV absorption peak areas
per ml of saliva over a female taking 500 mg supplemental As.

No UV-absorbing peak positions were affected, nor were new UV absorb-

ing peaks observed

Part B: TLC and Paper Chromatography of Human

-

Saliva for As and SAs

Introduction

The possibility of the presence of As in saliva has been
shown using column chromatograpny in the previous part of this
chapter. In addition, there is also the possibility that SAs may be
present in appreciable amounts. Further experiments to investigate
the possible presence of As and SAs were necessary; thin-layer chroma-
tography (TLC) and paper chromatography were chosen as the analytical

tocls, as outlined below.
Methods

Ultrafiltration

The saliva was diluted before filtering with an equal volume
of either water or 2.5M, pH 3.0 formate buffer (described under column
chromatography). The Amicon ultrafilter (UF) was employed with the

Diaflo UM 05 filter (retentivity > 500 MW). A1l UF work was done in

a cold room at 3°C with N, gas.
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Thin-Layer Chromatography

System I

Solvent
n-Zutanol: Acetic Acid: Carbon Tetrachloride (70:15:15).

Solid Support

Sigma Silica Gel H mixed 1g:2g Hp0 and coated 1 mn thick
on glass plates. Plates were air dryed and then oven-dried
at 80°C for several hours immediately prior to use.

System I1I

Solvent
n-Butanol: Acetic Acid: HZO (3k2:2).
Solid Support

Polygram Cel 300 UVp54 Pre-coated Cellulose plates.
Layer: 0.1 mm made by Machercy-Nagel & Co. - Duran.

Paper Chromatography

Whatman filter paper Solvent system was n-Butanol:
Acetic Acid: HZO (8252 ).

Descending Eluent.

Column Chromatography (previously described).

Results

Human saliva was collected as previously described. Two
7.1 ml samples of human saliva were TCA precipitated, centrifuged,

and chromatographed on the small DEAE column. The UV-absorbing

fractions previously designated as PPI, PI and PII were collected
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and evaporated with N2 to dryness at room temperature. The total
UV absorbance was equivalent to the absorbance of 0.426 mg As for
Pl and 0.102 mg SAs for PII. All fractions were reconstituted with
water and about 807 of PI, 507 of PII, 100% of PPI, As, SAs and

a niixture of As and SAs were applied to a TLC plate. The TLC was
accomplished using System I. Quantitative standards of As and SAs
had been done using System I. TLC plates were examined under UV
light (254 nm), sprayed with 0.5 mM dichloroindophenol (DCIP) fol-
lowed by reaction with iodine vapor. The minimum detection 1imits
of this system used were 0.01 mg As (detected by iodine) and 0.024
mg SAs (detected by iodine). A 0.5 mM DCIP spray detected a minimum
of 0.05 mg of As and SAs. No As or SAs was detected in PI or PII
on this TLC plate (Figure 7). Both applied peaks shculd have been
visible by iodine and DCIP spraying if As or SAs had been present
in the quantities indicated by the pexks' UV absorbances.

PI and PII fractions were lyophilized to dryness from a

medium column run of 800 ml of human saliva which had been ultra-
filtered (UF) with an equal volume of formate buffer. A small
column run of some of this lyophilized PII showed two UV-absorbing
peaks. The lyophilized product PII consisted of a mixture of fluffy
white material (mp 187 + 7°C) and a yellow cream material {mp > 300°C). ;
A TLC of the two solid components of lyophilized P11 (Figure 8) was

done on TLC System II along with standards of As, SAs, As-2-504,

As~2—PO4. and 2,3-di-0-methyl-As. The Rf values of the standards

and unknowns on this TLC plate (Figure 8) are measured from the

leading edge of each spot. Two spots were visualized by iodine
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reaction for the wnite PII solid with Rf's of 0.49 and 0.97. Tne

vellow PII solid produced one icdine reactive spot at an Rf of
0.49. The As, SAs, AS-Z-SO4, As—2-?04, and 2,3-di-0-methyl-As P
standards had Rf's of 0.73, 0.66, 0.49, 0.50, and 1.0, respectively.
AS-Z—PO4 and AS—Z-SO4 have about the same Rf as one of the spots ’
present in both PII solids, but the PII fractions are not ciose to

the fractions where these standards elute on the DE 32 column ‘ 1

(Figure 6). The PII spot with an Rf of 0.97 is close to that for

2,3-di-0-methyl-As. Paper chromatography of each of these PII solid
components (Figure 9) shows Rf's (measured from the leading edge of
each spot) for PII solids differing from As and each other but close

to the expected Rf of SAs in this paper chromatography system.
Discussion

The preliminary analysis of human saliva using ion-exchange
chromatography monitored by UV absorption at 254 nm indicated the
possible presence of As and SAs. UV abscrbances, marked PI and PII
on the UV recording of the column run, coincided with the UV absorb-
ances of the added As and SAs standards, respectively.

Examination of Pl and PII of human saliva by TLC and paper
chromatography did not show the presence of As or SAs, although
there was some material present with Rf's close to the expected Rf
of SAs in the paper chromatograph. Also, there was no evidence of
the presence of SAS-Z-SO4 in PI1 using TLC and no evidence of
As—2-504, As-Z-PO4 and SAs-Z—SO4 in PI or PII using column chromato-

graphy. There was some substance present in PII that had a similar
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Rf to 2,3-di-0-methyl-As in System II of the TLC and in the paper

chromatograph.

Part C: Co-Chromatoaraphy of As and SAs with Saliva
from 1-T4C-As Labeied Rats

Introduction

In Part B of this chapter, it was reported that no evidence
of As in human saliva was obtained from TLC and paper chromatograpny.
A column chromatographic confirmation of the absence of As in rat
saliva was also desired. The close Rf's of PI[ solids with SAs in
the paper chromatography data required further investigation of the
absence or presence of SAs. In the following experiments, a radio-
active label was employed for the detection of As metabolites in the
liquid chromatography fractions, since there had been interference
between the UV-absorbing peaks of compounds in saliva and UV-absorb-

ing peaks of standards.
Methods

Column Chromatography (previously described).

Results

0.240 m1 of radioactive rat saliva was spiked with 0.60 mg
SAs, TCA precipitated, centrifuged, and applied to the small column
(Figure 10). The major radioactive peak appeared at fraction 14 in

this run, while the UV absorbance for SAs clearly peaked early in

fraction 13. There was a small overlap in UV absorbance attributed
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to the SAs spike and the major radicactive peak. If the sum of the

counts of fractions 14 and 15 are assigned a value of 100%, then no
other radiocactive peaks shown are greater than 10% of this major
peak. Also, this major peak constitutes greater than 507 of the
combined radiocactivity of all fractions. Figure 10 shows some amount
of UV absorbance corresponding to the major radicactive peak. UV-
absorbing PI also had a trace amount of radioactivity asscciated
with it in this column chromatogragh.

0.400 ml of radicactive rat saliva was spiked with 0.050 mg
As, TCA precipitated, centrifuged, and applied to the smali column
(Figure 11). Particular attention was paid to radioactivity balance
in this column chromatography run, and no loss to the column support
was observed. In this run, an air bubble obscured the detection of
UV absorbance at fraction 7, where a trace of radioactivity was
obseirved. . Nevertheless, this run clearly showed no radioactivity
associated with the UV absorbance as the As spike. It was also noted
that the UV absorbance of PII corresponds to the major radioactive

peak in this column chromatograph.
Discussion

Column work done with saliva from 1-]QC-AS labeled rats
confirmed both the results reported by Feller et al. (19) and the
nonradioictive TLC and paper chromatography results described pre-

viousiy, by showing that no detectable amount of ascorbic acid is

present in saliva (Figure 11). Also, column chromotagraphy of
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radioactive saliva spiked with SAs confirmed that the major metabo-

A

lite was not SAs (Figure 10). Furthermore, only one major 1-]*C-As

metabolite was shown to be present in radioactive rat saliva using
column chromatography, and this metabolite appears to be a fairly

strong acid.
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Chapter [II

]

4
NVESTIGATION OF THE 1- " "C-As METABOLITE FOR UY ABSORBANCE

: ] I e
Part A: UV Absorption of 1-  C-As Metabolite from Rat:
Acid Pretreatment Followed by

_olumn Chromatography

Introduction

Ascorbic acid and As derivatives with an intact enediol-
lactone ring are all excellent UV absorbers having molar extinction
coefficients on the order of 104. Monitoring liquid chromatography
by UV absorption is desirable because of its convenience. The intact
enediol-lactone ring is the chemical structur> responsible for the re-
activity of As and SAs in the 2,2'-dipyridy! and DCIP tests and leads
to the DNPH color reaction. This is also the structure that makes As
and SAs good UV absorbers. All of these facts lead to the assumption
that the observed column UV absorbances of saliva coincident with the

14

1-" 'C-As metabolite were due to the metabolite's UV absorption. Signi-

ficantly, a few column UV analyses did not coincide perfectly with the

radioactivity and are described in the faollowing results.
Methods

Column Chromatoqraphy (previously described).
Results

Three small column runs showed close, but imperfect coin-

cidence of the major radicactive peak with UV-absorbing PIL. One




typical example of this is shown in Figure 12. Figure 12 shows the
major radioactive peak meximizing at fraction 16 and the UV absorb-
ance of PIIl maximizing at the beginning of fraction 17. All three
of these column runs had the same saliva pre-column treatment, that

is, the addition of TCA to precipitate proteins and centrifugation.
Discussion

Throughout most of the column work, the major radicactiv
peak appeared to be cliosely associated with some major UV absorbance
(Figure 12). Further column work made the coincidence of UV absorb-
ance with the radiocactivity suspect. The accuracy achieved in cor-
relatind the fractions collected with the UV absorbance recorded does

not permit attributing non-coincidence to measurement errors.

Part B: UV Absorption of 1~]4E~HS Met

— ==

Par bolite from Rat:
Neutral pH Pretreatment Followed m

by Column Chromatography

Introduction

Errors in the marking of column fractions on the UV recorder

chart paper could not account for the separation of the UV-absorbing

peak and the radioactive peak by a whole fraction. However, the
separation of peaks was small, and a greater separation was desired.
Better separation of the UV-absorbing peaks may be obtained by using
a larger column eluted with a greater total volume of gradient and by

using a different pretreatment of the saliva. The results of these

modified column chromatography procedures are given below.
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Methods

Column Caromategraph (previously described).

Ultrafiltration (previously described).

Results

The results of a medium column run of 3.2 ml of radioactive
rat saliva and 800 m] human saliva which had been ultrafiltered in
formate buffer and lyophilized then cocmbined and applied to the column
is shown in Figure 13. Standards of As and SAs previously chromato-
graphed on the medium column had appeared at ffactions 60 and 90,
respectively, by monitoring UV absorption. Fractions 75-84 encom-
passed the major radioactive peak which did not coincide with the

UV-absorbing PII. Similarly, the maximum UV absorbance of PI corres-

ponds to only a trace of radioactivity. A different radicactivity
distribution is observed on this run, the major peak containing only
twice as many counts for the fractions 75-84 as for the fractions
36-40 and 130-133. This change in distribution may be due to break-
down of the labeled compound. The medium column run took about 24
hours from the start of the 400 m1 gradient to the end of the gracient

(beginning of the strip), whereas the peristaltic pump zpplication of

the 200 m]1 gradient to the small column took only about three hours.
In view of the observed distribution change from small to medium

columns, the longer time evidently allowed some breakdown of labeled

compounds, though the medium column was refrigerated.
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Pre-column treatment of saliva by diluting with water and

ultrafiltering resulted in complete separation of the radioactive

peak and the UV-abscrbing peaks (Figure 14). In this small column
run, 2 mechanical failure resuited in fraction 20 not being collecteq.
However, the counts contained in the fraction were estimated by sub-
tracting the total radiocactivity eluted from the amount applied, a
reasonable calculation since no loss of radicactivity to the column
support had been observed in previous column chromatography using the
small column. This estimate is indicated in Figure 14. The estimated
peak absorbances for different amounts of As applied, based on the
actual peak maximum absorbance of As when run on the small column,

are shown in Table II. If reported values of about 1 pg As/ml saliva
as determined by the DNPH assay are used as a basis of estimation,
then 0.6 ug As should have been present in this run (Figure 14). This
amount of As would not be measurable by UV abscrption if it were

applied to the small column (Table II).

Discussion

A change of pre-column treatment from acidic conditions to
a water dilution with subsequent ultrafiltration eliminated the coin-
cidence of observed UV absorption with the major radioactive peak
(Figure 14) of a column chromatograph of radioactive rat saliva.

The nature of the UV-absorbing weak acid components of saliva
is not known. Preliminary UV absorption measurements of PII fractions

show a %, of 240 nm at pH 3 from one column run of human saliva and

~

241.5 nm at pH 3 from one column run of rat saliva. 800 ml of saliva

b i
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which had been ultrafiltered with formate buffer were chromatographed,

and UV-absorbing PI and PIl each had mn's of about 243 nm and 281 am.

The absorbance at 281 nm may be a derivative of tryptophan or tyrosine.

Mass spectra of lyophilized material from UV-abscrbing PII showed only
low molecular weight fragments.

The elution of the 1—]4C-As metabolite of rat saliva using
ion-exchange chromatography is characteristic of a fairly strong acid,
possibly an «-hydroxycarboxylic acid. The fact that the compound
elutes after ascorbic acid using a column gradient eluent from water
to acid indicates that it is a stronger acid than As. Side chain

oxidation or degradation of As is capable of producing this change.




Chapter IV

INTERFERENCE IN ASCORBIC ACID ASSAYS

Part A: Possible Ascorbic Acid Metabolite Interference
in Ascort ¢ Acid Assays

Introduction

The most common procedures for determining ascorbic acid
(As) in biological tissues are based on the presence of an intact
enediol-lactone ring of As. Results from such experimental proce-
dures on biclogical samples are usually reported as As. However,
compounds such as derivatives of As with the enediol-lactone ring
intact or derivatives of As with acid labile substituents may be
able to interfere with these As assay methods.

The dinitrophenylhydrazine (DNPH) assay of ascorbic acid is
a standard method used to measure As concentrations in biological
tissues. Three DNPH methods commonly employed are the Schaffert-
Kingsley (27), Rce-Kuether (28), and Bessey-Lowry (29) procedures,
which differ essentially only in the time and temperature of the
osazone color development. Roe (3) has already emphasized avoicance
of high temperatures during the coupling reaction. Baker et al. (6),
using the modified DNPH procedure of Roe-Kuether, have reported that
one known metabolite, As-2-804. can give the same color reaction as
ascorbic acid. When the As-Z—SOJ/DNPH assay mixture was heated for

15 minutes at boiling water temperature (95°C in Denver), it reacted

equally as well as As. As-2-S0., assayed at 60°C for one hour using




this DNPH method, resulted in 50% of the As-2-30, being converted to
e

the colored osazone, as compared witn 100. of the As converted under
these same cenditions. At 37°C for one hour, no DNPH color develop-
ment was observed for As—Z-Sog. Interference by As-2-804 is parti-
cularly important in urine, where As—Z—SO4 excretion has been
demonstrated (30).

Preliminary results have been reported recently that approx-
imately 457 of the urinary As metabolites in rats and monkeys have
undergone side chain oxidation at the C-6 position, presumably leav-
ing the enediol-lactone ring intact (7, 31, 32). L-threo-saccharo-
ascorbic acid (SAs) is a 6-carbon oxidation derivative of As with an
intact cnediol ring. SAs is cne possibility for a side chain oxida-
tion metabolite of As with an intact enediol-lactone ring. SAs was
tested for interference in the following three As assay methods:
2,2'-dipyridyl; 2,4-dinitrophenylhydrazine (ONPH); and 2,6-dichlo-
roindophencl (DCIP).

L-threo-Hex-2-enaro-1,4-lactone[ IUPAC] or, commonly, L-threo-
saccharoascorbic acid (SAs) was tested using the three As assay

methods below. The SAs was prepared by air oxidation of the C-6

CHOHCOHH L-threo-saccharoascorbic acid

carbon of L-ascorbate-2-sulfate, using a Pt/C catalyst. The SAs-2- E

sulfate formed was then deblocked by acid hydrolysis and recrystallized
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to greater than 997 purity. Details of this procedure have been

published (8).

Methods

2,2"' -Dipyridyl Assay

The 2,2'-dipyridyl colorimetric test followed the procedure

of Zannoni, et al. (4). The epediol ring of As reduces Felll te
Il - ! N, . :
Fe'". The Fe ~ is complexed with 2,2'-dipyridyl to produce a red

color which is measured at 525 nm with a spectrophotometer; the color

development is linear with the amount of As.

The 2,4-dinitrophenylhydrazine (DNPH) colorimetric As assay
used was the Schaffert-Kingsiey procedure (27), mcdified by Baker
(33). Trichloroacetic acid is added tc the sampie; the sample should
be centrifuged, if a precipitate is observed. The modification is
substitution of cupric ion in p]age of charccal (Norit) as the oxidiz-
ing agent of As. One milliliter of DTC mixture [10.0 ml1 (2 gm DNPH
in 100 ml 9n HZSO4), 1.0 ml (0.32% CuSOQ), and 1.0 m1 (1.0% thiourea)]
is added to each milliliter of sample. The substituticon of DTC for
Norit eliminates the filtration step and, in some cases, a centrifuga-
tion step necessary for the removal of the Norit. DNPH couples with
dehydroascorbic acid to form 2 red-colored osazone. The color is read

at 515 nm with a spectrophotometer. The development of the red color

of the osazone is directly proportional to the amount of As reacted.
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DCIP Titration

The 2,6-dichloroindophencl (DCIP) As assay method used was
a titration procedure. A 0.477 mM DCIP aqueous solution was used to
titrate both As and SAs. Each sample aliquot was buffered at pH 7
with a monobasic potassium phosphate-sodium hydroxide buffer so that
a blue endpoint couid be visualized. Ascorbic acid reduces DCIP on

an equimolar basis.
Results

The 2,2'-dipyridyl experimental procedure assayed SAs on an
equimolar basis with As, as reported in Table III. The DNPH test
assayed SAs on an equimolar basis when color development took place
at 55° for 1 hour, as shown in Table IV. When the DNPH assay was run
at 37° for 1 hour, the absorbance vs. moles reacted curve was not
linear; the ratio of the absorbances for equimolar amounts of SAs/As
was 1.34. When the DNPH assay was run at 37° for 3 hours, this ratio
was close to one. Thus, the SAs appears to react more rapidly with
DNPH than does As. The DCIP titration procedure assayed SAs on an
equimolar basis with A>, as shown in Table V. The molar extinction
coefficient and Am of SAs was measured in a monobasic potassium
phosphate-sodium hydroxide puffer at pH 7.0 and found to be 1.40 x

104 and 267 nm, respectively.
Discussion

The data reported in this paper show that SAs, a possible

metabolite of As, can interfere in the As assays used in this study
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TABLE 111

2,2'-Dipyridyl Assay of As and SAs

Absorbances at 525 nm are recorded of duplicate runs I and II for

the molar amount shown of As and SAs. Absorbances of the blanks | 8
have been averaged (0.008) and subtracted. E

Sample Amount As (Absorbance) SAs (Rbsorbance)

nmoles I II [ II
7.10 0. 027 0.019 0.029 0.021
14.2 0.046 0.038 0.0<0 0.032
28.4 0.083 0.075 0.083 0.075
2.6 0.118 0.110 0,107 0.099
56.8 0.150 0.142 0.155 0.147

TABLE IV

' 2,4-Dinitrophenylhydrazine Assay of As and SAs

Absorbances at 515 nm are recorded of dupiicate runs I and II for the
molar amounts shown of As and SAs. Color was developed at 56° for 1
hour. Absorbances of the blanks have been averaged (0.010) and sub-

tracted.
‘ Sample Anount As (Absorbance) SAs (Absorbance)
{ X 10°% moles I II I II
3 5.68 0.193 0.189 0.184 0.186
} 11.4 0.377 0.364 0.353 0.367
‘ 17 0.507 0.516 0.520 0.529
22.8 0.674 0.661 0.669 0.683
28.5 0.838 0.834 0.864 0.843
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on an equimolar basis. his result confirms the expectation that
side chain oxidation derivatives of As with an intact enediol-lactone
ring interfere with these As assay methods. Derivatives of As in
which the enadiol-lactone ring is unsubstituted should respond to

all three procedures. If the rinc is substituted, the response would
depend on the 1:bility of the derivative. Thererore, As-2-suifate
cannot be assayed by the OCIP or the 2,2'-dipyridy! procedures, but
can be assayed by the DNPH procedure if done at elevated temperatures
(6). As-2-phosphate is more readily nydrolyzed than As-2-sulfzte and
should cause more interference.

Since side chain oxidation products of As have been reported
to be a significant portion of As metabolites from at least one biolc-
gical sgurce, then it is possible that a number of analytical results
of As assays on blood, trine and tissue have significant errors from

metabolite interference.

Part B: DNPH Reactive Material of Human Saliva

Introduction

Odumosu and Wilson (16) reported that centrifuged human
saliva had one sixth the DHPH reactive material of uncentri-
fuged hunman saliva. Acidification of the saliva with TCA and
filtration to remove the Norit also removes some DNPH reactive
material. Neither centrifugation nor filtration should remove free

As or a small metabolite of As.
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DNPH assays of human blood, yrine, and saliva revealed
no correlation of the ievels of DiPH reactive material in human
saliva with any of the other two tissues (13, 17). Perhaps the
sought-for correlation of the DiiPH reactive material in saliva with
that in other tissues does not exist. In this section, data are
presented showing that the DNPH assay is not measuring As or the
major 1—]4C-As metabolite in saliva, but, instead, is measuring inter-

fering substances.
Methods
DNPH Assay (previcusiy described).

Uitrafiltration (previously described).

Column Chromatography (previously described).

Results

4658 dpm/100 i:1 was the average value for rat saliva collected
approximately one hour after the radicactive injection (Figure 3),
where 50 1.Ci/10 mg ]-]4C-As was administered to each rat. The dpm/m!
for this value is 46580 dpm/m! of rat saliva. The moles of 1-]46-As
metatolites per ml of rat saliva may be calculated by assuming that:

1) the tissue level of As in the rat is comparable to

that in man and that the rat's body pool can be
estimated as follows:

3 : [ )
2x W g Bs (hemen body puol) . 354 g rat = 10 ng As (rat

70 X 103 g human body pool);




the 1-'"C-As has equilibrated with the As in the body
pool; and

no

—

3) the molar specific activity of the radioactivity is
' not different for As and its salivary metabolites.

The number of moles of As metabolizte per milliliter of rat
saliva is:

10 mg As injected + 10 mg As (rat

4.658 x 10 dom. o0 N w00 o oo Dody pool) e
1 ml rat saliva ; -6 ’ 50 421 total injected
” 2.2 X ]'J d,.m 2 & J =
1 mola As -8 fms :
X RO 6A° = 4.8 x 10 ~ moles As metabolites/ml rat saliva

If equal color development from DNPH reactions with As and
with As metabelites represents equal moles of those substances present,
then for each ml of whole (uncentrifuged) rat saliva, there is about
45 X 10_8 moles of As metabolites (Table VI). Approximately 4 x ]o‘a
moles of As metabolites/ml also applies to the equivalent As molar
levels in uncentrifuged human saliva as measured by DNPH assay. TCA

precipitated-centrifuged rat saliva yielded about 2/5 as much DNPH

reactive material as uncentrifuged material, and an even larger drop

in ONPH reactive material was observed for TCA precipitated-centrifuged
human saliva (Table VI). It must be noted that 40-455 of the radio-
activity of ]-]JC—AS labeled rat saliva was also lost upon precipita-
tion with TCA and centrifugation or uitrafiltration with an equal
volume of 2.5M formate buffer (pH 3). By contrast, ultrafiltration
with an equal volume of water yielded no significant loss of radio-
activity in rat saliva, yet the DNPH material of water-diluted. ultra-

filtered human saliva dropped to much less than the equivalent of

0.7 ug As/ml (6 x 10-10 1076 As/ml) level.
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Figure 15 shows a small (1 x 30-40 cm) column run of 80 ml

of human saliva and 3.3 ml of saliva from a rat labeled with 1-]4C-As.
The saliva was ultrafiltered with an egual amount of water at 3°C and
lvophilized to dryness. The lyophilized saliva was reconstituted in
double-distiiled water and applied to the column. UV absorbance at
254 nm was measured. Radicactivity was determined by counting 0.5 ml
of each 12 m! fraction. The remaining fracticns were lyophilized to
dryness before a DNPH assay was run on the remaining portion of each
fraction. The DNPH reactive levels obtained were adjusted to include
the missing 0.5 ml aliquots used for counting the radioactivity. As
previcusly mentioned, all controls (10 ml aliguots) for the DNPH reac-

tion showed that much less than 0.1 ng As/mi (6 x 10710

mole As/ml)

OHPH reactive material was present after the human saliva was ultra-
filtered in water. Of the three human saliva controls, two controls
were lyophilized before the DNPH assay was started, and one was con-

centrated to approximately 2.5 ml by evaporation with N, and assayed.

e
No further tests were carried out on the material coming off the
column which was DNPH reactive, so the identity of this material is
not known. It is known, however, that this material is not from con-
taminated cciumn material, because two of the control chromatographs
and the Figure 15 chromatograph were accomplished using fresh column

material; all of these showed easily detectable levels of DNPH reac-

tive material in the fractions collected, when essentially no ONPH

reactive material was applied.
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Discussion

TCA precipitation and centrifugation or ultrafiltration in
formate buffer resulted in a 40-45% loss of the radicactivity of
saliva. NPH reacted aliquots of human saliva which were TCA pre-
cipitated and centrifuged were two fifths as DNPH reactive as the
saliva which was TCA precipitated but not centrifuged. The noncon-
currance of DHPH reactivity losses with radioactivity losses sugces: :d
that the DNPH assay was not measuring the radiocactive metabolites.
This was confirmed when the DNPH reactive material of 10 mi of human

saliva (after ultrafiltration with water) was equivalent to much less

than 0.1 ug As/ml (6 x 10-10 mole As/ml) whole saliva. By contrast,

no significant radioactivity of the rat saliva was lost in the same
UF/water step. A mixture of human saliva and radioactive rat saliva
was ultrafiltered in water. The ultrafiltered mixture was applied to
the small DEAE column. The ONPH test was carried out on the fractions
from this column run, and some DNPH reactive material was observed for
the UV-absorbing fractions. However, no DNPH reactive material was
observed in the major radioactive peak (Figure 15). This appearance
of DNPH reactive material was not due to column contamination, because
fresh column material was used for the chromatography in Figure 15 and
in two other separate control runs.

Since the ultrafiltration membrane's retentivity is greater
than 500 M, then the As metabolite must be less than 500 MW. Based
on the column chromatography results, the As metabolite appears to be

a fairly strong acid. It is apparently not DNPH reactive. The 3.3 ml




of radioactive rat saliva applied to the column run (Figure 15),
alone, should have given a detectable level of DNPH reactive material
if all of the DNPH reactive material were concentrated in the frac-
tions of the major radioactive peak (fractions 7 and &); however,
no DNPH reactive material was observed for the majer radioactive peak.
The observation of Odumosu and Yilson (16) that TCA precipi-
tated-centrifuged huiman saliva had a fraction of the DNPH reactive
material of whole human saliva was confirmed, as shown in Table VI.
Similarly treated radicactive rat saliva resulted in tne loss of only
40-45% of the radioactivity. Ffurther analysis using a water dilution
of human saliva which was ultrafiltered resulted in essentially com-
plete loss of DNPH reactive material, whereas ultrafiltration of
water-diluted radioactive rat saliva resulted in no significant loss
of radioactivity. The ultrafilter membrane having a retentivity of
greater than 500 MY should not have removed any free ascorbic acid
nor any of its known metabolites. Therefore, thers is no justifica-
tion for reporting DNPH reactive material in saliva as ascorbic acid
or as a metabolite of As. Scme candidates for the DiPH reactive
material of whole saliva are carbohydrates resulting from hydrolysis
of the polysaccharide portion of mucin. Hydrolysis of the polysac-
charide is likely, because of the strong acid conditions of the DNPH
analysis. The losses of ONPH reactive material observed in acidified

saliva could be due to the partial TCA precipitation of the glyco-

protein-mucin and its removal by centrifugation or filtration. .




Chapter V E

CALCULATIONS

Part A: Calculation of the Expected UV Absorbance
for the 1-14C-As Metabolite

Introduction

14

Previous experiments show that the major 1- 'C-As metabolite

in saliva does not coincide with any significant amount of UV e&bsorb-
ance using a DEAE cellulose column chromatograph. The presence or
absence of UV absorption of the metabolite is of interest. If an
intact enediol-laclone ring is present, it should have a molar extinc-
tion coefficient around 104 and a - at 240-260 nm. It is possible

to calculate an expected UV absorbance of an As metabolite in saliva

with an intact enediol-lactone structure by using radioactivity levels

of the ascorbate metabolite; this calculation is done below.
Calculation

An estimate can be made of the expected UV absorption of the

14, e , ; :
1-""C-As salivary metabolite by making a number of assumptions:

1) that the metabolite is UV-ibsorbing, and that its
molar extinction coefficient is on the same order
as that for ascorbic acid (about 104);

2) that tissue levels of As in the rat are comparable

to that in man, and that the rat's body pool can be
estimated as follows:

2 x 10° g As _(human_body_pool)

x 350 g rat = 10 mg As rat body ]
70 x 16° g human pool; |
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3) that man makes the I-]4C—As metabolite found in
rat saliva;

E ~ 3
~

that the amount of metabolite/m] rat saliva appear-
b ing in the major radicactive column peak is equal
to the amount of metabolite/ml human saliva that
would be present in corresponding column fractions;

5) that a reasonable estimate of the amount of metabo-
lite present can be obtained by using the maximal
peak absorbance of an As standard as _irectly pro-
portional to the amount of As applied when the same
column is used (Table II),

6) that the molar specific radioactivities for As and
its metabolite do not differ;

7) that the 1-'7C-As is equilibrated with the As body
pool; and

8) that the column chromatographic peak shape of the
1-14C-As metabolite is comparable to that for As.

With these assumptions, the following caiculation may be

made for the column chromatograph of Figure 15:

10 mg As rat body
pool + 10.0 mg As

1 mole As « 1535 dpm (fractions 7+8) injected
= 6 3.3 ml of rat saliva 50 G
0.176 x 10° mg As applied total injected
] 'ici - _9 5ot A + s wit o
e = 2.4 x 10 7 moles As metabolite/ml wnole saliva
2.2 x 10° dpm

Assumption (5) allows peak heights and not peak areas to be
used as an estimate of the absorbance one might expect for the
column chromatographic peak of the 1-]4C-As metabolite. The observed
peak absorbance of the 0.01 mg As applied to the small DEAE column
is 0.0055 (from Table II). In addition to the 3.3 ml of radioactive

rat saliva, 80 m1 of human saliva was lyophilized to dryness,




re-dissoived in a small volume and applied to the small column, the
chromategraph of which is shown in Figure 15. In this chromatograph,
the expected absorbance of the 1—]4C-As salivary metabolite woulid be:

6 , - o
S 0.176 x 10" mg As _ 2.4 x 10 7 mole As metabolite

0.00585 ab
25 LA 2 :
A 1 ml whoie saliva

0.01 mg

s 1 mole As

X 80 ml human saliva applied = 0.015 abs expected for I—TQC-AS
salivary metaboliite

At the full scale recorder range of 2.0 abs, as indicated on
Figure 15, an absorbance of 0.02 is about one half of the smallest
chart paper division, which is detectable. No UV absorbance was

observed for the radioactive peak (Figure 15).
Discussion

No UV absorbance was observed for the 1-'9C-As metabolite
of saliva under these experimental conditions. However, no conclu-
sion may be drawn as to whether the metabolite is UV-absorbing
because the calculated expected absorbance of the 1-14C-As metabolite
of saliva was within the background variation. Thus, it remains

an open question whether the enediol-lactone ring remains intact

in the major 1-]4C-As metabolite of rat saliva.
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Part B: Calculation of the Moles of 1-'4C-As Metabolites

R
Per Milliliter of Rat and Human Saliva and Column
Chromatography of Radioactive Human Saliva

Introduction

Based on radioactivity calculations done by Baker et al. (34)
o determine the size of the As pool in man, there are about 2 grams
As in the nhuman body pool. A specific activity for the metabolite
in saliva can be calculated by assuming that the molar specific

activities of the metabolites and As are equal.
Methods

A human experiment investigating the pharmacckinetics of As
metabolism was conducted by Dr. Anders Kallner at Huddinge University
Hospital, Huddinge, Sweden, who generously agreed to supply all of
the radioactive human saliva referred to below. The methods of
administration of 1-]4C—As and saliva collection described below

were carried out by Dr. Kallner.

14

Administration of 1-" "C-As to Human Subjects

Human subjects were given a trace amount of 1-]4C—As totaling

20 uCi orally.

Radioactive Human Saliva Collection

Saliva was stimulated with a quick rinse of citric acid.
Saliva collections took place at the third, fourth, and fifth hours

for 20 minute periods. Bottles of saliva were flushed with nitrogen

and stored at below 20°C. The collection date was November 8, 1976.
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Or. Kallner then shipped the collected saliva on dry ice to this lab.
Four bottles were thawed January 25, 1977 and counted. The remain-
ing 8 bottles wers thawed May 4, 1978 and counted, ultrafiltered
with water, and lyophilized. Then a column chromatograph of this

lyophilized material was done.
Results

Specific radioactivity calculations (a sample of this cal-
culation is given below) for man given a trace of As and for rat
given 1 mg As result in 1.8 x 10-8 mole As metabolite/ml human saliva
and about 0.894 x 10-8 mole metabolite/ml rat saliva (Table VI). The
rat dpm/mi saliva is calculated from data given in Chapter I. The

human dpm/mi saliva data is listed in Table VII).

Sample Calculation

Assuming that: 1) the molar specific radioactivities for As
and its metabolite do not differ, and

14 .

2) the 1-"7C-As is equilibrated with the
As body pool,
then
(Rat: 1 hour
after label
3 ey % 1 mole A$"~——-x # of dpm Human: Mean of

6 6 : 12 measurements
2.2 x 10" dpm  0.176 x 100 mg As 1 ml whole saliva at the 3,4, and

5th hours arfter
label)

# of mg As in body pool +
£ of my As administered . .
L} - -~ e ——— = ##
total # of (1 administered # of moles As mgz??3;1tes/m1 whole

I

|

!
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The column chromatograph shown in Figure 16 is of water-
diluted, ultrafiltered saliva from humans administered 1-14C-As
orally. The radioactive human saliva using 1-14C-As 1abeled sub-
jects revealed a single major radioactive peak using the small DEZAE
column (procedure as previously described). Figure 16 shows the
elution position of the minor 1-14C-As metabolite of human saliva
to be about the same as that for the 1-14C-As major metabolite of

rat saliva and that for the major human :'atabolite to he earlier.
Discussion

The amount of 1-14C-As metabolites excreted in rat saliva
(collected at one hour after labeling) is about 0.05% of the total
label injected. The amount of 14C excreted in human saliva (calcu-
lated from the twelve-sample average shown in Table VII) is roughly
0.02% of the total 14C administered. From these results, it may be
concluded that saliva is not a major excretory route for the 1-14C-As
label.

The column chromatograph of saliva from human subjects who
had been administered 1-14C-As orally (Figure 16), showed a single
major radioactive peak. This radioactive peak elutes before and
the minor radioactive peak elutes at about the expected position
of the major 1-14C-As metabolite had rat saliva been used. It
cannot be concluded, however, from the single column run of Figure
16 whether any of the 1-14c-As metabolites in human saliva is the
same as those in rat saliva.

The PII UV absorbance was minimal in this chromatograph of

R R o P Ty
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human saliva (Figure 16). This decrease in PII absorbance in

human saliva which had been frozen and stored has been observed
several times for non-radioactive saliva samples. Therefore, it
may be that the loss of PII absorbance in relationship to PI
absorbance is a consequence of storing the frozen radiocactive
samples for prolonged periods of time.

Bacterial growth may have altered the 1¢ metabolites
of As so that Figure 16 does not reflect the human metabolites
but rather bacterial or decomposition products. Further exper-

iments using fresh radicactive saliva from humans are needed.
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Ascorbate-2-sulfate Sulfohyvdrolase™

Russell W, Carison.® Mancourt Downine, and Bert M. Toibert

VBSTR AL T Ascorbate-2-suifiate sulfohsdroiase (asco

sulfatase d has been puriiied 70 000-1old 1o homoeaen m
bovine pver. The purtfication procedure consists ot pil frac-
tlona tion, ammoniwm su fractionati nvdroxviapatite

column chromatoeraphy, Sephadex A-30 column chroma-

tography, anda preparatt

¢ ultracentritugation. €

phoresis and sieving columns show that the aegre
we s pil d

1ies of the homove

enaent. Arvisuitatuse ang >Cord
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clectropnoresis. Gl Crectirophoresis In

eevi sultate and 5 M urea shows that

Ol two protern species of 39 000 and

Both of these bands statn pusiivedy
veoprotetn. The enzyme aiso binds 1o concanavain \-

. oy T v . st + ) + 1 &
Sepharose. The most poweriui ¢ sitor ol scorbate-2ssulfate

SHHTONVUTOLISC 1S a5 e Z-phosph tollvaea by oy

phosphate and the nucteotide tripho

ey

VSIS Is Can

A ,

i \w\_|\l ‘{'.':“ LAt wits discovered i drne sormmp cvsts in
1969 « Mead an mamore. 19649). Soon i
improvied pr wed for synthesizing ascorbate
N

< amd for gtantiatime 1t from biolos »

! Iy discovers

(Mageh, 1972:

Tolbert et al., 1973). Ascorbate 2-sulfate ap-

pearsto be i ghiguttous substance 1n antmals i und in the uring
or Ussue Of every species t d. including man  Mead |
Fit ¢, 1969; March., 1972: Falver et ak, 1973; Baker ¢t
Ak, 19755 The wide distribution of ascorbate Q-sulfute
n s stgeests that this compound may play a role in

weorbic acid brochemistery. Ascorbate 2-sulfate s as effe

tive

s ascorbic acid i rehieving scurvy in trout (Hadver et et
197 %) Ascorbiite 2-sullate appears to be converted to ascorbic
acid in vivo and ascorbic aaid 1s converted to ascorbate D

t Baher et

suitate

n prm 1975). Therctore the enzvimatic

i
hl ' - . i ‘
- Ale Lo ascortie actd savid be

hvdrols sis of ascorbute 2-su
nutrittonaltly important step mocertain bivlogical systems
Expervments were undertaken toasolate and characterize the

cnzyvi

wetivity which carries out the hyvdrolysis ol ascorbate
Tsulfate to ascorbate

Preliminary resnlts have shown that a crude bovine liver
arybsulfatse A (BC 31e 1) preparation hydroly zes ascorbate

5 Y b 1 TG
2-sulbiate to ascorbate (Bullen, 1972) This enzyme activity was

dascorbate-2-sultate sulfohvdrolase tascorbate sulfu-
It has been shown that ase

nate suifatase actvity is
oy tissues from severad species of anmmuals
F974), More recently, the partad copurnification and

* From the Department of Che
[ (X tob

ustev, Umversity of Colorado, Boul

M LYTH rerived mansseripr receted
Mav o |9 This myvestiration was supported by g contract with the
Surgeon Ceneral’s O1ffice ot the US Arims

Colorgdo SO Recen

wehenustev, 18775 16,

wmical Soctety and reprinted by permision of e copyn Bt oswiner

erization of Bovine

dues of 0.3 M. 3.3 aM.oand 0.1 mM. The K

< C
T-suftate 13 mM to 2.9 mi epur 3
LWL e enzyme 10 0.3 mM upon 1 i n

ective proten. Partiuy purihiicd ascoroate-_-su

fobvdroinse 1y activated by o NHo 80, wintde the
ritied enzy me s competitiveis tnhibiied by suliate with & A
of 0.04 mM. The pH optunum of partiaily puriiied ascor-
e suliohvdrolse s 330 p

bate-2-suht

vt B vatlues tor ssoascortiate —-st s A0 Jower
v vatlues for aseorpate 2-sutfate hvd ch
sulfate hvdroivss ASCOro 2s .
compentively inhibiied by ascorbate 2-phosthat r
bate Z-sullate with A, vaiue 1.8 uM ana 38 CLpCC-
tively. The drops
<05 mMi 3 e
hyvdrolyses are i the
enzvime w these
substrate
che srrzation of ascorbat I8¢ fron
¢
ammontum sulfite reverse phase columa chromatography, fas
shown that ary tase A\ and ascorbate sulfatase acinaties
copurify (Carls 974). Howeser, the ratio of thar specttic
activities changes with purtfication and the activrties of this

respond differentiy to T mM ammoniun

CRZYIME Preparation

sulfate Ascorbaie sullatase activity tor partly punhied

1 activated Sfold, whilc arvbuitatase activty s inhitiie

(Carlson, 19741 \.corbate sultatase puritied <0 000-101d has

been shown ta be powertully imnhibited by phosphate
14

some guestions: Is there a specitic ascorbate sulfatase which

corbate 2-phosph urbson et al., 19760), These resuits ransed

can be separated from arvisuliatase? W e ity properties !
To answer these questions bovine ascorbute sulfatase was pu-
rificd 0 homogenenty using procedures wnch are specitic 1or
isolating an ascorbate 2esulfate hyvdrolyzing enzyme rather
than procedures based on purity g arylsultatase A Phvsicad
and Kinetic charactenistics of this enzy me were determined

Muaterials and Methods

)

Materials. Dipotassium 1 -ascorbate 2-sulfite was prepared
in our leborators by previousty described methods (Tolbert et
al, 1975). Trisodium t-ascorbate 2-phosphate was prepared
by methods sencrously supphied by Dr. Paut Seib of Kansas
State Umiversity, Manhattan, Kansas. Nucleotides were
purchased from Calbiochem and Sigma Chemical Co. D~
Glucose o-phosphate, D-fructose 6-phosphate, glucose 6-sul-

Sk
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W suitate were puarchiased from Siemit

fatave tagv The assas cansisis of tollowine

the reauction ot 2o-dichloraidopiiennt (DCIPY by the
FOIC AC1d Produeed from the enZzvmic hvdrotyses of as-

canction DCIP
;
he

N0

corbate 2-sultate. Of wnees from o bine

§ cola TGICCHIC i

"CIISC iN absorb: tullowed

L moitr extinction coctlicient

s 0 Two and

M DCTP sobunon in 0 M ae

SEowas added to o S-ml cuvette, Tot

Q5

0.3 mb e S0 m dinotassium aseorbae

SIS nee With Line sas measured
o] (W the panit acui-cutitiveey
Beordale 2-sulbate h nto 0.2 ml. ar the

NZvVme fraction was added and i}

SOOI WS TR USRS o redorn

N GOSUTDINCE Was deteeicd 1N 1OC Presenee vl eazvyme

MV STOW ey myeasra

ashay DFOCC

dest ol

DCIP Two and one-hali muihii

were aaded o 00> or ) 10 mil. ol

crude didiy zed homosenate. This solution was tilowed to stand
or {1 nin and
Sas Tt
o
3ihe
walro
s
e
For Kinene studies 1T Wias pecessdary o matntan o constant
MG ST nd therelore the assav was maodified as tollows
One 1nd one witiditer of 015 mAT Y a-dichioroindontienol
BOSN RACIpHE 3 %) weas placed 10 2 d=mb cuserte. Tothis
s addded an approprigte amount of 100 mM dipotassiem
iscoroute 2-sulfate, 0.3 M KAC(pH 4.5), and water to givea
total volume of 2 ml and a final wonic strength ot 0.1, The rate
of reaction at ¢ach substrate concentration was measurad

¢s were calculated dunng the tirst 610

1S Fate o (i Lsubate hvdrolysas
iin Wit tungent to the it progress
 the hvdrolvsis rate did not change ap

preciably during the (iest 6 te 1O man, The assay is continuous
indd fincar with enzyme concentration up o reaction rates

nvine 70 pmol ascorbie actd nun, One unit of activity s de -

ymount of enzvme which will hvdrolvee | amol

stilate per nun I\I‘l'-"‘.« hanees in vsordance

1 change ot 0.02 absorbance unmit, 3 nun to

t 0.2 absorbance umt /S min

rase Assav. The procedure is similar to a pre-
viousty deseribed procedure (Nichol and Rov. 1964). Up to
02 ml of the enzvime traction was added to 3 mil. of a solution
ot 1O mM penitrocatechol sulfate i 0.1 M aectate butfer at
pH <9 This solution was incubated at 37 °C for T h. One-half
mutliliter of this solution was placed in 30 ml (00,2 N NaOH
and the absorbance ot STO pm was measured. The molar ex-
tinction coetticient of the nitrocatechol amon s 12 500, A
contral wits run without enzs

and no detectable amount of
ABbrevipons usad DOIP, Za-dichloromdophenol: Tris, tristhy-

drovymarnvbminomethane: NeO, aeetate: EDT A ethyienediamincte-
traacetic aad
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tscorbate Sultarase Purttication  Procedur Fae
enh VEr WS DBt Y d

processed within 2 weeks. Allsteps in the purification proce
dure are done at about * °(

Step 1 pH Fractionanon. One kilogram ot i
mogenized m 1800 ml. of cold distiiled water. Tl w
was adjusted to pH 5.9 using 2 Macetic acid and centrituoed
at 13 000¢ for 38 min. The supernatant was adusted to oH 4.7

)

using 2 M acetic acid and centrifuged at 13 000g for 5 o
min. The sediment was suspended in ~00 mL of cold distiiled
witter and adjusted to ptl 7.0 with 0.2 N NaOHL Four Kifo-
grams of liver was processed ana the combined solutions were
stirred for 30 mun after the last solution was added. Time for
processing 4 kg ot fiver to this paint was about 2 h

Step 2: Ammonium Sultate Fractionation. The above so-
lution was made 20% ammonium sulfate (V14 o/ L), centri-
fuged at 13 000¢ for 30 min and the preamitate was discarded.
The ammontum sulfate concentration of the supernatant was
increased 1o 53054228 p1) and allowed 10 stand overmight.
The solution was centrifuged at 13 000g tor 20 nun and the
supernatant was discarded. The sediment was collected and
stored in the freezer. Twenty Kilograms of liver was processed
through this step before going on. The enzyme is stable in-
definitely i ammonium sulfate solution. or suspension.

Step 3: Hvdroxviapatite Column Chromatography. The
precipitate from 20 kg of liver was dissoived in | L of distilled




vzed overment aeinst 331 of S mM Tris base
o o 7.0 with HCL Atter diaivsis the soiution was
ged at 20 0062 tor | b to remove any seamment. Two
hundred erams o Bio-Ruad HTP hyvdroxyviapatite was prepured
accordinz to Bio-Rad mstructions in 0.1 M acetate bulter (pH
3.0). A 3.3 X 37 em column was prepared and washed with
about 1.5 Lor 0.1 M acetate buiter (nH 3.0). One-third of the
CRZMME Preparation wis .-"niu.-':' o ‘ix:\ column. The column
was washed with 0.1 M 2 te butfer (pH .00 until the cf-
tluent shosed neeherble ‘:t).«.ru.::‘.c at 280 nm. This effluent

huad no measurabie ascorbate sultatase activity.

water .lhu

activity was eluted tfrom the column with 0.3 M ammonium
sulfate in 0.1 M acetate buffer, pH 5.0, The column was
stripped of protetn with .4 M phosphate adjusted o o 3.4
with acetic acid. Eivtion {m.!mn\ SO mi. cach, were arilyzed
mM Tri \l"“ () and assaved. Protern con-
centration was menitored by f -Hnwm: the 2530-nm absorbance

\lter cach columa run, t fk: NyArONN fapatite was remeved from

Jgainst cold

the column, washed wath several voiumes of 0.3 M phosphate,

> column wits repacsed.

Step 4 .\z‘/'n..'..':'\ A-30 Column Chromuatograpny. The
ascorbate suifatase actuvity from the avdroxviapatite cotumns
iltration from a vol-

wus combined and concentrated by ult

ume ol 1.8 L to 108 mL. The concentrated solution was imade
M acetate tpH S.0) using 1.0 ‘\l acetate butfer tpht 3.0)
The enzs me solution was eppiied to a 2.5 X 33 em Sephadey

A-30 cofumn which hud been equilibrated with 1) i \1 weetate
‘er (pH 5.0), The enzyme was eluted with | L of a Nacl
004 M NaCl, prepared in 0.1 M acetate butfer

A Second Hydroxviapatite Column, A small hy-
:;.-.-\a apatite column with a2 bed volume of 10 mL was pre-
pared as described above. The enzvme satation was dialvzed
weainst 23 Lot cold 3 mM Tris (pH 7.0) and applied to the
column. The columan was washed with 30 mb of 0.1 M ucetate
300 The enseome was cluted with 30 mb. of 0o 0.4
wirent in O M acetate batter (pi
Hutions ot cach rraction we
zyme activity, Figure | shows the el
hydroxyiapatite column. ’
pooled and diaivzed aganst cold S mM Tris lpli 7.0). Gel
i the pratein at this point showed that there
wis a heavy protem spectes present in addition to the enzyme
daand

Step 6: Preparative Ultracentrifuyation. The enzyme 50-

¢ assaved for en-
tion profile or a typical

The ascorbate sulfatase activity was

cliectrophniorests o

lution was concentrated to 3 ml by uitrattltration and lavered

on two 320 sucrose eradients prepared in 0.375 M Tris
bulfer (pH 3.%). The tubes were centrifuged at 24 000¢ for 40
hand punctured. and [-mL fractions were collected. Gel
electropnoresis ol the tractions showed that the heavy protern
separated from the enzyme

5m e preliminary data reported here were obtained using
enzyme which had been partadly puriticd using the procedure
of Nichol and Roy through the acctone cut (Nichol and Roy
1964), or by ammomun sulfate reverse phase solubility
chromatographv 1 Cuarlson, 1974). Ammonium sulfate re-
verse-phase solubility chromatography has been used in the
purification of aryisulfatase A from human urine (Stevens et
dle, 1973)

Gel Electrophorests Procedures: General Procedures. Gel
electrophoresis was carried out using 4 Tris-glveine system
(Ornsten, 1964 Laemmlbi, 1970) and an Ortec 4100 pulsed
power suppiy. Al the gels were slab gels | mm thick x 20 cm
long

Staining Procedures. The gels were stained for protein using
Coomassie Brifliznt Blue R, purchased from Sigma Chemical
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2). Gels were staned 1 visulfarase 4

wel in o solution of 3 mM nitrocatee 114
St i ey
M oacewate (pil 4 or 30 mim ar 37 *C. T
wits remuoved from ther .1.'! suit n and

weed in0.2 N NaOH. A brinht

echol anion. appears where the enzyme iy ciicd ana
quickly diffuses. Gels were stair {Or ascor ase

: 1O m \1 sofution of dipotassium
I M acetate (pH 4.8). tor 30

was places 1

activity by plagc

. v v '
ISCOPRate S-state,

to 45 min

M A2 NOq i

location ot and does not di 1 be
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Results

Hication procedure are summarized

The results of the pus
I

able 1. The hiver homag

large amount of arvi-

thase QACUvVity

uifatase activity relutive to the ascorbate

in the fow ratio of ascorb

sutfatase 1o ar-

pHl [ractionation, there

ta suggest that pH

this ratio. These d:

is a large inorea

fractionation enriches sulfitase enzvmes which hydroivze
1atant from the pH 4.7 pre-
‘V

o 5 fate The
ascorbate 2-sulfate. The super

sitation step contains arvisuifatase activity but has no
measurable ascorbate sulfatase activity. Homogeneous bovine
ascorbate sulfatase has .r(\x\n:f.s:m\' act Fable 1 also

SIIOWS N ner
sulfuate fractionation. The reason for the etfect is not Known,
but was observed repeatedly. The 70 000-fold puritication
necessdry to obtain homogencous ascorbate suliatase shows
that levels of this enzyvme in liver are gquite iow

Gel electrophorests of ascorbate sulfatase shows that both
ascorbate sulfatase and arvisultatase activities have wdentical
protein and activity banding patterns. This pattern consists of
a major sharp band located between the bovine serum albunun
dimer and monomer bands followed by o hght streaking pat-
tern. This streaking pattern was seen repeatediy. t was noted
that. when the enzyme preparation was exposed to phl 8 3or
pH 8.8 conditions for 2 to 2 davs. this b.mdn g pattern shifted
so that the streaking portion of the pattern became more
dominant. This streaking pattern can be seen in the lxr\l di-
menston of the two-dimenstonal gel shown in Figure 2. This
suggested that perhaps there was pH-deLndLm aggregation
of the enzyme. Subscyuent gels have shown that the lower

case in vield of both acuvities after ammonium

1947
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FIGURE Y Two-dimensionaid Straphoresis of homogencous bovine
Bseor e Sall < \ wihe st dimensn ITC s ToHws
The stacking gel was 3% acrylamide 1n 0375 M Tris butfer which is pH
%8 The runmnge 2el was 108 acry cmide at pH 88 One hundrad volts

at 100 PPS was o

ind the final ¢

tto the gef for 18,9 h. The initial current was 20 mA
was 1S mAL Scetron A was stamned for ascorbuate
cction B was stained tor protein. A third s¢
resed i the second dimension. Eoch section cont.
fatase. The
v Fros glverne. The third section of
finasolution af 0125 M Tos (pH 6.8),
ind 2% sodum dodecy ! suitate at 37 °C for 2 he Ths sectton wos
on top ol a renmne zeb ot L% aers fanude prepared i 0L 190 sodium
sbosultate. 8 M urca. and 0325 M Tris-HCL (pH S.8) A 10
orepared in O 1% sodium dodecy | sultate, 8 Mourea,
M Tos-HET (B A% was poured on tap of the 1R running gel
One hundred volts at 100 PPS was applhied to the gel for 18 h. The il

mAand the final current was 10mA - The gel was stained

e actv

M was
SO e of
ym dedecyd suitate /S

daeoraiic

vewond dimension was sod

farst @imension wais

2Nd-mercaptocthanol, 8

current was 2
for protemn,

streaking band becomes the doninant band when the pt of
the stacking gel is 8.8 and that the upper band s dominant
when the stacking gel is pH 6.8, Only the upper band is present
when gel electrapharesis 1s done in which the gel is ptl 7.2
thronghout. These gels are prepared and electrophoresed in
0.15 M Tris (pHl 7.2} These results indicate that there is a shift

5224 BIOCHEMISTRY. vOL 16, NO. 24

WO LQIUeS Are representaiive

in the av

dependent upon
pH. A sizine column. using Bio-Giel P-360in 23 mM Tris {pH
3.0 SCOT-

{ impure enzvme. aives & molecular weight
bate sul ¢ of 138000, \nother sizing w.‘(‘il."

\garose A-1.3min 0.1 M acetate (pH 5.4) buffer und
ensvime cht of about 300 000 for as-

corbate suifatase. Both sizing column and gel clectrophoresis

4 using
impure

uives 4 molecular we

experniments indicate that ascoroate sutt 1s¢ changes a.

gauon states depending upon pii. The Rineties responsit
Iik shitt 1 ay ton state was not investizated furt

Gels of ascorbate xulI itase. run in the Tris-giycine svstem

in the presence of 0. 1% sodium dodecyl sulfate and 5 M urea,
show the presence of two protein bands. These two protein
bands have L

el
)

wive mobilities corresponding 1o mole
000

T
weights of 39 and 32 000. The 59 000 molecuiar werg
band is more highly stained than the 32 000 molecular weight
band. Both bands stain positively for alycopr s. Tode
mine whether one of these two protein bands could be @
purity, 4 two-dimensional gel wis run. The first dimension was
run under nondenaturing conditions where the pH of the
stacking gel and runnming gel was 8.8, The
y under denaturing conditions. T
Y by

Figure 2, shows that !-"xc 1o bands seen under denaturing

Wi It

his gel, pictured in

condittons are evervwhere assoctated with the enzy
and the protein banding patterns observed in the first dimen-

ston. These results indic:

¢ that the ascorbate sulfatase actaty

is homogencous even thoueh it consists of two closely associ-
ated protein species.

The pH optimum of homosencous ascorbate sulfatase 18 4.3
at ionie streneths of 0.1 and 0 2. The pH optimum of ascorbate
suifatese partaally purified through the acetone cut using the
procedure of Nichol and Roy is 3.4 (Nichol and Roy, 1964).
I'he pil opumum of the ars isatfatase actuvity of homogeneous
bovine ascorbute sulfal 15 is pH 5.6 to pH 5.7,

Table 1 shows the effect of several compounds on ascorbate
sulfatase activity. There appeirs to be a slight activation by
Mo (ACO) s, MniAcO) s and ZnC L. There s a sheht inhibition
by NaCl Ascorbate 2-phosphate is the most powertul inhibitor
followed by Na~H POy and then by the nucleotide triphos-
phates. [t is possible that the nucieotde triphosphate inhibition
is due. in part. to the presence of some inorganic phosphate.
However. ascorbate 2-phosphate contains less than 0.1% in-
organic phosphate. Glucose 6-sulfate and chondroitin sulfate
are very poor inhitbitors which suggests that they probubly are
poor substrates. EDTA does not atfect ascorbate sulfatase
indicating that divalent metal fons are not necessary for en-
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TABLE i The kifect of Vanons Compounds un Ascorbate
Sulfutuse \euvny

2% inhibition

(% activauon)

Na-HPO, L2
GTP 93
CTP 94
NTFP NN
\DP 6O
L NP X
NP 6
D-Gilicose-0-PO, 63
D-Fructose-0-80, ul
Ascoroate-2-POy 0
Ny, 17
NSOy a3
Grlucose-06-30 0

n-50; (1 mg 'min 6

0

4

0

(8]

Ma(AcO)s (N)
Mot e (R
ZnCls (61
EDTA 0

zyme activity. Similar effects have been reported for the in-
hibiton by sugar phosphates an

! by nucicotides of ascorbute
suifatase partially puriticd from the marine gastropod

Charomna lampas (Hatanaka et al. 1973b). Bovine ascorbate
fi

suifatase does not hvdrolyze ascordate 2-phosphate: however,

E. coli alkaline phosphatase does hvdrolyze ascorbate 2-

phosphate (unpublished data). Phosphate inhibition of other
| s¢ Activities tail.

kinetics of ascorbate sulfatase depend uwpon ionic

s not been studied in any d

streneth. At an jonic strenzth of 0.2 there is apparent substrate
inhibition beoinming at 4 1o 3 mM ascorbate 2-sulfate. At jonic

streneth 0.1 substrate inhibition is not observed. AU an tonic

strenath of 0.1 the aryisulfatase activity of pure ascorbate

sutfatase is also substrate inhibited. This can be seen in Figure
3 where the Linewcaver Burk plot results in an upward curving
line near the | /v intercept.

The Kinetic properties oi ascorbate suifatase are summarized
in Table 111 The third and fourti columns of Table 111 com-
pare the hyvdrolysis of ascorbate 2-suifate with soascorbate
2-sulfate. The enzyme preparation and the assay conditions
are viven in Table 11 Ascorbate 2-phosphate competinvely
inhibits the hydrolysis of isoascorbate 2-sulfate and ascorbate

2osulfate with a KL of about 0.4 oM. The type of inhibition by

worzanic phosphate is not clearly competitive or noncompet-

itive for erther substrate using this enzyme preparaiion:
Na-HPOg inhibition of the pure enzyme is competitive with
a &, of 3.3 uM as recorded in the tirst column of Table T The
K, for isoascorbate 2-sulfate hydrolysis is about 1 3-1old fower
than the K., for ascorbate 2-sulfate. Not viven in Table TH are
data which show that the b, for isoascorbate 2-sulfate hy-
drolysis s 16-fold lower than the Vo for uscorbate 2-sulfate
hydrolvsis. The Koy, for ascorbate 2-sulfate after freezing and
thawing this enzyme preparation s 2.9 mM. Ascorbate 2-
sultate hydrobvsis is competitively inhibited by inorganic sulfate
with a4 AL of 0.04 mM.

The tirst and second cofumns of Tabie HT compare ascorbate
2-sulfate hydrolysis with nitrocatechol sulfiate hydrolysis. These
studies were dope using the homogencous enzyime. The assay
conditions are given above and stated brietly in Table 11 In-
hibition s competitive for all cases except for phosphate inhi-
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inupward curving lines. us shownin i

rer for arvisuite
activits than for the ascorbate suifatase acuvity. The A, for
nitrocatechol sulfate caleuk
shoffl, 19721 is 0.32 md + 0.02 mM which is not sig
different from the Ko of 0.5 mM £ 0.3 mM isee 1

ted from 10-min velocities.

il veloe

which was caicula
Discussion

. i 3y - " . Ifyrace 1s F
The major purification step of ascorbate sullatase i1s ay-

droxylanatite column chromatography. It was discovered

earlier that asc » sulfatase is powerlully inhibited by in-

rthods of

e (Carlson etal., 1976). Several m
purification were attempted based on this int
droxyi
material. The ensyme bound to the hyvdroxylag
entrations (10 mMY or
with 0.3 M ammonium suifate. Under these conditions

orgunic phospl

Wil

tPALIC Was chosen since it 1S an 1noer

be removed with low phosphate con

litte of the protein is removed from the column but most of
enzyme activity 1s removed. Ammontum suifate was chosen
toc

increantc phosphate and therefore facilitates the asaying of

lute the enzyme because it is a less powertul inhibitor than
the fractions. The second hydronyiapatite column (step 3)
results 1 very little purification, gives a poor vield, and is
probably an unnecessary step.

pH fractionation enriches sulfatase enzymes which hydro-
fvze both ascorbuate 2-sulfate aad atrocatechol sulfate. The
literature supports the idea that pH fractionation may remove
arybuifatase activity which does not hydrolyze ascorbate 2-
sulfate. Ascorbate 2-sulfate is a very poor substrate for aryi-
sulfatase 8. while arvisulfatase A readidy aydraivees this
molecuic (Rov, 19735). At pH 4.7 bovine arvlsulfatase A pre-
cipitates while arvisulfatase B remains insolution ( Nichol and
Royv. 1964: Allen and Roy, 1968). Thus it is possible that sul-
fatase ensvmes which hydrolyze ascorbate 2-sulfate are sep-
arated from sulfatase enzymes which do not hvdraly ze ascor-
bate 2-sulfate during the pH {ractionation.

A purification procedure based on concanavalin A-Sepha-
rose affinity chromatography was attempted (unpublished
data). Anylsulfatase from sheep brain has been puritied using
this method (Bishavee etal., 1973: Bishayee and Bachhawat,
1974y, Ascorbate sulfatase binds to concanavalin A-Sepharose
and could not be removed using a variety of cluents and con-
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to o ma/mi.. does not inhibit ascorba
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of the enzyme suggests that it is a giveoprotein
. 1t was hored that there would be a
tse enzvme which would prove to be distinet from aryl-

i wincl v_'nuld be separated from arvisuifiatase
puriiication. However. arvisulfutase and as-

ase activities copurify to homogenein

aseorbate

ascorpate sulfatase chunge dur

L it > lrom actwvation (0 i

‘m\ 1\ ¢ tn
cnzyme. Aryi

1s probabiy

homogencous
Rov (1964),
cnzyme and diff urcmu between
¢ trom the fuct
crent. Whether
re the same enzyme

iaritics between t
fow. The data do not rule out the
pusstbility that there is dan ascorbate suliatise enzyvme which
dees not have arvisulfatase activity. Such an enzvme would be

te suitutase and arvisuifatase A couid
¢ homogencous preparations are di
d arvisulfatase A 2

n is unknown.

dscorp
thai i
ascorbate sulfatase
Or have a4 common orig

two enzyvmies are disctssed &

ditficuli to purify because it would be maske d by the enzyme
purified here which has both ascorbate sultatase and arvisui-
fatase activities

Gel clectrophoresis and sizing columns show that ascorbate
sulfatase changes aggregation states depending upon pH.
These gels aiso show that both .nwrt:..¢ suifatase and aryi-
sulfatase activities are associated with the same protein specics.
pH dependent changes in aggregation states have been de-
scribed for bovine arvisultatase A. (,llf‘l\.‘"r‘.lrllll{l.‘.lh)‘l studics
show that arvisulfatase A changes from a molecalar weight
of 100 006 - 120 000 at pH 7.5 toa moleculur weight of about
400 000 at pH 5.5 (Nichol and Roy, 1964, 1965).

Giels run under denaturing conditions, i.e.. sodium dodecyi
sulfate and 8 Mourea, and two-dimensional gel clectrophoresis
shows that ascorbate sulfatase is pure and that it consists of

two distinet protem species. These protein species consist of
a dark staming Coomassie blue band with a moiccular weight
of 39000 and a light steining Coomassie blue band with a
molecular weieht of 32000, The difference in the intensity of
staining is not understood. If the intensity of staining is pro-
purtional to the amount of each protein species, then the two
protems are not present in a reasonable ratio for the enzyme
to be a simple t\m subunit enzyvme. These data sugeest that

9,
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\scorbute sultatase has sinudar physical properties o an

characteristics ot

f nitr.

sulfatase A.
Differences between th
techol sultate hvdrolysis with

hvdrolyvsis shown in Table

1C Kinge

ose ol ascorbale

mechanism ol ascorbate s

smple one-site mode!
would dictate that the A 4, for ascorbate 2

)
q
{ ryvisuitatase

e for ascorbate 2-sulfate inhibition o

activity., They are significa different. The A, vaiues tor

ascorbate 2-phosphate inhibition of both arvisulfatase and
ate sulfatase activities should be equal, but are not. The

the K, for mtroca-

avechol sulfate M.w‘h!ﬂ cqual

te inhubition of the ascorbate suifatase acuvity.

Onc explanation of these data could

s '.h:‘. are not cyu

it the enzyme has multiple uneguivalent binding sites |

ar

both nitrocatechol \ulhu ind ascorbate 2-suifate. Other dat

1

presented in this paper also suggest tha the enzyme has mul-
uplg binding sites. "Lc nonlincar Lineweaver-Burk plot for

bitton of the arylsuifatase activity is suggestive
binding sites. Subsirate inhibition by both ascorbate

phosphat
of multipic

2-sulfate and nitrocatechol suifate suggests m'..n!:pi; bindin
sites for these moiecules. Thus, ascorbate sulfatase is a compiex

enzyme kinetically as wetl as physically. Further work s nec-
essary to understand the Kinctic and physicai complexity oi
enzyme. Attention should be mumd on the relationship oi the
two protein species which comprise ascorbate sulfatase and to
the tact that this enzyme s @ giveoprotein.

It is known that ascorbate 2-sulfate is converted to ascorbie

acid in several biological systems (Halver et al., 1975 Baker
ctal, 1975; Knigiit, 1974). The most obvious roie for ascorbate
sulfatase would be to carry out this conversion. However, from
the data presented in this paper, it is not so obvious that us-
corbate sulfiatase in 1S present state wouid hydrolyze ascorbate
2-sulfute in vivo, The best estimates of urine and tissue ho-
mouenate fevels of ascorbate 2-sulfate in the rat (March, 1972)
are much lower than the A, value. In additon, phyvsiological
concentrations of phm viate are much gher than the A value
for phosphate of 3.3 @M. These data make 1t uniikely that
purificd ascorbite sulfatase could hydrolyze ascorbate 2-sui-
fate in vivo. [t is possible, however, that microenvironmental
concentrations of these molecules in vivo could be such that
hivdrolysis would take place. Ttis also possible that an ascorbate
sultatase exists in the trout which has quite different properties
since n this species ascorbate 2-sulfate is an effective vitamin
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ABSTRACT

A new synthesis of L-threeo-hex-2-enaro-1.4-lactone (4) (“saccharoascorbic
acid™) is presented. whose unique feature involves oxidaiton of the side chain of
ascorbic acid. Ascorbate 2-sulfate (1) was selectively oxidized in water at pH 8-8.3
with piatinum-on-carbon catalyst to vield the 2-sulfate (3) of 4. Hydrolysis of 3 in
159, trifluoroacetic acid for 90 min at 70 * yielded 4. The procedure affords a usetul
preparation of 4. and demonstrates the excellence of sulfation for protection of the
enediol of ascorbic acid during synthetic manipuiations of the side chain. The sulfated
ring is stable to oxidizing agents and to base, vet sulfate is readily removed by acid
hydrolysis. The properties of a new compound (3) of biological significance. and
those of the previously uncharacterized 4. are reported.

INTRODUCTION

The C-6 oxidized derivative of ascorbic acid, L-three-hex-2-enaro-1,4-lactone!
(4). was described in a 1947 patent by N. R, Trenner?, who named the compound
L-gulosaccharoascorbic acid. The patented synthesis involved oxidation of an O-
isopropvlidenesorbose derivative, with subsequent isomerization and lactonization.
The product was identified only by its m.p. No further chemicu! or biological charac-
terization of 4 has since been reported, although it is unigue in being the only side-
chair oxized derivative of ascorbic acid to have been described.

Ree nt studies imply that C-6 oxidation of ascorbic acid is an important
metabolic process® and compound 4 has been postulated as a metabolite of ascorbic
acid*, although 4 was not then available to verify this proposal. Hornig® has proposed
that the major, polar metabolite of ascorbate 2-sulfate (1) observed in the urine of
rats and guinea pigs is the 2-suifate (3) of 4. This compound has not been previously
synthesized, nor has it been identified as a product from natural sources.

This paper presents a new synthesis of 4 in which 2 is prepared as an inter-
mediate. Purification and characterization of both compounds is described. The
synthesis introduces a procedure of potential general value for the protection and
subsequent liberation of the labile ring-hydroxyl groups of ascorbic acid. We were
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| not able to obtain 4 by Trenner's patented procedure as written. and moditications of
his synthesis are also outlined here.

EXPERIMENTAL

Preparation of potassium ascorbate 2-sulfate (K,-1). — The sait K,-1 was
prepured by a published procedure” developed in our laboratory.

Catalytic vxidation of 1: preparation of 2. — The potassium salt of 1 (K ,-1,
(2.9 g, 6.0 mmoi) was dissolved in 130 ml of doubly-distilled water and the pH
adjusted to 8.5 with 0.5M potassium hydroxide. The solution was piaced in a 250-mi,
three-necked flask cauipped with a paddle-type stierer capabie of 1700 r.p.m. (no
load). A pti probe was placed in one neck of the flask and a buret filled with 0.5y
potassium hydrovide was placed so that the base couid be added dropwise during |

the reaction. The temperature was maintained at 607 by means of a water b |
Platinum-on-carbon catalyst (37, 0.3 o, Matheson Coleman and Bell) was added
to the solution and sweeping with oxvaen (~0.5 /min) was begun. .

The pHl decreased immediately, and was maintained between 8.0 and 8.5 by i
addition o 0.58 potassium hydroxide. The volume of alkait consumed in this manner |
was recorded. After 9 h, the reaction was stopped and the muxture was filtered
through fine paper to remove the catalyst, which was recovered. The solution was

e ———
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concentrated to 10 ml by rofary evaporation ana L"‘.i.”ll‘u:‘:_} to remove the last !

races Of carbon. adiusted o {0 with potassium

nroduct was prec w additioa ef metharol. 1

of @ non-hvgroscopic powder. This crude product wis dissoived :n 10 mi

distiiled water and warmed to S0 . Methanol was added dropwise

solution remained cloudy. Crvstallization cccurred on contintied st with

couling o room te vielded colorless. non-hygroscopic crystais

of the tripotassium sait of 22 vield 1.73 ¢ (70%), m.p. 240-245" dec., 7., 254 am 5

ic 16.500) at pHl 6.86.

Anai. Cale. for C H K

{Hutfman Laboratories)

Hi widation was also neriormed as before but with 0.0 ¢ of potassium 1

in 200 mi of wuter. to vield 7.5 g (60

D) Ss

o) of tripotassium 2, m.p. 240-245 " dec.
Anaivtical metheds tor and properties of 2. — Column chromatography on

DE-32 O-diethylaminoethyl) ceiiulose (sulfate formy was used as the

he purity of 2. Elution was achieved by a pumped gradient of

assay for t

i

acid, and the u.v. absorbance of the eluate was momiored in a fdow ceil.

vstailized products showed no impuritics registering > 1Y, of the product
iy = s b 1

the w.v. moniter printout. The column separated T and 2. Svstems were

the separation of 1 and 2 by t.i.c. .

Solvent [i.c. media Rt R.2

.”r.mzmol~mn:‘x-‘-niu ~water (A) Bakertiex Fecliulose 0.60 0.45
25 Propanol-ammonia-water (A) Eastman 6060 stfica gef  0.39 0.47
150 :::M,f.hj-,l'.v:clul: aceticacid-water (B) Lastman 6060 silica el (.22 0.17

Solvent .1 on ccHui\uc plates wis the most convenient of these systems, as the saume

solvent developed very stowly on silica gel plites.,

The i\',-l‘. and K.-1 saits were shown to be quite stable in agqueous solution
at room temperature, Solutions of 10 mg of K3-2 and K.-1 tin 4 ml of water were
stored in \!Uf‘[“."d Tasks for 48 days. T.Le. of the stored sojutions showed no sign
of decomposition. The solutions were not discolored. and the chromatograms
showed no other spots or streaking, nor any sign ot maierial at the origin or solvent
front.

The CO.H infrared absorption in K -1 did not appear as a separate band.

The eroup is present as a carboxylate anton, and s primary absorption caused by
isymmetric stretching oceurs at 1610 e ™', and thus is a part of the large C-2-C-3 !

double-bond stretching absorption shown by both compounds at 1620 e~ The {

less-intense, svmmetric, stretehing absorption of the carbosviate anon does oceur
at 1400 cm ™%, Assignments for K,-2 and K,-1 are the same: 3820 101, 32003400




broad (Q-HY, 1720(lactone C=0). 1620(C =C)

i2sdem T suitae S-O sretehing .
v - -~ O 3 foape 7S i v 1 ] " 4 H
The salt K,-2 was guite solubje in water: 7.2 ¢ dissolved in I mil of water at

foemn remperature, i, ehlorotorn

acetoniirie and acet

of ferric rons indist!

makes this a usetul spot test tor the detectton of the co

=
not reduce 2,5

dichloroindopiicnol and gives a negative Follens” test.

Acid-caralvzed in : preparation of 4. — The K ~alt of 2 (2.4

nely was dissolved in 10 ml of doubiv-distilled water and passed thro

3 3G ¢m column of Dowex-30 resin (H ™ form.

140 mesiie with clution by

siected (volume 40 mi). This

with & nitrozen

tube inserted to the bottom ot the solution. and the tube

37, Sweeping with nitrogen was begun and 7 mi ot tniluoroacetic acid was

added. Sweeping with nitrozen was maintamed throughout the reactuon, Aliquots

e the rea
of 23 ul were removed at intervals and added to 10 mi of ptl .36 bulfer. and then
i d rapidly with standardized mwy 2.6-dichloroindophenol.

A 1.0 mM solution of 2,6-dichloroindophenol was preparved from 0.143 g of
its sodium salt in 300 mi of doubly-distiiled water. Standardization was achieved by

i

titration with three w samples ol reagent-grade L-ascorbic acid. 1

in standardization and in the assay was judged to be the appearance ot the first

permanent blue color.

After 90 min the reaction was complete as determined by utration with 2.6-

chioroindophenot. The solution was chilled 1 ice and 112 ¢ (3.71 mmob) of barium
carbonate were auded caretully (CO, evolved). After stirring tor 10 nun, the sus-
sension was filtered through a medium-pore glass filter to remove precipitated
barium sulfate. Cvaporation to a syrup, addition of abs. cthanol (23 ml) and further
evaporation to a svrup was tollowed by drying under vacuum. Crystallization from
acetonitrife -chloroform gave a non-hygroscopic sohid. Reerystallization irom the
same sohvents vielded 4 as a white, microcrystalline solid: yield 0.70 g (04" ), m.p.
212-215 dec.. (lit.* 206-210"): AP 3530, 3300 broad. 1760, 1710, 1660 cm ™' A,
266.5 nm & 10.200) at pH 6.506.

Anal. Cale. tor C,H,0O,: C, 37.88: H. 3.15. Found (Hutlman Laboratorics):
C, 38240 H. 310,

Analvtical methods for and propertics of 4. — Column chromatography on
O-(dicthylaminocthyhiceltuiose (sulfate form) was used as the primary assay tor the
purity ol 4 Elution was achieved by pumped gradients of sulfuric acid. and the u.v.
absorption of the eluant was montored with a {low cetl. The reerystallized products
showed no impurities registering above 17 of the product peak area on the u.v,
monitor printout. A smail amount of an mpunty in the crude product appeared as a
peak at the void v

Fhe coiumn separated 4 trom ascorbic acid.
The idenuty of 4 as just obtamed with that trom Treaner's synthests was
demonstrated by chromatographic identity, their identical i.e. spectra, and an un-
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H mined nup, The carbonyi-stretching vipration 1o ine Lr. shectrum ol ine i

vite acid croup in 4 appears at 1710 em” weil distinguished rom the 1760

{lactone C=0) and !ead em ~ ' (C=Ci absorptions seen for ascorhic and

4. The acid 4 1s guite soluble 1y water and shows appreciabie soiunthity in acetonitriie,
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t is fess solubie in methanoel and ethanoi. and is insoluble in chiorotorm. It reduces

2.6-dichloroindophenot soiutions.

Preparation of 2.3-O-isopropyiidene-v-t-serporuranuse ($i. — Finely ground
L-sorbose (30 g 0.17 mol) was added to 300 mi of reagent-grade acctone in a i-liter
round bottom tlask. Concentrated sulfuric acid (30 mi) was added during 0.3 h
to the stirred suspension. The temperature remained at 25 = 3 and the serbose did

not completely dissoive in this tme. After an additional b of surring the solution was |

cooled in ice and neutralized with 30°, sodium hydroxide. keeping the temperaturn

<

helow 207, The preciomated sodium suifate was fittered off and the solution concen-

trated (rotary evaporator) to remove acetone. the {inal volume beinz SO mi.
& 3

The solution was pourcd into a solution of 40 1 of copcentrated sulluric acd

in 220 mi distlied water. This solution was stirred for | h at room temperature and
then cooled with ice and neutraiized with 30

Dt

o' sadium hyvdroxide ar no warme

-

. Rotary evaporation to a syrup (volume ~235 ml) and extraction with four

portions of ethyl acctare was followed by concentration of the ethyl acetate
¢t to 60 mi. Compound 5 crystailized readiiy from this solution on standing,
forming larze white to transparent crysials, yield 7.6 g (207,): m.p. 92937 (Fisher-
Johasy: A58 3350 hroad (O-t1), 2900 (C-H), 1390 and 1330 em™" (gem-dimethyl,

i’ C-H bending).
Preparation o 2.3-O-isopropyiidene-u-t-xylo-fiexudosaric acid (6). — Compound
3 (4 o, I8 mmol) was dissolved in 150 ml of double-distiiled water. The pH was i
adjusted to 3.5 with potassium hvdroxide and 0.3 ¢ of platinum-on-carbon Matheson
Coleman and Beil) was added. During the reaction, the pH was maintained at 7.5 to

8.5 with 0.5 potassium hvdrovide. and hase consumed in this manner was recorded.
he reaction temperature was maintned at 607,
When consumption of base stopped. the hot suspension was filtered through
fine tilter-paper. vielding a colorfess solution, No discoloration nor decrease in yiclds
were observed in reactions conducted tor up to 60 h. The solution was evaporated
[ t0 25 mi. chifted to 0, and aciditied to pH with cold. M hydrochioric acid. Extraction
{ with four 30 ml portions of ethyi acetate and evaporation ot the ethyi acetate fraction |

to 30 mi cave a sofution from which the product 6 crvstallized on being kept: vieid
i ; 2.0 ¢ (44°)), m.p. 202 204 dec.; ARPT 3480, 1735 (C=0), 1380 and 1390 cm

(rem-cimethyl C-H bendine).

dcid-catavzed conversion of 6 into 4. — A solutton of 1.0 mi trittuoroacetic
actd in 2.0 ml of double-distitled water in a test tube was placed tnoa water bath
At 75 . Nitrosen was bubbied through the solution for [0 min prior to and during

the course of the reaction by means of a Teflon tube extending to the bottom of

the solution. Compound 6 (100 m2) was added. and it dissolved immediately. During
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g reastion. wl aliguots were removed and assaved for 4 by utration with 2.6-

dichloromndophenol.
The 39-

i rapidiv titrared

@il

| N % . - o :
| VIt 2 C-AChl ndopheacl. After 2.3 h. the reuction was compicte, as determined

utration with 2.6-dichloroindophenot and the darkened soiution was ¢ d with

T T

ice. Evaporation of the solution to ~0.5 mi, followed by addition of | wvater

ADOTHTION, d avernieit

e e

2 ml or hot ace

that was titered off and drt

32300, 1760, 1710, 1660 cm™

w@an n coior. 3

Crude proaucts thus obtained were recrvstaliized

from acetonitrile to vield 4
..

as a white, microcrystatiine soiid. m.p. 216-2147 dec.: average vieid of recrystallized

proguct was 238 7

DISCUSSION

The synthesis described in this paper gives L-threo-hex-2-cnaro-1.4-lactone (4)
&S

in 37, vield from potassium ascorbate 2-suifate (K,-13. The preparation of K,-1

cpra

is a direct precedu

aiving the product in 90° vield from ascorbic acid: this sait

is also commerciaiiv available’. The svnthesis of 4 requires only three steps {rom
ascorbic acid, 1nd it is not necessary to purtty the K ;-2 intermediate, as it is ihe sole

product detected from the catalytic oxidation. The hrs:hcr vicld and case of product

isolation of the merhod are largely a result of the absence of an enediol-iactot

ve-ciosure step during the synthesis.
Fhis procedure is the first reported svathetic oxidation of the side chain of
rhic acid. The ditficulty of pertforming any svnthetic manipulation on the side

chain of ascorbic acid arises from thc presence of four reactive hvdroxvl groups
which must be disuncuished chenucally, and from the lability of the enedioi to quite
mild oxidizinr agents, No method has previousiy been reported for the protection
oi” the enedioi during such a svnthesis. The sulfation of ascorbic acid is an excellen

methiod for the protectton of the encdiol ring as: (@) sultate may be selectively
mtroduced at the 2-position, (A} introduction proceeds in very high yield (90°7),
{c) compound 1 is stable to mild oxidation and to basic hydrolysis, and () sultate 15
readily removed in excellent vield to give aqueous solutions of the modified a-corbate ‘
and readily precipitated sultate 1ons. |

The stability to atmosphiere oxidation imparted to the enediol ring by protection

as ©is clearlv demonstrated by this work. In contrast, ascorbic acid itseif is rapidly

ovidized, probably to the unstable dehydroascorbic acid, by the conditions of the |4

¢ onudation. Compound 1 s stable to hydrolysis from pH 4-13, although at |4
W4t s stowiy hydrolyzed and at pht 3 and below it is rapidly hydrolvzed.

There are Iimits to the stability of 1 to oxidizing azents. The oxidative desulfa-
tion of L in water by bromine was first observed by Ford and Ruott®, The reaction

T T RCHIIY e T e —T T T
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4lso occurs i nvitormamnie”. Treatnient of the S.e-isopropyiic

of 1 with m-chloroes

vanobenzy

Was reported o resuit i

ioned for the use of other

insolubiity of N.-i in ponpeiar and most polar sol

Us O SeEK an uncharsed, nonpolar pr ‘L'..‘;U'"l:‘ aroup. Aliemy

hyl,

and tetranvdropyranyl ethers of

the benzyl, methoxymet

is. but pure producis were not isolated. F‘.. methoxvmethvi and

cthers should show acid-labile. base-stable properties. simiiar 0

AbY oy 3 1 3 1Ty vl Al
t of ascorbate sulfate. whereias the benz »I ether mizht be stable to both muld acids
bases. Previousty reporied derivatives of ascorbic acid arc not promising as

protected forms of the hyl and 2.3-dimethvt ethers are hydrolyzed

he d-csters are rapidly hvdrolvzed by neutral

under rati
aqueous solutions*'. 2-0-Acyl esters should be more stable. ¢ might be userul

cid.

cation made in repeatng Trenner's \\'l‘n.“l\ was the use

as mild-acid stable, base-iabile, protected forms of ascorbic a

The major mo
309 tritluoroacetic acid in the final isomerization in piace of the concentrated
hvdrochloric acid reported in the patent. Attempts to carry out this conversion with
coneentrated hvdrochioric acid resulted in decomposition of the intermediate. New

cond:tions. using triffuoroacetic acid. were developed and optimized by monitor

the reaction through titrations with 2.6-dichlorommdophenol. The product was 0b-

~

tained and recrystallized from acetonitrils instead of from 20°] hvdrochloric acid.

The cataivtic oxidations were monitored by recording the votume of atkali
required to mamtain the pH at 8 5. One equiraient of acid 15 formed ia the oxidation.
The rates were initially very rapid. and then were followed by a slow approach to
completion. Hevns'® reported that such complex Kinetics are normal for these
oxidations. The reason for this behavior is not known, but a reversible inhibiuon,
not poisoning, of the catalyst seems probabie. Re-use of the catalysts in our reactions
resuited acain in rapid. initial rates, followed by a slow approach to completion.
The catalvsts were re-used in up to eight reactions.

Heyvns and Pauiscn have revieved the sefective oxidation of erganic compounds'?
and svectfically carbohvdrates'*+** up through 1962. The selectivity of the oxidation
for the primary hydroxyi group of 1 is in accordance with other results in the
literature. It was of interest to know whether the hydroxyl group at C-5 could be
stowly oxidized to a ketone under the conditions of the catalyue oxidation. Extended
exposure of K3-2 to the conditions of the catalytic osidation resulted in formation
of smail propurtions (3%} of a new. u.v.-absorbing product detected by column
chromuatoaraphy. The rdentity of the product is not known, We have found no
report of the catalvtic oxidation of an x-hyvdroxy acid to an z-keto acid. the most
neariy analogous system being the conversion of an x-hydroaylactone to an x-

ketolactone’
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i

The oxidation of ascorbic acid has been studied by Juni and [Hevm (1),
who showed that giyoxalate was formed slowiyv in 9177 vield. More
recently, Verma and Grover (2 have used periodate oxidation of ascorbic
acid to tformaldehyde followed by gravimetric assay of the dimedone-
formaldehyde precipitate as the basis of an assay procedure for ascorbic
acid. Horowitz and King (3) developed a degradation procedure tor the
osazone of lubeled ascorbic acid which has been vsed in recent years by
Loewus (4,

This paper is a report on a study of periodate oxidation of ascorbic
acid using labeled ascorbic acid to establish defimuvely the €, and Cy
degradation products. This work is part of a lurger study on the chemical
nature of urinary metabolites of ascorbic acid.

MATERIALS AND METHODS

Chemicals. [1-"'CJAscorbic acid was purchased from New England
Nuclear Corporation. [6-"*C]Ascorbic was synthesized as described (5).
Sodium [M'C Jcarbonate solution was prepared from standardized barium
[V'Clcarbonate. Potassium  metapeniodate.  5.5-dimethyl-1.3-cyclohex-
andedione (dimedone). and ascorbic acid were reagent grade materials.

Periodate oxidation. A three necked 250 ml round bottom {lask was
charged with 180 ml of 0.1i M KIO,. pH & The flask was fitted with a pH
electrode, a 60 ml pressure compensated dropping funnel, a sweep gus
inlet tube extending to the bottom of the lask, an exit tube leading to two
15 ml CO, absorption traps, and a stirring bar. The reaction vessel was
covered with dark paper to exclude light. left at room temperature. and
swept with N, at about two bubbles per second. The CQO, traps were
filled with cthanolamine. A 2.5 my sample of t-ascorbic acid in 20 ml water
was added from the funnel by drops over 15 min. The dropping funnel

_was washed with 2 x 2 ml of 2.5 M KOH. The reaction mixture was
stirred for ) hr. The pH ranged from 7.5 to 8.1, Five milliliters of
concentrated HCI were added to the reaction mixture, and then 1S mi ot 6

' Supported by a contruct with The Surgeon General's Otfice of the U. S. Army

0
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M osodium arsenite was added by drops over 10 min. After the veilow
color disappeared (about 10 mini the sweep Was maintained for | hr.

Formaldehyde determination. The reaction mixture was diluted with
water, and enough S M KOH was added to bring the final solutien to
pH 4.6 in 400 ml. A 20 m! aliquot was taken from the sotution und 2 mi
of dimedone solution (80 mg/mi 9377 ethanol) was added. The solution
stood overnight. The white precipitate was coliected on a tared sintered
gluss filter, dried. ana weighed. The melting point of the dimedone
derivative was 191-192.8°,

Oxclate determination. The formaldehvde tiltrate was neutralized with
Sa ROH. and 4 ml of 0.5 M cajcium acetate wus added. The solution
stood for | hr. The calcium oxalate precipitute was collected on a iine
sintered class flter and washed with § mi water. The tiltrate was removed
for the tormuc actd determination, The precipitate was washed with 2 mi of
4 a acetic actd solution and this fltrate was discarded. The remaining
precipitate was treated with 6 ml of 2 a HCI. filtered, and washed with
2 ml water. One mulliliter of this soiution was used for radioassay.
The remaining solution was heated 1o 60° and the oxalic acid was deter-
mined by ttration with 10 "at standard potassium permanganate solution,
using a pink end point.

Formic acid determinction. The calctum oxalate fltrate was vacuum
distitled to dryness at 347, To the residue. 10 mi water was added. tol-
lowed by 1077 phosphoric acid added by drops until the solution reached
a pH of 2. The solution was distiiled to dryness in vacuo. Ten milliliters
of water was added to the residue and the solution was distilled to drvness.
The last step was repeated once,

The four distillates were combined and neutralized with 0.1 8 KOH.
The neutral solution was concentrated in vacuo to 3 ml and transterred
with 15 ml wash water to a large test tube. Three milliliters of 77
mercuric chioride. [ mi saturated sodium acctate. and 0.2 mi ¢ & HCI
were added. The tube was closed with a stopper containing a N, sweep
inlet tube and an exit tube leading to two 15 mb CO, absorpuion bubblers
filled witn ethanolamine. The test tube was covered with black tape and
heated ina boiling water bath for | hrwitha Ny sweep of about two bubbles
per second. The test tube was cooled in an ice-water bath for 30 min.
The calomel precipitate was collected, wir dried on a tared glass filter, and
weighed.

RESULTS AND DISCUSSION

The penodate degradation of { -gscorbic acid vielded | mol of tormal-
dehvde. I mol of oxalate, | mol of carbon diovide, and 2 mol of formaie,
_as shown in Table 1. The products and their amaounts are consistent with
Known oxidation products of carbohydrates as described by Dryhurst (6).
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TABLE i

PERIODATE DEGRADATION YIEUD FROM 333 aqnen OF ABSC OREIC A D

Formaidehs de Oxalite Formate 0
(mmols (mmol? tmmol) tmmol)
Yield imm) Zyas L RERYS S 1S 3.30
Calculated vieid (my) Y38 1.33 .66 333
Percentage of Yield " CRI 100 8 77.0 WD

However, the action of periodate on the c¢nediol ring could not be
predicted from ciassical periodate degradation. The data presented below
show that cleavage of the molecuie undoubtedly proceeds as follows:

Analysis of the degraded products gave chemical yvields as shown in
Table 1 and radioacuvity vields as shown in Table 2. Total radioactive
vields were generally 80-9077 of the lubeled ascorbic acid used in the
reaction.

The dimedone assay for formaldehyde was quantitative, and 1 mol of
the derivative was tound per mol of ascorbic acid. This product from
{1-M*Clascorbic acid contained 96-997 of the recovered radioactivity.
From [{-"CJascorbic acid only 1 of the carbon-14 was found in the
dimedone precipitate. These results show clearly that the terminal glveol
of the side chain is cleaved to form formaldehyde. and that this is a very
clean reaction.

Titrametric oxalate determinations yvielded an equivalent amount of
oxalite based on the ascorbic acid used. The (6-1C Jascorbic acid indicates
that radioactivity contamination of this product was less than 177,
[1-"*CAscorbic acid degraded with periodate gave 82-8777 of the totul
recovered radioactivity in oxalate and 12-1777 as CO..

The possibility that the “CO, in this degraduation was dernved from
labeled dehydroascorbic acid, @ common impurity in ascorbic acid, was

Jnvestigated as follows. Labeled [1-"*Clascorbic acid was oxidized with

bromine to dehvdroascorbic acid by adding 1.1 equivalents of Br,, at
which point the tree bromine color persisted. This product was immediatelv
subjected to periodate degradation. The results were essentially the same
as with reduced ascorbic acid. This shows that dehvdroascorbic acid was
not the source of the BCQ,. It also suggests that the mechanism of the
penodate degradation of the enediol bond involves an initial oxidation

Lt
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TABLE 2

DISTRIBUTION OF RADIOACTIVITY FROM PERIGDATE DEGRADATION OF [1-7'CLASCORBIC
ACLD, [6-CIASCORBIC ACID, AND | 1-"'CIDEHY DROASCORSIC ACID

Recovery Formaidehyde Onalate Formate oY
1.2 uChrXs6-"C nCi 1 OIX [ERER ) 03D 0.01
in 3.33 mmoi Percentage® 96 4 .61 2.04 [ERYES
1.2 uCi As-6-C 1wCi P04 0 006 0002 062
in:2.5 mmo Percentage? 99 | 053 0.2 0.20
2.5 i As-1-2C uCl (.001 Iy () (i< (1.259
in 2.5 mmol Percentage® 0.03 R7.% 0.24 19
2.5 uCrAs-1-3C uCi (001 {2 (.03 0.238
in 2.5 mmol Percentage! 0.04 R2 4 021 17.4
2.5 uCi dAs-1-1C uCt 0.001 1.83 0003, 0.24
in 2.5 mmol Percentage” 0.05 XN 0.1 (0=

2 Calcuiated as percentage of total carbon-14 recovered.

of the ascorbate ring to the dehvdroascorbic acid. The actual mechanism
of formaton of #CO, trom the C, carbon of ascorbite is not known. Under
our conditions, oxalate 18 not oxidized to CO.. 1t appears to be a minor
pathway, probably involving a C,-C, cleavage as an initial step.

Analysis tor formic acid resulted in a calomel gravimetric yield of ap-
proximately 2 moi of formate per mol of ascorbic acid. The vield of
formate is not quantitative in this disttlanon procedure, and this, not the
efficiency of the periodate degradation itselt. is considered the source of
the low value. Both of the lat.2led ascorbic acids pave less than 177 of the
inttial radioactivity in the formate fraction. The etficiency of “CO, re-
covery by sweep from the reaction vessel was tested and shown to be
quantitative. One mole of CO, s produced per mol of ascorbic acid. The
CO, from [6-2*CJascorbic acid amounted to less than 192 of the radio-
activity of the totai sample. The CO, from [1-"Clascorbic acid. about
15370, s discussed ecarlier and seems to be o minor pathway in degrada-
tion of the enediol ring.

The amount of periodate consumed pH 7.5, under the condition used
in this procedure, was not measured because a saturated solution of
potassium metaperiodate was maintained during the reaction by an excess
of the solid KIO,. A total moiar ratio of periodate to ascorbic acid of
8:1 was present in the initial reaction mixture. In earlier work. monitor-
ing of the periodate degradation of ascorbic acid at pH 4.0 by titration
with standard thiosultate solution indicated that 5.5 mol pertodate were
consumed during the oxidation of 1 mol of ascorbic acid. The vield of
formaldehvde. however, was less than 3077 of that expected il one
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equivalent of formaldelivde had been formed. possibly resulting from
oxidation of the tormaldehyde under «cid conditions. Based on the reac-
tion products. the amount of periodate consumed per mole of ascorbute
is as follows. One mol of periodate 1s consumed during the cleavage of C,

to formaidehyde, changing C, to an aldehyde. The encdiol system of

C,-C;is cleaved using 2 mol of periodate to form oxalate from C, and C,.
This leaves C; in an acid form and a three carbon chain of 3-oxo0-2-
hydroxvpropanoic acid from Cy. C,. and Cy. Cy is cleaved with | moi of
periodate leaving C;.and C, in the form of glvoxylate. which is rapidly
degraded by the fitth mol of periodate to CO, from C, and formate from C,.

SUMMARY

The degradation of ascorbic acid by pertodite has been studied using
[1-BC or {6-1*C Jascorbic acid, as well as quanttative yvield of the various
products. Ascorbic acid. oxidized at pH 7.5 is cleavedto give 2 moi
formate, 1 mol CO,, | mol of oxalate. and | mol formaldehyde. The
oxalute and formuldehyde are derived from the 1- and 6-carbons,
respectively. About 179z of C, is oxidized to CO, by a side reaction.
Dehydroascorbic acid gives the same degradation products as ascorbic
acid. Detailed procedures for the degradation are presented.
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INTRODUCTION:

Many animal species, including man, are known to require

ascorbic acid. Yet, the essential biclogical function of

ascorbic acid remains unresolved. The biological function

cof ascorbic acid has been attributed to serving as an

o

electron deror in electron transport (1), to affecting the
concentration of cytochreones in the liver (2), to acting as a
cotactor in the synthesis of hydroxyproline and hydroxylysine
in collagen metabolism (3,4,5). In all of these systems

other oxidation/reduction molecules such as giutathione can be

shown to satisfy the rele of ascorbic acid in <n viiro systems.

A specific biclogical function of ascorbic acid has not

<. been determined. ,
Little is known about ascorbic acid metabolism. In the |
guinea pig, 60-70% of the ingested ascorbic acid is catabolized
to carbon dioxide. The rat catabolizes 25% of its ingested
ascorbic acid to CO2 {(6). The monkey has been shown to
oxidize ascorbic acid to carbon dioxide when ascorbic acid is
fed orally. When the monkey is given ascorbic acid i.v.,
no radicactive MCO2 is detected (7). Man has been fourd not
to catabolize ascorbic acid to carbon dioxide after oral or
intravenous injection (8,9). Thus, the oxidation of ascorbic |
acid to COZ may not be associated with an essential function ,
of ascorbic acid in higher animals (10).
(. One of the best characterized metabolites of ascorbic i

acid is the formation of oxalate from C-2 and C-3 cleavage on
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ascorbate. Tha use of C-1 and C-~2 double labeled ascorbic

acid exporinents have shown that oxalate cames from carbons

1 and 2 of ascorbate (11). Excretion of oxalate is 4-10% of
the catabielic products and persists during deprivetion of
ascorbic acid in man (12). However, the Tour carbon inter-
mediate, believed to be threonate, after tne cleavage

between C-2 and C-3 does not appear to be catabolized

further (13). Additional metabolites have been found since
the discovery of oxalate. Ascorbate-2-sulfate (ascorhate
sulfate) was initially discovered in brine shrimp cysts by
Mead and Finomore (14). Ascorbate-2-sulfate has been found as
a urinary and soft tissue metabolite in all animals exanmined,

including man (15,16). Ascorbate sulfate is a minor

urinary metabolite comprising about 5% of the total urinary
ascorbate metaboiites in the monkey (17). A 2-0-methyl
L-ascorbate derivative has been found in the rat (18).
A1l of these known ascorbate metabolites comprise only &
suall number of the total ascorbate metabolites. Major
ascorbate metaboiites are believed to be catabolized from
dehydroascerbic acid., However, no ascerbic acid oxidase has
been reported in animals. The structures of the major
ascorbate metabolites have not been determined.

Investigations of ascorbiz acid metabolites have generally

been concerncd with modifications on the enediol ring. Studies

on urinary ascorbate metabolites, using colunn chromatography,

R




suggost a large mumbar of undetermined ascovbate metabolites |
A

exist (17). These column chremalographs of ascorbic-1-17¢ |

14 i

and ascorbic-6-"'C give a similar pattern of metabolites, and !

it is believed that in most metabolites, the ascorbic acid

carbon skeleton vemains intact (17). The nunber of these

postulobing side choin metabolism. Recently, Hornig has
proposed a 6-carbuxy derivative of ascorbate sulfate as a
possible metabolite of ascorbete sulfate {19). Tolbert has

also proposed carbon-6 oxidation as metabolites of ascorbic

acid metabolism (10). 1In addition, studies of ascorbic 4
( acid pirecursors it plants have led F. A. Loewus to propose
a bicsynthetic pathiway of ascorbic acid which rcquires i

epimerization of carbon 5 (20).

Experimonts were designed to examine the side chain
metabolism of ascerbic acid using periodate oxidations.
Pericdale oxidations have been a favorite analytical !

technique for many carbohydrate chemists. Periodate will

clecave 1,2-diols, 1,2-aminoalcohols, and keto compounds in
a predictable manner and can be used to detect derivatization. .
This thesis contains a chemical study of periodate oxidation
on ascorbic acid. Periodate oxidation gf labeled ascorbic

acid has been developed to establish, from degradation

product analysis, the mechanism of periodate on ascorbic
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acid. This periodate degradation techinique was applied

to labeled urinary ascorbate netabolites Trom monkeys and
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PERIODAT! DN DF ASCORBIC ACID; A CHEMICAL STUDY
Periodate oxidations have become a classical analytical

teol in carhobvdrate chamistry. Periodate rescarch has

ith conditions favorable for periodate

provided chemisis v
to selectively oxidize 1,2-diols, 1.2-amincalcohiols, 1,2-
hydrozyaldehydns and ketones, 1,2-diketones, and 1,2-amino-
aldehydes.  Some active methylene groups have been known r
to oxidize with pericdate. The action of periodate on these
compounds has been well studied (21). Pericdate degradation
products from these compounds can be accurately predicted,
Perjodate has baen shown to rapidly attack tne sulfur
atom of methionine and cystine (22). However, the oxidation
of sulfur containing compounds is not general. Further
study on the periodate oxidation of sulfur containing
compounds must be made to understand the reactions and
mechanisms (21).
The predictable mechanism of periodate oxidation
was used to suggest the areas of periodate attack on
ascorbic acid. From the periodate degradation products
described by Dryhurst (21), ascorbic acid was suggested to $
cleave the diol side chain between carbons 5 and 6. Periodate

was anticipated to oxidize the encdiol lactone ring between

carbons 2 and 3 but, because this is an enediol and a very




labile ring when partly oxidized, the nature and amount of
products could not be predicted. Further periodale degradaticn
was considered a possibility between carbons 3 and 4, and

4 and 5 after partial degradetion.

Recently, Yerma and Grover have used periodate oxidation
of the C-6 carbon to formaldehyde followed by gravimetric
assay of the dimedone-fermaldehyde derivative as the basis
of an assay for ascorbic acid howaver, no experimental
procedures were included (23). Horowitz and King (24)
developed a degradation procedure for the osazone of
labeled ascorbic acid which has been used by Loewus (20).
Periodate oxidation of ascorbic acid has been studied by
Juni and Heyw who published results showing that giyoxalate
was formed in 91% yield (25). This result is in disagrecment
with classical predictions.

The work of Horowitz and King did not establish
definitively that observed products come from the C-1 and the
C-6 carbons of the osazone and further, the osazone could degrade
in a different way from ascorbic acid itself. Since previous
periodate oxidation studies on ascorbic acid wcre not in
agreement, the establishment of periodate degradation
products from ascorbic acid was necessary as a first step
in this study.

faterials: Ascorhic—l—]4c acid was purchased from

e ibe 14

C acid was

New England Nuclear Corporation. Ascorbic-6-




synthesized as described (26). \:corhat:—u~]‘c sulfate was

P

' Nia

syitthesized by Dr. B. M. Tolbert's laboratory as described (27).
14

Sodiwa carbonate- 'C solutison was prepared from standardized

barium carbonate-" "C. Potassium melapericdate, 5,5-dimethyi-

3

1.3-cycloheranadione (dimedone) and ascorbic acid were

Periodote Oxidation: A three necked 250 ml. round bottom

o

flask was charged with 160 ml. of 0.11 M. KIOA, phl 8.

The flask was fitted with a pH electrode, a 60 ml. pressure
compensated dropping funnel, a sweep gas inlet tube extending
to the bottom of the flask, and an exit tube leading to two
15 ml. Cﬂz absorption traps and a stirring bar. The reaction
vessel was covered with dark paper to exclude light and left
at room temperature. The C02 traps vere filled with 2-amino-

ethanol (ethanolemine). A 2.5 mM sample of L-ascorbic acid was

o

added from the funnel by dreps over fifteen minutes.

The reaction mixture was stirred for one hour. The pH ranged
from 7.5 to 8.1 with 5 M KOH. Five ml. of concentrated HC1 was
added to the reaction mixture and then 15 ml. of 6 M.

sodium arsenite was added by drops over ten minutes. After the
yellow color disappeared, a nitrogen sweep of the vessel at a
rale of 2 bubbles/second was maintained for onc hour.

Formaldchyde Deternination: The reaction mixture was diluted

oy
{

with water and encugh 5 M. KOH was added to bring the final

solution to pH 4.6 in 400 m1. A 20 ml. aliauot was taken {rom




the colution and 2 ml, of 5,5-dimethyl-1,3-cycicherancdione

(dimcdone) solution (80 mg./mnl. 959 ethanol) was added.
The solution stood overnight. The white precipitate was
collected on a tared sintered glass filter, dried, and weighed.
The welting point of the dimedone derivative was 191-192.5°C.
Oxslate Dotermination: The formaldehyde filtrate was
neutralized with 5 M. KOH and 4 m1. of 0.5 M. calciun acetate was
added. The solution stood for one hour. The caicium oxalate
precipitate was collected on a fine sintered glass filter and
washed with 5 ml. of water. The filtrate was removed for the
formic acid determination. The precipitate was washed with
2 ml. of 4 M. acetic acid solution and the filtrate was discarded.
The remaining precipitate was treated with 6 ml. of 2 M. HC1,
filtered, and washed with 2 m1. water. One ml. of this solution
was used for radicassay. The remaining solution was heated to
60° and the oxalic acid was determined by titration with 10_3 M.

standard potassium permanganate solution using a pink endpoint.

Formic Acid Determination: The oxalate filtrate was vacuum

distilled to dryness at 34°C. To the residue, 10 ml. of water
was added, followed by 107 phosphoric acid added by drops

until the solution reached a pH of 2. The solution was distilled
to dryness in vacuo. Ten ml. of water was added to the residue
and tho solutien was distiiled to dryness. The last step was

repeated once.
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The four distillates were combined and neutralized with

0.1 M. KCit. The neutral solution was concentrated in vecuo to

9 .. R e O SO T it A o $one b
3 ml. and transferved with 15 wl. wash water te a large test

tu Three ml. of 7 rcuric chloride, 1 mi. of saturated
sod acetate, and 0.2 ml. of 4 M. HC1 were added The tub
was closed wi a steopper co ining an N, sweep inlet tube
nd an exit tube leading to two 15 ml LDZ absorpti treg
filled with ethanolamine. The test tube was covored with

black tape and lirated in a boiling water bath for cone hour
about 2 bubbles/second. The test tube
was cooled in an ice bath for thirty minutes. The calomel
precipitate was collected, air dried on a tared glass filter

and weighed. The reaction of mercuric chleoride with formic

ide liberates carbon dioxide

™

HED LGl

2 HgCTZ + HCOOH ) HgZCl2 i 2

The periodate degradation of

lL-ascorbic acid yielded one mole of formaldehyde, one mole

of oxalale, one mole of carbon dioxide, and two moles of
formate as shown in Table I. The products and their amoun

are consistent with known oxidation products of carbohydrates
as described by Diyhurst (21). However, the action of

£

periodate on the cnediol could not be predicted frem classical

periodate degradation. These data show that cleavage of the

mnolecule undoubtedly proceeds as follows: :
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Analysis of the degraded products gave chewical yields |

e I and radiocactivity yields as shown in
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Table I1. Total radicactive yields were generaily 80-90
J b Z
~ 1 L) - -
of the labeled ascorbic acid used in the reaction
bee Lo S cq £ s ) v s win L eI !
The dimedune assay for formaldehyde was quantitative, and
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he derivetive was Tound peyr mole O ascoroilc
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acid. The product from ascorbic-6-"'C acid contained

96-99% of thc recovered radicactivity. From ascorbic-]-]AC
acid, only 1% of the carbon-14 was found in the dimedone
precipitate. The results clearly show that the terwinal
glycol cf the side chain is cleaved to form formaldehyde
and this particuiar side chain oxidation is a very clean
one.

Titramotric oxalate determinations yielded an equivalent
amount of oxalate based on the ascorbic acid used.
The ascorbic~6—]46 acid indicates that radiocactivity

3 : < et * .IA
contamination of this product was less than 1%. Ascorbic-1-""C

acid degradation gave §2-87% of the total recovered radio-

activity in oxalate and 12-17% as C02

i (IR . ‘
The possibility that the LO? in this degradation was

derived from labelold dehydroascorbic acid, a common impurity
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in ascorbic acid, was inveslicated as fellows. Labeled

[ <y

ascorbic-1-""C acid was oxidizod with bromine to dehydro-

N SIS i3 (e - -1 e c i 0 vob e A1
ascorbic acid by adding 1.1 ecuivalents of Br, at which point
&

the free hromine color persisted. The product was imnediately

3k i 5, L SR AN, E ' SR TR S ' e s X A
subgected to periovete degradation. The results were
essentiaily the same as with » ascorbic acid. Tnis shows
Fhat A ¥ e o P e ~ & 1 ~ 4 = ]4" Nk b =
that achydroascorbic acid was not the CO, source. it 21so

suggests that the periodate degradation mechanisn on the
enediol bond involves an initial oxidation of the ascorbate
ring to the dehydroascerbic acid. The actual mechanism

T4~ e
€0, from the C-1 carben of ascorbate is
2

of vormation of
not knowin. Under the reaction conditions, oxalate is not
oxidized to 602. It appears to be a minor pathway

resulting from C]"T cleavage as the initial step.

~o

Analysis for Tormic acid resulted in a calemel gravimetric
yield of approximately two nioles of formate per mole of
ascorbic acid. The yield is not quantitative in the
distillation procedure and this, not the efficiency of
the periodate degradation itself is considerced the source
of the low value. Both of the labcled ascorbic acids gave
less than 17 of the initial radioactivity in the formate

Y
14

fraction. The efficiency of the C02 absorption traps

. e
was tested using barium-""C-carbonate and shown to be

quantitative.
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The carbon dioxide from ascorbic-6=' C acid amounted

il £t PR (R B e ' ¢ o
to less thayn 1% of the radicactivity of the total sample.

Tha €0,

bic=1~"'C acid, about 15%, is discussed

earlicer and anpears to be a minor pathway in ihe degradation

B ) %"
oi the enedicl lactone ring.
14
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A"\C\,: 1 LE=D= C sulfate was Gegyaded vith par guate.

. o 14 ; : .
ound with ascerbic-6-" 'C acid. This indica

ts are the same for the degraded

1 L0¢

that side chain oxidation with periodate does not appear to

be alfected by derivatization on the encdiol lactone ring.

The amount of periodate consumed at pH 7.5 under the

conditions described in the experiment wdis not measured

because a saturated solution of the potassium metaperiodate

vas maintained during the reaction Ly an excess of

1

KIO4

A total molar ratio of periodate to ascorbic acid of 8:1 was present

in the initial reaction mixture. In earlier work, monitoring of the

~

periodate degradations of ascorbic acid at pH 4.0 by
titration with standard thiosulfate solution indicated
5.5 moles of periodate were consumed during the oxidati
one nole of ascorbic acid. The yicld of formaldehyde,
however, wes less than 309 of thal expected if one equi
formaldehiyde had been formed, possibly resulting fro

oxidation of the formaldehyde under acid conditions. B

the reaction products, the amount of periodate consumed

mle of ascorbate is as follows: One mele of periodate

on of

valent

i

ased on
per

.
o
3
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consumnd during the cleavage of C-6 Lo formaldeliyde changing
C-5 to an aldehyde. The enediol sysica of €C-2 ard C-3 is
cloaved using two moles of periodate tu form oxilate from
C-1 and C-2. This leaves C-3 in an acid form and a three
carban chain of 3-oxo-2-hydroxy-propannic acid from C-3,
C-4, and C-5. C-5 is cleoved with one mole o
leaving C-3 and C-4 in the form of glyoxalate wiich is
1

rapidly degraded by the fifth mole of periodate to 602

from C-3 and Tormate from C-4.
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PART 11

CHEMICAL HATURE

- y PN L A L
TABOLITES OF ACORBIC ACID IN RAJ

7
[

A rat was given ascorbic-6-" 'C acid and the urinary

g

ascorbate metaholites were cxamined by periodate degradation.
4 A = AT v a {1y o N o - 4 = Ak o= S o8

Determination of the nature of the ascorbate side chain was

the primary interest. Periodate oxidation of ascorbic acid
y . : ; 14, : ;
and all netabolites with an intact -ChOH-" ‘T JOH should yield

gy 14 ) N 23 .
formaldehyde-" 'C, as demonstrated in part I of this thesis.

.

If the side chain is chemically altered, either by derivatization

or oxidation/reduction, it will not yield labeled formaldehyde
The urinary ascorbate metabolites from the Tabeled rat were
degraded with periodate. These urinary ascorbate metabolites
were alsc partly scparated by column chromatography and

the scparated peaks were poriodate degraded.

Aninal Procedures: A 330 g. Long-Evans Hooded rat was

AA

given. subcutaneously 33.2 pCuries, 10.2 mg. of ascorbic- u-]aC
acid in 0.75 ml. of sterile saline. The rat was fed a normal
diet and its daily urine excretion was collected and filtered
with vashing through Whatman #42 {ilter paper using a

Buchnar funnel to separate the feces. The total velume

of urine and washings was mcasured and one ml. was used for
radjoactivity assay by a liquid scintillation counter.

The total carbon-14 per day was determined and the remaining

urine was frozen and stored for later analysis.




Periodate Dearadation of Yhole Urine: Five to eight ml.

aliquots of the daily urine samples were ultrafiltered using
a UM-2 diaflow mombrane (excludes ¢:rcater than 2000 Md) in an
Pmicon stirring cell under a nitrogea pressure of 48 p.s.i.

A one ml. sample was assayed for radioactivity. 2.5«
L-ascorbic acid was added to the urine sample as a carrier
and the solution was degraded with pericdate as described
in part 1. After the quenching
the completion of the ”2 sweep, as described in part I, the
solution was brought to a total volume of 400 m1. at pH 4.6.
The solution was gravity Tiltered Lhrough Whatman #1

filter paper and a 20 ml. aliquot was removed. Two ml. of
dimedone solution was added to the aliquot and the solution
was allowed to stand overnight. The diwedone-formaldehyde
precipitate was collected on a sintered glass Tilter as
described in part I. The precipitate was dried and assayed
for radijoactivity with a Tiquid scintillation counter.

The radioactivity recovered in the dimedone-Tormaldehyde
precipitate was compared {o the radicactivity of the urine
sample.

DLAY-32 Column Chromatoqraphy: Four to six ml.

aliquots were ultrafiltered through a UM-2 membranc using
an Anicon stivring cell under 48 p.s.i. of nitrogen.

The filtered urine samples were concentrated under a stream

of nitrogen to 1.5 ml. at 37°c. A DEAR-32 column (1 x 30 cm.)
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1as propered and e pressure head was pregenerated on the

colut until a stable flow vate of 0.75 ml./min. was

e e Tl s ger AR s e i . deea s
maintained. The sample was layered on the column and
o IS Pz - - -
gradient I (0.006-06.009 1. H,S0,., 75 ml. each) was applied
L 4

immediately after the sample. The column effluent was run
through the flow cell of an Isco UA-4 absorbance monitor set
at 254 nanometlers. Five minute collections were generally
mada during the running of gradient 1 and ten minute collectiens
were made when the additional gradients were applied. At the
end of gradient I, 0.009 i, H,SO4 was applied to the cclumn
until an ascorbate-Z-sulfate peak was eluted,

A Strip gradient (0.009 M, HZSO4 - 0.02 M H2304 plus

0.2 1 Ha 804, 50 ml. each) followed and ihis gradient

2
eluted the remaining radioactive peaks. One ml. from

each fraction was aliquoted and assayed for radioactivity.
The remaining eluent in each fraction was neutralized

with 0.5 M. KOH and stored frozen at -20°C. The radio-
activity assay of each fraction was graphed as the DPM per

fraction versus fraction number on semi-lcg paper.

Periodate Degradation of Peaks: The fractions containing

radicactivity peaks were pooled and one ml, of the pooled
fraction was assayed for radiocactivity. The remainder of the
peak was used for periodate degradation, first 440 mg. of
lL-ascorbic acid was added. The peak was treated

with 0.11 M. salurated solution of potassium periodate
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under the coaditions described in part I. After aquenching
of the veaction and a nitrogen sweep for onc hour, the

solution was brought to pH 4.6 in a total volune of 400 ml.

A 20 ml. aliquot wes taken and analyzed for the degradation

Results: A graph of the total carbon-14 excreted in
the urine per day versus time for the rat is shown in

Figure I. The half-life for the ascorbic-6-10C i

in the rat
was 2.0 doys. This result is consistent with previously
determincd half-1ifes for ascorbic acid in rats.

The results of pericdate degraded whole urine sanples
from days 2, 9, 18, and 23 are reported in Table 111.

These resulits are given as the percentage of radicactivity
recovered in the dimedone-formaldehyde precipitate compared
to the total radicactivity of the urine sample.

A DEAE-32 colunn chromatograph of day one rat urine is
shown in Figure II. The strip pcak fractions, which appear
after application of the Strip gradient, were pooled and
degraded with periodate. Analysis for radicactivity of the
degraded products is given in Table IV. A second DEAL-32
column chromatograph of day onc rat urine is shown in
Figure III. The peak designated as peak I1 was pooled and
treated with poriodate. The distribution of radioactivity
amonqg Lhe products is reported in Table IV. DEAE-32 column

chromatography of day three rat urine was made using a

e el
T A T TR
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modificd gradient I. Gradient I (0.000 to 0.009 M. H?Soi,
1
75 ml. cach) was used to improve resclution on the regicn

containing the weak acids. The elution pattern (Figure 1V}

- 5 Bt I B i £ » N ey P oAt tan g e
resultcd in separation of some of the weak acid compounds.

The neutral peak (fractions 4 and 5) was treated with periodate.

Anzlysis of pericdate degraded products from the neutral peak
are reported in Table IV. The weak acid peak (fraction 9
through 14) was degraded with periodate and radioactivity
analysis of ihe products is given in Table IV. A final
DEAE-32 coluan chrematograph of day two urine (Figure V)

4

resolved six peaks of radioactivity. The neutral peak,
the weak acid peak, peak I (fractions 21-25), and peak 11
were pooled separately and pericdate degraded. The analysis

of the degraded products from these peaks is given in Table V.

|




PART 111

LHARY ETABOLITES OF ASCORBIC ACID

A‘ln

R RS i
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fn experinent onaloqous to the labeling of the rat
was made on a monkey in a cooperative study with the

=

itute of Research, Presidio of

(.s.

Letterman Aviy Inst
an Francisco. Experimental results from monkeys are
particulerly interesting because they can be extrapolated
to man. The ascorbic acid requirement for primates has
bacn shown to be analogous to man's requirement (7).
Primate ascorbic acid metabolism appears to be similar

to the meiabolism of man. Both monkey and man have been
found to maintain a pool of ascorbate and the turnover time
for ascorbic acid in both species is similar.

Experimental Procedure: A 3 kg. macaque monkey was
i
1

Pe

given i.v. 65.3 uCuries, 25 mg. of ascorbic-6-""C acid and
the twenty-four hour urines were collected, assayed for
radicactivity and frozen. The monkey was fed a commercial
wonkey chow diet ad 1ib which supplied about 300 mg. of
ascorbic acid per day. Two-thirds of ecach urine was shipped
frozen in dry ice from Letterman Arvmy Institute of Research
to the University of Colorado, Boulder laboratory and stored

in a deep freeze until analysis was made. The urines were

assayed for carbon-14 radioactivity and the twoenty-four

hour excrotions of carbon-14 were delcrmined.
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Periodate Degradation of Uhole Urines: Five to eight ml.

samples of urine wore prepared for pericdate degradation as
described in part II. The samples were degraded with periodatie
as described in part I. Following terminaticn of periodate
degradation and collection of carbon dioxidec, the solution

was brought to a total voluma of 400 mil. at pH £.6. A 20 ml.
aliqguot was removed and 2 ml. of the dimedone coluticn
(described in part I) was added. The dimcdone-fTorinaldcehyde
precipitate was collected and assaycd for radicactivity.

DEAE-32 Column Chromatography: A five ml. aliquet of

day one monkey urine was prepared by the method described in
part II. The urine sample was concentrated to one ml. under
a stream of nitrogen at 37°C. The one ml. of sample vas
layered on a DEAE-32 column (1 x 30 cm.) and the resolution
of ascorbate metabolites was made using the gradients
descrﬁpfd in part II. One ml. aliquots of the collected
fractions were assayed for radioactovity and the remaining
eluents were neutralized by the method indicated in part II.
The DPM per fraction versus fTraction number was graphed on
semi-log paper.

Periodate Deqradation of Peaks: The fractions containing

radicactivity peaks were pcoled and trecated as described in

part II. 440 wmg. of L-ascorbic acid was added to the pooled

peak prior to periodate degradation as described in part II.
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Results: A graeph of the tetal carbon-14 per day versus
time is shown in Ficure VI. The turnover time for the
ascorbic—é-]éc in the monkey was 20 da

Whole urine samples Trom twenty-four bour collections

of days 1, 6, 29, 32, 41, 43, and 57 were degraded with

pericdate. The porcentage of rccovered radioactivity in

the dinedone-formaldehyde precipitate to the sample radioactivity

is given in Table VI.
The DEAE-32 column chromatography of day one monkey urine
is given in Figure VII. The neutral peak (fractions 8-10), the 4
weak acid peak (fractions 14-21), the ascorbate sulfate peak
(fractions £45-47), and a pooled strip pecak were degrade with
periodate. The results of the degraded products carbon-14

analysis are reported in Table VII.




DISCUSSION OF PESULTS:

Balier has shown that man does not catabolize

A 14
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ascochate-1-""C to " "C0, (6,9). A similar study on macague
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nonkeys nas snovi that when BIONKEYS Were qu]]j acrliinistered
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ascoricic-1- C, ascorbate-1-" C 9&]1\1;, aid ascorolc=b+ C,
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€0, in their breath (7).
14 .

. 1 . :
C, ascorbate-1-""C sulfate, and ascorbic-6- 'C

gre - 4
Hhen h”COTth—]—]

were given i.v. to the monkeys, ro radicactive carban dioxide

was detected in their bre The feces from the monkey
contained negligible radiocactivity (28). In both man and
Ny ; . .14 s . R,
moinkeys given i.v. ascorbic- C the urine is the mgjor
excretion path and contains the major ascorbic acid metabolites.
Periodate degradation of rat and monkey whole urines
(Tables TII and VI) show 557 of the ascorbate urinary ?

metabolites retain the primary hydroxyl group at carbon 6.

The 557 recovery of forna]dchyda—]4c suggests ascorbate side
chain modification for the remaining 45%. The modified
structures of Lhe ascorbate side chain cannot be

elucidated from the degradation product analysis used with
pericdate. Periodate degradation of the ascorbate side
chain can be used effectiveiy, if the side chain structure

is a diol or keto derivative. FPoriodate will also degrade

amine or Lhio derivatives in a manner analogous to the
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oxyagen devivatives (21). If the ascorbate side chain

has been esterified, alkoxy substituted, or reduced, pericdate
will not degrade the side chain. From the data in Tables IiI
and VI, possible ascorbate metaholites could include

recduction at either caihons 5 or 6 or both, alkexy substituticn
on carbons 5 or 6 would not allow periodate to cleave the
ascorbate side chain. The side chain could be esterified.
Carbon 6 could form the acid or aldehyde or deoxy derivative.
Alsc, amine and thio derivatization could bec possible
structural moedifications on the ascorbate side chain that
vould not degrade with pericdate. Further possible side

chain modifications include reduction of carbicn 5. All of
these ascorbate side chain derivatives could result in 55%

a ) ‘
'C when the urines are treated

recovery of forma!dchydc-]
with periodate.

A DEAE-32 cellulose column was used to resolve six major
radioactive peaks from rat urine and four major radicactive

)

ascorbate peaks from monkey urine (Figures V and VII).
They are called in order of elution: neutral peak, weak acid
peak, peak I, peak II, ascerbate sulfate peak, and sirip peak I.
The peaks were separated using dilute sulfuric acid gradients
as described in parts II and III. It is notl known whether
these peaks represent single compounds or mixtures of

labeled products but, the number, shape and linited resolving

power of Lthe coluan would suggest that many of them are

|
}
I8
|
|4




mixturcs of compounds.
The resolution of four major radicactive ascorbaic peaks

from the monkey urine conflicts with the results cf Knight (17).

Knight had showin in the monkey that six major radioactive

- T L L DL Sy £y s S Fag e .
ascorbate peaks were :u)',h‘lﬂ;e:xl from Cthe urine of a :C..{.L‘_‘,’

s 2 : [/t . . =
given either ascorbic-1-""C or ascorbic-6~" 'C (17).
This suggested an intact ascorbate structure for all the
major metabolites. 1n this study only four major peaks were
X . e 7 . R
in urine from ascorbic-6-" ¢ acid, see Figure VII. Peaks I
and II are not present. A careful examination of the
experimental conditions suggest an explanation. At the time
of Kmight's worl, the Tong turnover time of ascorbic acid

in the monkey was not known. In Knight's experiment, the
wank oy i = - e ]4 ) 1
monkey used had been given ascorbic-1-""C acid only sixty

. . gt ’ : 14
days prior to the i.v. administration of ascorbic-6-

..

The ascorbic acid turnover time in the monkey is twenty

days. This permits only three half-lifes prior to the
administration of the ascorbic~6-]4c. Peaks T and Il
observed by Knight are believed to be a result of
ascorhate-1-14c motabolite contamination. The current
separation suggests peaks I and II lose the C-6 carbon
suggesting ascorbate side chain oxidation and decarboxylation
in the monkey.

The rat did not show this loss of peaks I and II.

The rat urine was usually separated into six major radioactive
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ascoerbate peaks. Each of these peaks were pooled and degraded

wilth periodote as described in part 11. The analysis of the
degradation products is shown in Tables IV and V. Two general
observations are immediately available; first, each of these

rbaa S RO R O o R b i 1o
date degradations arc wmixtures of compounds,

which sucuests othier degradation products containing the
carbon-14 label are present.

The degradation of the neutral peak (Tables IV and V,
Figurcs IV and V) analyzed as 697 of the radioactivity as
forﬂaiﬁchydp~]4c, indicating that much of the primawy
hydroxyl group rerains on the ascorbate C-6 carbon.

The radioactivity recovery of oxa1ate-]AC is indicative of

a mixture of compounds in this peak. Comparison of the
elution volumes for ascorbic acid with the neutral peak

on the DEAE-32 column indicates ascorbic acid is not found

in the ncutral peak. The oxa]ate—]ac and tack of quantitative
radicactivity recovery data suggest several compounds in the
ncutral peak are side chain modified. The neutral peak's
major componencnts appear to contain an ummodificd side

chain. These major components then must be modiTied on the
enediol lactone ring.

The weak acid peak (Figures 1V and V) was degraded with

. 4 ;
periodate. The forna]dahydo—]}c recovery was 52 and 56 of the

total (Tables IV and V). The radicactive analysis of oxalate,
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formate, and carbon dicxide did not recever all of the
radiocactivily Toeund in the solution. Only 5% more of

the total carbon-14 was found in these three degradation
products. The structures of the compounds in this peak

are believed to contain ascorbate side chain modifications,
ascorbate enediol lactone ring derivatizations, and excess
ascorbic acid.

Peak I from the rat urine DEAE-32 column (Figure V, Tabie V)
was degraded with periodate and resulted in a quantitative
recovery otv formaldehyde-]4c. The ascorbate side chain is
intact and modifications are probably on the ascorbate
encdiol Tlactone ring.

Peak II (Figures III and V) gave anomalous resulis wien
pericdate degraded. In Figure III, the day cnc urine
resolution followed with periodate degradation of peak 1I
recovored 147 of the raedioactivity as TOFWa]dCh)dC—]QC
(Table 1V). The day two urine separation and periodate
treatment (Figurc V, Table V) recovered 71% of the radio-
activity as forma1dchydg—]4c. The reason for this
inconsistency is not known. Peak II is known to vary in
shape and magnitude and perhaps different ascorbate metabolites
are present.

The strip peak (Figure II, Table IV) was degraded with

; 5 14
pericdate and qave as products; 20% formaldehyde- 1L,
14

C, and 9% formate-]ac. The strip peak could

71% oxalate-

STV Py



actually contain more compounds than the other peaks,

since there is Tittle resolution at this stage. The oxalate~
3

e il gL L - o .
and forinate-" 'C are indicative of an ascorbate side chain
oxiaative preocess. Oxalate is a known ascorbate metabolite

from carbons 1 and 2 {11), but singe this is labeled oxalate,

14

it must cone from cacbons 5 and 6. The recovery of oxalate- 'C

from periodate degracation of the urine of a rat given

14C

=

ascorbic-6- indicates both carbons 5 and 6 of ascorbatle have

been cxidized. Periodate will cleave carbons 5 and € of

)

ascorbate as oxalate only if an «-ketoacid has been formed
on the ascorbate side chain. The formate—]4c recovery
could suggest carbon 6 has been oxidized to the aldehyde.
The resolution of the radioactive ascorbate peaks frem
rat urine by column chromatography and ascorbate side chair
analysis of these peaks suggests the ascorbate side chain
is modified in some of the metabolites. From the data in
Tables IV and V, several ascorbate side chain medifications

can be proposed and their degradation with periodate can

be predicted:
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Ascorbate Side Chain Periodate Degradation Product
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Although the last pericdate degradation product,
glyoxalate, has not been conclusively daomonstrated,
preliminary work has shown a radicactive pericdate degradation
product which is believed to be glyoxalate. Glyoxaiate can
be obtained from the ascorbate side chain if carbon 6 has
been oxidized to the acid with carbon 5 remaining intact.
Periodate will not cleave a-hydroxyacids and thus glyoxalate
is the periodate degradation product.

The DEAC-32 column separation of the macaque monkey

urine sanples was discussed earlier. Periodate degradation

of the ncutral peak (Figure VII, Table VII) gave a
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48% formaldehyde-"'C recovery. The other enalyzed products
showad no radioactivity. This indicates the ascorbate side

chain is modified and periodate will clecave the side chain
in a manner that present analysis will not isolate the
radicactive degradation product. The incomplete recovery
of carbon-14 indicates the neutral peak is a mixture of

WO COmDOuLNGS.

o

at least
The weak acid pcak from the monkey gave a 70%
eI A T - . :
formaldehyde-" 'C recovery (Table VII). The recovery is

not quantitative and implies that th

(g9}

weak acia peak also
contains a mixture of compounds. The neutral and weak acid
peaks contain the major ascorbate metabolites of the monkey.
These periocdate resulis seem to be in agreement with
pericdate deyradations on the whole urine. The absence of
peaks 1 and II in the monkey indicates loss of the C-6
carbon as mentioned earlicr in these metabolitec.

The ascorbate sulfate peak was treated with periodate.
The resultis from the degradation of this peak indicate
the ascorbate sulfate peak is not a single compound.
The x;lato-]4C recovery from degradation with periodate

suggests the presence of an ascorbate side chain metabolite

g

containing an «-ketoacid (Table VII). This oxalate-"'C
recovery is analogous to periodate degradation of the

strip peak Trom the rat.

The strip peak fraan the monkey uring degrades as
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C (Table VIT), which indicates the ascorbate

Terinaldahiyde-

side chain is not modified.

Pericdate degradations of the DEAE-32 column peaks
indicate scme of the ascorbale metabolites contain side
chain modiftications which are not analyzed by the present
methods. The oxa]&L:-]ac recovery suggosts that an a-ketoacid
ascorbate side chain is a catabolic product of ascorbate
metabolism. The structures of the major ascorbate metaboiites
have not been elucidated.

The data from periodate degradations of whole urines and
DEAE-32 column resclved peaks suggest the ascorbate side
chain is extensively modified during catabolism. It cannot be
deterinined from periodate degradetion data alone if the
ascorbate side chain is in part reduced as well as oxidized.
A recent study of ascarbate urinary metabolites from a
monkey inen v ascorbic-6~3H has provided data which
indicates the ascorbate side chain is oxidized during
catabolism (29). The labeling experiment (macague monkey i.v.,
253 uCi., 50 mg. ascorb1c~6—3H) has shown that 437 of the
tritium is excreted as water. Twenty-four hour urine samples
vere collected Trom the ascorbic-6-3H labeled monkey.
The tritium found as 3HZO vas measured in addition to the
total urine radicactivity and the ascorbate metabolites.
The rate of 3H20 formation is equivalent to the rate of

: i ) 3
organic ascorbate metabolite excretion. The H20 was shown
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to turnover in twenty days, which is the same turnover time

\f

found for ascorbic acid. The body water turnover time in
3

the monkey has been measurcd to be seven days. If the “H,0

0
measured in this experiment turned over in seven days,
then the release of tritium would corrvespond to ihe body
water psol and fail to show ascorbate carbon 6 oxidation.
The 43% recovery of 3H 0 and twenty day half-life is

highly suggestive of ascorbate side chain oxidation.

From this data, the 6-decoxyascorbic acid can be
eliminated as an ascorbate urinary metabolite. The loss of
the tritiun would not occur if the ascorbate side chain was
being reduced. However, the data canno® eliminate carbon 5
and/cr 6 esterification as possible ascorbate side chain
metabolites.

Periodate degradation of the whole monkey urines
(Table VI) shows ascorbate side chain oxidation to bLe
constant with time. This constant rate of ascorbate side
chain oxidation may be a result of the monkey's inability to

synthesize ascorbic acid and its ascorbate storage system.

Periodate degradation of the whole rat urine (Table IlI
shows ascorbate side chain oxidation increcases with time.

This increase in ascorbate side chain oxidation could be

a result of synthesis of ascorbic acid by the rat. f

Present data indicote the rat and monkey should have a
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circulating ascorbic acid pool primarily Tecated in
the blood and & long turnover ascorbate peol. If this
circulating ascorbate pool slowly exchanges with the long

the rate of labeling this slow

£
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; . o : 14
exchanging ascorbate pool with ascorbic-6-" 'C would be

equal to the rate of ascorbate depletion from this pool.
In the case of the rat, this slow exchanging pocl will
not be saturated with ascorbic-G-]4C until the synthesized
ascorbate has been catabolized. The rate of ascorbate
side chain oxidation would appear to increase with time
Prior to the i.v. labcling of the macaque monkey with
: 14 : <
ascorbic-6- 'C acid, the wonkey fasted for twelve hours.
The monkey also fasted twenty-four hours post-label.
This procedure allows the Tabeled ascorbic acid to enter the
ascorbate pool with the long turnover time. This long
turnover ascorbate pool appears to be in the reduced
ascorbate side chain conformation. The ascorbate side chain
oxidized derivatives are formed and released from this poel
which slowly exchanges with the circulating pool.
The 55% foruu1d"hwdo-]4c, oxalatc—]AC, and formate—lac
recoveries from periodate degradations, and the recovery of

43 3H?0 from the a:cnrbic~6—3H study imply that the ascorbate

side chain is oxidized. This data can be used to suggest




possible ascorbate side chain devivatives with the common

factor of tritium loss on the ascorbate C-6 carbon. The possible

VDL D FEAN A 23 8 et |
—C.u.;."u‘»"Jl or "Cfn;-‘xl“‘\_ JUR

G 0
-C-C00! or -C-COGR

Analogous thic or nitrogen derivatizations are possible but,
seem less Tikely from a metabolism perspective.
The data further suggest the ascorbic acid C-6 carbon i
is actively metabolized by a preocess that loses hydrogen. It is
apparent that the nature of ascorbate carbons 5 and/or 6, to
periodate degradations, changes in the ascorbate metabolites.
The limited number of different types of biochemical reactions
and on the basis of the data allow the postulaticn of a

reascnable metabolic pathway. A speculative ietabolic scheme

for ascorbate catabolism is as follows:
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Pathway A is characteristic of known catecholamine

processes, particularity norepinephrine. Norepinephrine is side

chain oxidized by monoamine oxidase to the aldehyde.
The aldehyde is eitner exidized or reduced to the acid or

alcohol. The structural nature of ascorbic acid and the

1 ation

location of escorbic acid in the brain permit the

S

[5)
—

1)

U

e

RS

of an analogous oxidative process for the ascorhbate side chain.
Harold Stuber has synthesized the L-saccharoascorbic acid and
has preliminary evidence, through column and thin layer
chromatography, to suggest this C-4 acid derivative is an
ascorbic acid metabolite. The reversibility of the first step
in the proposed ascorbate metabolic pathways is not proven.
The loss of tritium during oxidation is known. The major
reason for proposing the reversibility of the oxidation to
the aldehyde is by analogy to catechol metabolism.
The recovery of oxalate-]4c indicates the oxidation
of the ascorbate carbon 5 is a probable metabolite. Loewus ha
suggested the importance of carbon 5 oxidation in the
biosynthesis of ascorbic acid (20). The 5-ketoacid compound
could be oxidized at the C-6 carbon and form the a-ketoacid.
The ascorbale ketoacid derivative would give oxalate when
treated with periodate. The ascorbate ketoacid could be
easily decarboxylated and form the five carbon compounds

suggested by loss of peaks I and II from the DEAE-32

e
-
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Ancther interest in C-6 coxidized derivatives of ascorba

vould arise fron

he experimental results in this

can be proposed.

v the ability of
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soluticn of Lhe monkey urine.

rtion of a series of 5-deoxy catubo
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hese functiona
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groups

to covalently bond to proteins and polysaccharides.

These covalently bended ascorbate forms would retain the

encdiol lactene ring and wmaintain its potential

catalyst.

catecholamine metabolism with monoamine oxidase lead t
many questions, including whether the catechols and ¢

are degraded by

similar enzymes.
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The similarity in the ascorbate side chain and
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Table I

Periodate Degradation Yield from 3.33 mmoles of Ascorbic Acid

mmoles

Formaldel

of

yde

mmoles of
Oxalate

mmoles of nmoles of
Formate - €0,

Yield mil
Calculated yield mM

% Yield

S0
e dd
93.5

3.36
3138

100.8

3.30

e
St
o3

6.66 3.33
77.0 98.0




Table II

. B . ’ o =3 e - = = - - = o)

Distributicn of Radivactivity from Periodate Degradation of
L 1 T e ] 1 &~ n o =1 (] e = o A 1 :l‘.

Ascorbic-6--“C Acid, Ascorbic-1-+%C Acid, Dehydroascorbic~1-*"C

e Pecarhat G 14 z Tt

Acid, and Ascorbate-G-+“C Sulfate

Recovery Formaldehyde . Oxalate  Formate

1.2 wCi As-6-1%C uCi
in 3.33 mmoles Percent*

20722
.04

O
(o3
n O

1.2 uCi As-6-1%C 1Ci
in 2.5 mmoles Percent*

.002

i

O
W -

2.5 uCi As-1-1%¢C uCi
in 2.5 mmoles Percent*

.005
.24

2.5 uCi As-1-1%¢ uCi
in 2.5 mmoles Percent*

.02
w2l

2.5 uCi dAs-1-1%C uCi
in 2.5 mmoles Percent*

.003
.14

10. uCi As-6-1%C S0, wuCi
in 2.5 mmoles Pevcent*

4

42 O {7z dem ) DI 00
oy . . Ol O o

(o}
a2 O [es Nen) (= g | QO & G

*Calculated as percent to total carbon-14 recovered




Tabie I1I

Recovery of Formaldehyde-1'C fvrom Periodate Degradaiion
of Uhole Rat Urine Containing Ascorbate-6-1"C Hetabolites

Total l%C
Day Prior to KIO. H24CHO Z HI%CHO

7

2 114.46 x 103 uCi 85.28 x 10° uCi 74.5
9 9.62 x 103 nCj 6.00 x 10 uCi 62.4

[Sa]
n

18 2.30 x 103 1Ci 1.27 x 103 uCi 5, 1

(S4)
(Sa)
(@2

23 1.28 x 10° uCi 0.71 x 10° »Ci
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x107uCi
x10%.Ci
x103Ci
x10°uCi
x103.CH

x10%uCi
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5C hcid s subcutaneou

Figure I. Urine !%C Excretion for a Rat Given 33 uCi,
10 mg, Ascorbic-6-1 i
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Figure II. DEAE-32 Column Chromatograph of Day One p

Urine from a Rat Given 33 Ci, 10 mg, A

Ascorbic-6-1"C Acid, subcutancously.
i
{3




05-2-sv

1
)

!

1070

-
&
—

UOJR0RALfa%nu, ) wug SUU,LN

o
=3
—_

TanurEra 1930
»583US5,;0 (90l

42

12

36

30

18

12

Fraction Nusber




Figure III.
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AE-32 Column Chrematograph of Day Two
ine from a Rat Given 33 uCi, 10 mg.

. D i & -
or 5-1%C Acid, subcutaneously.
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Figure VII.

DEAE-32 Column Chromatograph of Day One
Urine from a Macaque Monkey Given 65 nCi,

25 mg, Ascorbic-6-1+C Acid, i.v.
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