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I. INTRODUCTION
The unique role of dietary protein is to provide the amino acid units
needed for the synthesis of new tissue and for the structural repair and
proper maintenance of the functioning cell. How well it fulfills this
purpose can best be judged by the measurement of its capacity to support growth in the subject to which it is fed, to induce repletion after
57
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fasting, or to promote nitrogen retention. The same is true of an amino
acid mixture. Actually, measurements of this type are largely limited
to studies involving the essential amino acid, whose exclusion from the
diet prevents the organism from responding normally. Hence, the comments in this chapter will be limited largely to an examination of the
question of how well the D-enantiomorphs of the essential or indispensable group of the amino acids may function when they are provided
singly or collectively in lieu of their natural L-counterparts, or in addition to them.
Rose (1938) has defined an indispensable dietary component as "one
which cannot be synthesized by the animal organism, out of materials
ordinarily available, at a speed commensurate with the demands for
normal growth!' Under experimental conditions in which growth is not
a suitable index, this definition requires modification. In the adult subject, the criterion most commonly employed is maintenance of nitrogen
equilibrium. Usually an amino acid which is essential for growth is also
essential for maintenance. Arginine is a notable exception, probably
because it can be synthesized rapidly enough to meet the needs imposed
by maintenance, but not the additional demands for normal growth
(Borman et al.y 1946). In the human adult subject, both arginine (Rose
et at, 1954a) and histidine (Rose et al., 1951) are dispensable for the
maintenance of nitrogen equilibrium. Their requirements in the human
infant have not been established.
II. AVAILABILITY OF THE D-AMINO ACIDS FOR MAINTENANCE
AND GROWTH
Qualitative comparisons of the D- and L-forms of the essential amino
acids indicate that, in some instances, both modifications can be used
for tissue synthesis or repair, but that in other instances only the L-form
will suffice for either purpose. Table I summarizes these relationships
in the rat, the mouse, and the human subject. It also includes observations on cystine and tyrosine, whose presence in the diet makes the
inclusion of less methionine and phenylalanine necessary, but it affords
no indication as to the relative readiness with which growth is supported
or nitrogen equilibrium is maintained.
A.

PROMOTION OF GROWTH IN THE RAT

1.
Tryptophan
The degree of utilization of the D-enantiomorph for growth in the
rat, as compared with its L-counterpart, differs widely among the various
amino acids. It depends, in part, upon the rate of growth which the
basal diet in which it is being substituted for the L-enantiomorph will
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support. In the early comparisons of the capacities of D- and L-tryptophan to induce growth in the rat, little or no difference in rate of response or in food consumption was evident when the isomers were fed
at levels of 0.2% of the diet. Weight gains on a level of 0.1% were
smaller, but also about the same for either isomer (Berg, 1934). No
TABLE I
UTILIZATION O F T H E D-MODIFICATIONS O F CYSTINE, TYROSINE, AND T H E A M I N O ACIDS
ESSENTIAL FOR G R O W T H I N T H E R A T AND MOUSE, AND FOR T H E MAINTENANCE O F
NITROGEN EQUILIBRIUM I N T H E ADULT H U M A N SUBJECT

Amino acid
Tryptophan
Lysine
Methionine
Three-nine
Phenylalanine
Leucine
Isoleucine
Valine
Histidine
Arginine
Cystine
Tyrosine

Rat«
ö

+ ( l , 2, 3)
— (8*>, 9*>, 10)
+ (13, 14)
— (17)
+ (18)
+ (20)
— (22, 23)
+ (24<*, 25, 26)
+ (28)
+ (29)
-(30)
+ (31)

Mousea

Man®

-(4)
-(11)
+ (15)
-(15)
+ (15)
— (15)
-(15)
-(15)
-(4)

— (5», 6, 7»)
— (12)
+ (16)
-(16)
+ (19)«
-(21)
-(21)
-(27)
e
e

a

In each column + indicates that at least some utilization was recorded in the
reference cited; — indicates that no utilization was observed. Numbers in parentheses
refer to bibliographic references listed below the table; full reference citations are
given at the end of the chapter.
&
In these tests, the DL-form, rather than the D-amino acid, was used.
c
Cannot be utilized above a maximal level.
d
This was a repletion study.
e
Not essential for maintenance of nitrogen equilibrium.
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essential differences in rates of growth had been observed in similar
comparisons with L- and DL-tryptophan (Berg and Potgieter, 1931), or
in tests in which L- and D-tryptophan were fed separately (du Vigneaud
et ah, 1932a).
In the twenty years which followed, basal diets had been formulated
which were able to promote much more rapid gains in weight (3.6 vs.
1.8 gm. per day). Extensive reinvestigation with such diets, from which
nicotinic acid and liver extract had been omitted (Oesterling and Rose,
1952), indicated that it was now possible to obtain growth at the 0.2%
dietary level which was only 93% as rapid in 28 days with D- as with
L-tryptophan; at the 0.15% level it was only 6 1 % as rapid. In each
instance, the diminished rate of growth on D-tryptophan was equivalent
to that which would have been produced on one-fourth less L-tryptophan. Factors responsible for the more rapid growth on the newer basal
diet can only be surmised from the differences in dietary composition.
The yeast, and probably also the yeast concentrate employed in the
earlier tests, undoubtedly furnished small amounts of tryptophan. It
must also have been less adequate as a source of the vitamins of the
B complex than are the crystalline mixtures which it is now possible
to supply. There seems to be little doubt that the considerable reduction in the fat content of the diet (from 22-24% to 2%) also favored
the growth response. The improvement observed in the sensitivity of
the tests is somewhat analogous to that noted with arginine, which can
be shown to be an essential amino acid for growth in the rat only when
the diet permits relatively rapid growth (Borman et ah, 1946). Earlier
investigations had proved beyond doubt that arginine was readily synthesizable in the rat and had seemed to warrant the assumption that
in this species arginine was not an essential dietary component (Scull
and Rose, 1930). It is now recognized as essential only because its rate
of synthesis is not sufficiently rapid to meet the needs of maximal growth.
2. Histidine and Methionine
In the comparisons of gains in weight induced in the rat by D- vs.
L-histidine, it was obvious from the outset that D-histidine was the less
readily utilizable for growth purposes (Cox and Berg, 1934). Of all of
the essential amino acids whose D-forms can be utilized for growth,
D-methionine seems to replace its natural L-counterpart the most efficiently. This was true even at suboptimal levels as low as 0.2% in diets
which contained 0.2% of L-cystine (Wretlind and Rose, 1950).
3. VhenyUuanine
Comparative tests of D- and L-phenylalanine at levels of 1.0% in high
fat diets, which contained no tyrosine, led Rose and Womack (1946)
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to conclude that "d(-{-)-phenylalanine induces growth which is almost,
if not quite, as satisfactory as when 1( —)-phenylalaline is the supplement." Their data do show differences, as they themselves noted: "It
will be observed that the subjects which received the d( + )-phenylalanine grew quite satisfactorily, although the total gains were not quite
so large as in the animals which received the 1(—)-phenylalanine.
Whether the differences are significant is not clear." In a reinvestigation
of the problem, Armstrong (1953) reports finding much wider divergencies in response to the two isomers. He implies that the better food
consumption and the more rapid growth response obtained in his
comparisons were attributable to his use of a better diet. This is later
given (Armstrong, 1955) as the probable reason for the 50% more rapid
growth reported on 1.2% L-phenylalanine than on the approximately
0.9% level previously assumed (Rose and Womack, 1946) to induce
maximum increases in weight. Probably through oversight, no suggestion is made as to the nature of the dietary improvement. Both papers
(Armstrong, 1953, 1955) state that the "conditions and basal diets were
the same" as those used previously. The diet described (Armstrong and
Lewis, 1950) is essentially the same as that of Rose and Womack (1946),
except for differences in the composition of the amino acid mixture.
Armstrong's technique involved feeding his rats during a preliminary
period of 5 days on diets containing tyrosine but not phenylalanine,
then transferring them to the phenylalanine diets. Such preliminary
depletion produces a more immediate growth response to the experimental ration.
4.

Valine

White et al. (1952) subjected rats weighing 110-112 gm. to an
extensive depletion period of 28 days on a valine-free diet which contained an amino acid mixture composed primarily of L-amino acids.
During a subsequent period, usually of 6 days, in which the diet was
supplemented with 120 mg. of D-valine daily, gains of approximately
1 gm. per day occurred. Removal of the valine for an intervening 5-day
period produced losses in weight. A following 6-day period of supplementation with 120 mg. of DL-valine produced gains averaging 2 gm.
per day. Comparisons with L-valine were not run. In the tests 6 gm.
of food per day were allowed, of which the valine supplement thus
represented 2%. Since these results were contrary to the conclusions
of Rose, based on unpublished experiments conducted some twenty
years before (Rose, 1938), the question was reinvestigated by Womack
et al. (1957). Diets containing 1% of D-valine were found incapable of
supporting growth in weanling rats, but slow growth (0.47 gm. per day
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in one series, 0.91 gm. in a second) was obtained when the quantity
supplied was raised to 2% of the diet. One per cent of L-valine under
similar circumstances supported growth approximating 3.9 gm. per day.
Hence, the capacity of D-valine to replace the L-isomer is very meager.
5.

Arginine

The capacity of D-arginine to support growth has only recently been
investigated. Winitz et al. (1957) included comparative tests of the
isomeric modifications of arginine in a series of quantitative nutritional
studies made with water-soluble, chemically-defined diets in which the
9 other essential amino acids were all incorporated in the L-form,
together with 3 different complements of the "nonessential" L-amino
acids. Growth occurred on all three of the diets employed. When
L-alanine was the only nonessential amino acid fed, incorporation of
L-arginine in the diet induced only a relatively small growth acceleration. In two other diets in which several nonessential amino acids were
provided, the acceleration induced was marked. D-Arginine was definitely stimulatory in the latter type of diets, but only half as much so
as the L-isomer. The ratios of average gain in weight to average dietary
intake were essentially the same, however, whether the supplementing
agent was D- or L-arginine.
6.

Leucine

For some time D-leucine has been considered to be unavailable for
growth (Rose, 1938). Within the past few months Rechcigl et al.
(1958a) 1 have reinvestigated the question and obtained evidence to the
contrary. Using diets which provided the essential amino acids and
cystine and tyrosine in the proportions in which they are found in the
rat carcass, with urea and the "poorly" invertible D-components of the
DL-isoleucine, DL-threonine, and DL-valine supplied to serve as sources of
nitrogen for the synthesis of nonessential amino acids, they observed a growth of 38 gm. in 27 days when 0.85% of D-leucine was
provided, as compared with 56 gm. with 0.85% of L-leucine, 46 gm.
with 0.425% of L-leucine, and 52 gm. with 0.85% of DL-leucine. The
stimulation of growth was therefore marked, though less than that
induced by half as much of the L-isomer. Whether there might have
been still greater divergence, had a basal diet capable of inducing more
rapid growth been employed, can obviously not be answered without
further study. Some years earlier, Anderson and Nässet (1950) had
1

We are indebted to Dr. Rechcigl for his courtesy in allowing us to study
the manuscripts of these communications prior to their publication.
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observed that D-leueine could be utilized to replace part of the L-leucine
required for nitrogen equilibrium in the adult rat.
As will be noted later, Rechcigl et al. (1958b) 1 have obtained evidence that the norleucine employed in the diet of Fierke and Rose (cf.
Rose, 1938) may have prevented utilization of the D-leucine.
7. Isoleucine, Lysine, and

Threonine

There is to date no valid evidence that the D-forms of lysine, threonine, or isoleucine can meet adequately the requirements for moderate
growth, or even for the maintenance of nitrogen equilibrium.
8.

Cystine and Tyrosine

Cystine and tyrosine are not considered essential, because their
dietary need can be met completely by methionine (Womack et ah,
1937) and phenylalanine (Womack and Rose, 1946). Their presence in
the diet, however, definitely decreases the quantity of methionine
(Womack and Rose, 1941) and phenylalanine (Womack and Rose,
1946) required. Experiments of du Vigneaud et al. (1932b), conducted
before this interrelationship was known, showed that D-cystine could
not replace L-cystine for purposes of growth. Mesocystine was as effective as an equivalent amount of DL-cystine (Loring et al, 1933). Tests
by Bubl and Butts (1948) showed that when diets otherwise adequate,
but containing amino acid mixtures, with phenylalanine in suboptimal
amounts, were supplemented with 0.5% of D-tyrosine, the growth stimulation was quite as effective as when L-tyrosine was employed.
B.

GROWTH PROMOTION IN THE MOUSE

Comparative tests in the mouse of the enantiomorphs of the amino
acids required for growth in the rat have yielded results which, for the
most part, seem in essential qualitative agreement with those observed
in the rat. The results obtained with tryptophan and histidine are
notable exceptions (Celander and Berg, 1953). In an earlier series of
tests in which the vitamin source was a yeast extract (Totter and Berg,
1939) which contained traces of the L-forms of these amino acids, slow
growth occurred when D-tryptophan or D-histidine was incorporated in
diets containing a tryptophan-deficient or a histidine-deficient casein
hydrolyzate. Rigorous exclusion of the traces of the L-isomers of these
amino acids by the use of crystalline vitamins prevented growth in tests
of D-histidine in an otherwise similar diet or in a diet containing an
amino acid mixture devoid of L-histidine. Similar observations were
made with D-tryptophan in a diet containing an amino acid mixture from
which L-tryptophan was excluded. Traces of L-histidine or L-tryptophan
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in such diets seemed to improve the utilization of the D-isomers sufficiently to promote slow growth. Why this should be the case is not
obvious. When D-lysine was tested in diets containing zein fortified
with tryptophan, cystine, and histidine, it failed to augment the slow
growth observed on the basal diet as did L-lysine (Totter and Berg,
1939). In a series of tests involving the use of amino acid mixtures in
diets high in fat, no difference was noted whether the diet contained
arginine or not (Bauer and Berg, 1943). Excellent growth was obtained
on the D-forms of methionine and phenylalanine, but none on the
D-isomers of valine, leucine, isoleucine, or threonine. D-Threonine failed
to prevent the edema noted on the threonine-deficient diet. Since slow
growth occurred on diets containing mixtures of amino acids limited to
the 10 regarded as essential for the rat, none of the other 10 amino acids
could have been absolutely indispensable for the moderate growth
observed. The evidence obtained in these tests was not sufficiently
extensive to warrant reaching any definite conclusion concerning the
relative quantitative availabilities of the D- and L-methionine and the
D- and L-phenylalanine. The tests of D-valine and D-leucine should obviously be repeated under conditions which have shown these forms to
be partially available in the rat. The amino acid mixtures in which
each was tested contained the other in the DL-form, also DL-norleucine.
Review of the earlier work in the rat and mouse and direct comparison of it with the more recent work involving the same species thus
make it abundantly clear that the quantitative experimental results
obtained depend on the quality of the basal diet employed, probably
including such factors as the adequacy of the vitamin supplements and
of the salt mixture and the proportion of fat. In certain instances, amino
acid balance may also be involved, particularly under conditions approaching deficiency. Results obtained in different laboratories may be
affected by differences in strains of animals. However, these are general
aspects whose influence is not limited to experiments involving only the
D-amino acids.
C.

SUPPORT OF NITROGEN EQUILIBRIUM IN THE HUMAN ADULT

In the adult human subject D-methionine was almost, if not quite,
as effective as DL-methionine in maintaining nitrogen equilibrium on
diets devoid of cystine (Rose et al, 1955c), 1.0 gm. per day of either
meeting the minimal requirements in the 2 subjects included in the
protocols published. It is of some interest to note that 80-89% of the
minimal methionine needs could be met by L-cystine (Rose and Wixom,
1955a). In the rat, only one-sixth of the minimal needs for growth could
be similarly satisfied (Womack and Rose, 1941). The only other D-isomer
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of an essential amino acid, which can be utilized in appreciable degree
by the adult human subject for the maintenance of nitrogen equilibrium,
is D-phenylalanine. In this instance, only a limited amount, approximately 0.5 gm. per day, appeared to be utilizable under the experimental
conditions employed (Rose et al.y 1955a). The estimated minimal daily
requirement of 1.1 gm. could be met almost as effectively by DL-phenylalanine as by the L-isomer, but it could not be met fully by D-phenylalanine, even though as much as 1.5 gm. or 2.2 gm. was provided. In a
subsequent study, inclusion of adequate L-tyrosine in the basic amino
acid mixtures was found to exert a sparing effect amounting to 70-75%
of the phenylalanine needs (Rose and Wixom, 1955b). In earlier studies
in the rat approximately 50% was thus spared (Womack and Rose,
1946). It would be interesting to know whether, under these less demanding circumstances, man's need for phenylalanine could possibly
be completely met by the D-isomer.
III.

INVERSION OF THE D-AMINO ACIDS

Insofar as this writer is aware, no protein from an animal tissue has
been proved to contain a D-amino acid. It is therefore assumed, that
before a dietary D-amino acid can be used in the synthesis of new tissue
protein, or in the replacement of old, it must be converted to the L-form.
A.

HISTIDINE

The inversion of the D-isomer of an essential amino acid was first
proved by Conrad and Berg (1937a) who found that the increment of
L-histidine in the tissues of young rats, fed histidine-deficient diets supplemented with D-histidine, exceeded the sum of the amount present in
the tissues when the feeding began (judged from analyses of sacrificed
litter mates) plus the trace amounts of L-histidine present in the basal
diet and the vitamin source consumed during the growing period. The
histidine was precipitated from acid hydrolyzates of the vitamin source
and the carcasses (less the alimentary tract) as the silver salt. An aliquot
was employed for colorimetric estimation and the balance from the
carcass hydrolyzates was converted to the methyl ester hydrochloride.
The specific rotation of the latter indicated that the histidine isolated
was essentially optically pure L-histidine. The markedly lower specific
rotation of methyl ester hydrochloride, prepared from carcasses to which
D-histidine had been added before hydrolysis, indicated that D-histidine
could have been detected, had it been present even in relatively minute
quantity.
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B.

TRYPTOPHAN

Kotake and Goto (1937) undertook to prove the "stereonaturalization" of D-tryptophan by slices and by brei of kidney and liver tissue,
obtained chiefly from the rat and the mouse, but also from the guinea
pig, cat, dog, rabbit, pigeon, and chicken. Production of indole by a
strain of E. coli able to attack only L-tryptophan was used as evidence
of the inversion. In all species tested, the kidney tissue was the more
active, the brei more so than the slice. Kidney brei from the mouse was
only half as effective as kidney brei from the rat. In the presence of the
animal tissue, but not in its absence, the E. coli produced indole also
from indolepyruvic acid, thus suggesting conversion of the latter by the
tissue to L-tryptophan. When D-tryptophan was fed, some indolepyruvic
acid was excreted. Small amounts of the D-amino acid produced a
greater keto acid excretion in the mouse than in the rat; with larger
amounts, the reverse was true, but the mouse then also excreted unchanged D-tryptophan into the urine. Schayer (1950) fed a rat 200 mg.
of D-tryptophan which contained 6.08% N 15 excess in the indole ring.
The rat was sacrificed 48 hours later and the entire carcass, less the
contents of the stomach and the intestines, was hydrolyzed with sodium
hydroxide in an atmosphere of nitrogen. The acetyl-DL-tryptophan isolated showed 0.251% N 15 excess.
C.

LEUCINE

The first use of isotopes to establish incontrovertibly the occurrence
of inversion was made by Ratner et al. (1940) who added D-leucine,
with its carbon chain labeled with deuterium and its amino group with
N 15 , to the stock diet fed to adult male rats for a period of 3 days. The
L-leucine subsequently isolated from the proteins of the liver and the
rest of the carcass contained considerable deuterium, but very little N 15 .
These findings could be accounted for by loss of the original N 15 through
complete deamination, with subsequent reamination of the keto acid
with ammonia from the body's nitrogen pool. On the other hand, isolation of lysine from the tissues of growing rats fed similarly labeled
D-lysine yielded L-lysine which contained neither deuterium nor N 15
(Ratner et at, 1943). About half of the D-lysine was excreted unchanged.
D.

VALINE, METHIONINE, AND ALANINE

The isolation of L-valine which contained C 13 from the liver and
carcass of rats fed D-valine, containing C 13 in its methyl groups, has been
reported by White et al (1952). Gibson and Smyth (1952) have studied
the inversion of S35-labeled D-methionine by kidney and liver slices from
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the rat. The L-methionine produced was estimated by converting it to
the corresponding a-keto acid with Neurospora oxidase and precipitating
this as the 2-4-dinitrophenylhydrazone. The radioactivity of the phenylhydrazone was counted. Corrections were made for the α-keto acid
produced from D-methionine, but not converted to L-methionine. Similar
tests from the same laboratory with C14-carboxyl labeled D-alanine and
D-leucine have shown the ready synthesis of L-alanine by both liver and
kidney tissue, whereas synthesis of L-leucine occurred readily with kidney, but only to a small extent with liver (Gibson et ah, 1954).
IV. OXIDATIVE DEAMINATION AS AN INVERSION STEP
The mechanism by which stereonaturalization occurs has long been
assumed to involve deamination of the D-amino acid, with loss of asymmetry, followed by asymmetric reamination of the α-keto acid thereby
produced (Berg and Potgieter, 1931). The liver and the kidney of all
vertebrates which have been tested contain two different series of enzyme systems for deaminizing the amino acids oxidatively. One series
catalyzes the deamination of L-amino acids, the other that of the D-amino
acids. This was first demonstrated (Krebs, 1935) with tissue slices and
crude extracts, but the systems involved have since been separated and
purified. The general D-amino acid oxidases show an absolute stereospecificity. It is clear that they oxidize the different D-amino acids at
various rates, although reports from different laboratories do not agree
well in some particulars. This is attributable in part to the various
origins of the enzyme preparations employed and to variations in degree
of purity. D-Lysine is poorly oxidized, if at all, and cystine and threonine
only to a questionable or minor degree. Tyrosine, methionine, tryptophan, and valine are among the more readily attacked. According to
Klein and Handler (1941), phenylalanine, isoleucine, and leucine are
also readily attacked, but according to Bender and Krebs (1950), they
are less readily oxidized. Histidine (Klein and Handler, 1941; Bender
and Krebs, 1950) and arginine (Klein and Handler, 1941) are slowly
attacked. The probability therefore seems reasonably good that all of
the D-amino acids known to undergo inversion (histidine, tryptophan,
methionine, phenylalanine, valine, leucine, and arginine) may be converted by D-amino acid oxidase to their corresponding α-keto acids as
the first step in their inversion. Moreover, the readiness with which
isoleucine is attacked makes its conversion to the α-keto analog also
seem likely.
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V. DIETARY REPLACEMENT OF ESSENTIAL AMINO ACIDS
BY a-KETO ACIDS
The first demonstration that an α-keto acid analog could successfully
replace an essential amino acid for purposes of growth was made by
Harrow and Sherwin (1926) a little over thirty years ago. How much
significance can be attached to the observation that the replacement of
histidine by imidazolepyruvic acid resulted in much slower growth than
that promoted by L-histidine is uncertain because the paper affords no
evidence as to the purity of the analog. Imidazolelactic acid was a more
effective substitute, but imidazoleacrylic (urocanic) acid failed to promote gains in weight in any of the tests recorded. Similar replacement
of tryptophan by indolepyruvic acid (Jackson, 1929; Berg et al., 1929-30)
induced growth at a rate comparable to that obtained with L-tryptophan
in equivalent quantity. a-Keto-y-methylthiobutyrate is an excellent substitute for DL-methionine in the diet of the young rat (Cahill and
Rudolph, 1942). Replacement of phenylalanine by phenylpyruvic acid
has been reported from three different laboratories (Bubl and Butts,
1949; Wood et al, 1950; Armstrong and Lewis, 1950). Armstrong (1953)
notes a more rapid response to phenylpyruvic acid than to D-phenylalanine, but a less rapid one than to L-phenylalanine. p-Hydroxyphenylpyruvic acid is an excellent substitute for tyrosine (Bubl and Butts,
1949). The conversion of ot-ketoisovalerate to valine is reported in a
footnote by Rose et al. (1942). Wood et al. (1950) have observed that
it produces growth, seemingly superior to that on DL-valine, when fed
in an amino acid mixture otherwise devoid of valine. Wretlind (1952c)
also records excellent growth promotion when the a-keto acid of valine
is substituted for the amino acid. The comparisons of phenylpyruvic
acid and L-phenylalanine and of α-ketoisovalerate and DL-valine have
been verified by Meister and White (1951), who also made comparative
tests of leucine and a-ketoisocaproate and of isoleucine and the d- and
Z-forms of α-keto-ß-methylvaleric acid. The growth response to the
α-keto analog of leucine was equal to that on L-leucine. Isoleucine, like
threonine, contains two optical centers, hence exists in four isomeric
forms. All four forms were prepared by Greenstein et al. (1951) who
noted that only one of the four, L-isoleucine, could promote growth in
the white rat. D-Isoleucine is attacked by D-amino acid oxidase to yield
Ζ-α-keto-ß-methylvaleric acid, the keto analog of L-alloisoleucine, and
D-alloisoleucine is attacked by D-amino acid oxidase to yield d-a-ketoß-methylvaleric acid, the keto analog of L-isoleucine. Meister and White
(1951) found the response to the d-isomer about the same as the response to L-isoleucine. The response to the Z-isomer was significantly
less. Meister (1954b) was unable to demonstrate that the keto analog
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of arginine could accelerate the growth of weanling rats fed a diet free
of arginine. More recently, however, this has been accomplished by
Winitz et al. (1957) who found that a-keto-6-guanido-n-valeric acid,
plus α-amino nitrogen in the form of L-alanine, would promote extra
growth on an arginine-free diet, though at a rate even less rapid than
that induced by D-arginine.
In each of the instances cited a single amino acid was replaced by
its α-keto analog. Wood and Cooley (1954) have conducted tests in
which they have replaced simultaneously 5 of the essential amino acids
in a mixture of the essential amino acids, plus glutamic acid, with their
corresponding α-keto acid derivatives. Glycine and 0.2% aspartic acid
were added to the diet containing the α-keto acids to provide nitrogen
equivalent to that present in the L-leucine, DL-isoleucine, DL-valine,
DL-phenylalanine, and DL-methionine replaced. Comparisons showed
essentially as rapid growth on the modified diet as on the original one.
There seem to have been no similar studies of the α-keto analogs of
lysine and threonine. The former has been obtained by Meister (1954a)
by oxidizing ε-N-carbobenzoxyl-L-lysine with snake venom, followed by
catalytic hydrogenation to remove the carbobenzoxy group. The keto
acid has a pronounced tendency to cyclize to Ä1-piperidine-2-carboxylic
acid. Production of L-lysine by the nonenzymatic transamination of the
α-keto acid (or the monohydrate of the cyclized product) with pyridoxamine can be shown by the action of lysine decarboxylase. As indicated earlier, however, when D-lysine, which contains stably-bound deuterium in its chain and N 15 in its α-amino group, is fed to a young rat,
the lysine isolated from the tissues contained neither the deuterium nor
the N 15 (Ratner et al., 1943). Threonine is the only other amino acid
beside lysine which fails to show an excess of N 15 when it is isolated
from the tissues of the rat fed glycine-N15 (Elliott and Neuberger, 1950)
or N15-L-leucine (Meltzer and Sprinson, 1952). Like the L-lysine isolated from the tissues of the rat fed deutero-N15-L-lysine (Weissman and
Schoenheimer, 1941), the L-threonine isolated after the feeding of 4-C14,
N15-L-threonine showed a ratio between the two isotopes nearly equal
to that in the doubly labeled amino acid fed (Meltzer and Sprinson,
1952). Evidence of this type seems to set lysine and threonine apart
as unique essential amino acids whose α-amino groups are not available
for reversible transfer reactions.
To judge from the evidence available to date in the rat, the D-isomers
of the essential amino acids show a spectrum of invertibility ranging
from D-methionine, as the most readily inverted amino acid at one end,
to D-lysine, which shows no evidence of any inversion at all, at the other
end. Near the methionine end lies D-tryptophan. Occupying interme-
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diate positions are D-histidine, D-phenylalanine, and D-arginine. D-Valine
is sufficiently readily inverted to promote growth under favorable conditions, as is also D-leucine. D-Isoleucine is apparently too poorly invertible to promote growth. The application of even such a sensitive
criterion as isotope detection fails to show the inversion of D-lysine. The
degree of invertibility of D-threonine has not been similarly tested, but
the meager lability of the isotopically marked α-amino group of L-threonine suggests that little more inversion is likely to occur than in the case
of D-lysine.
VI.

GROWTH RESPONSE ON AMPLE MIXTURES OF THE
D L - A M I N O ACIDS
Several years ago, Van Pilsum and Berg (1950) reported that no
appreciable deleterious effect could be detected in 28 days in rats fed
mixtures of the DL-modifications of the 10 essential amino acids which
represented 18.6-21.2% of the diet. This conclusion was based on the
observation that animals fed diets containing such mixtures grew as well
as animals fed diets containing only the L-components, and also on the
further observation that additional nitrogen in the form of glycine and
diammonium citrate did not enhance the growth on either the L- or the
DL-mixture. In the initial tests recorded, the L-amino acid mixture fed
(11.2%) had contained twice the minimum amounts of each of the
essential amino acids which had been tentatively indicated by Rose
(1937) to be necessary to support normal growth when the nonessential
amino acids were also supplied. The doubling was done to compensate
for the lack of the nonessential amino acids. Feeding twice this quantity
(22.4%) of the same amino acids in the DL-form produced a growth
retardation and deposition of iron in the spleen which was traced to
excessive methionine (2.4%) as the cause. The condition was fully
corrected by lowering the methionine intake to 1.2%. Tests of L-, DL-,
and D-methionine showed that an excess of the natural L-form was even
more deleterious than an excess of the D-isomer. This observation has
been confirmed by Wretlind and Rose (1950). Wretlind (1952b) has
since noted that, in excessive amounts (16%), the L-isomer of phenylalanine is also the more deleterious. Harper et al. (1955) have reported
that in diets containing only 9% of casein as the chief source of nitrogen,
3 % of DL-leucine is less "toxic" than 3 % of L-leucine, in the sense that it
depresses growth less. We are inclined to assume that the reason
lies in differences in the degree or in the routes of metabolism
of the two isomers. No technique has yet been devised, however, which
will satisfactorily rule out differences in food consumption as the probable cause of differences in growth, or substantiate beyond doubt the
converse.
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In experiments of the type cited above, the D-components of the
DL-mixture were essentially extraneous. The DL-amino acid diets contained enough preformed L-amino acids to eliminate any need of having
to provide them by inversion. Failure of glycine and diammonium
citrate to enhance the growth still further seemed to indicate that at
this level, the L-amino acids, as well as the DL-mixtures, provided adequately for the synthesis of the nonessential amino acids.
VII. TOXICITY OF THE D-AMINO ACIDS
The optical isomers of the essential amino acids, plus alloisoleucine
and allothreonine, have been tested for their toxicity in rats when administered intraperitoneally in lethal dosages, both individually and in
mixtures (Gullino et al., 1956). Evaluation of the LD 50 , LD 99 . 9 , and
LD99.99 levels indicated that L- and D-alloisoleucine were the least toxic.
Most toxic of the L-amino acids was L-tryptophan, and most toxic of the
D-amino acids was D-arginine monohydrochloride. Comparisons at the
LD50 level showed that D-tryptophan was only a third as toxic as L-tryptophan and that D-threonine was a little less than half as toxic as
L-threonine. In most instances there was less difference. The D-forms
of isoleucine, phenylalanine, histidine monohydrochloride, and arginine monohydrochloride had about the same toxicity as their L-isomers,
and the D-forms of the other amino acids tested were only slightly
less toxic than their L-counterparts. When mixtures of the ten essential amino acids were so compounded that the individual amino
acids were present in proportion to their LD 5 0 values, there was a
"mutually protective effect"; i.e., the toxicity was considerably less than
the calculated mean value of the LD 50 's of the component amino acids.
In the L-amino acid mixtures, L-arginine showed the greatest protective
effect. No such protection was afforded by the D-arginine in the D-amino
acid mixtures. With L-arginine omitted, the "mutually protective effect"
was essentially the same for the L- as for the D-amino acid mixtures.
Since the protective effect of L-arginine could possibly have been
due to its alleviation through urea production of the toxicity of ammonia
produced from one or more of the other components of the mixture, the
capacity of arginine, citrulline, ornithine, and several derivatives to
prevent death was tested in rats by their injection 1 hour before the injection of an LD99.9 dose of ammonium acetate. At sufficiently high levels,
the L-forms of arginine-HCl, citrulline, and ornithine-HCl conferred
complete protection. The corresponding D-forms afforded protection to
only a fraction of the animals, probably through inversion. a-Keto-δguanidovaleric acid was also somewhat protective (Greenstein et ah,
1956). Animals injected with LD99.9 levels of L- and D-amino acids alone
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usually died with elevated blood ammonia and with elevated blood urea.
The blood urea was extremely high after the administration of D-leucine
and D-lysine-HCl, in the latter case nearly as high as that after the
administration of D-arginine-HCl. L-Tryptophan produced about the
same increase in urea as L-arginine-HCl. With L-valine and L- and
D-histidine-HCl, the ammonia increased, but the urea did not, thus
suggesting possible inhibition of the urea synthesizing mechanism
(du Ruisseau et al., 1956).
Of some interest in connection with the protective effect of D-arginine
is the observation made some years ago (Albanese et ah, 1945b) that
arginase extracts from the livers of rats apparently attacked only the
L-component of DL-arginine, but that a similar extract of the human
liver was able to produce urea from the racemic form as rapidly as from
natural L-arginine. This is in line with the observation of Greenstein
et al. (1956) that in the rat the D-arginine probably becomes effective
through inversion.
Injections of LD99.99 levels of the L- and D-amino acids produced an
initial hyperglycemia in varying degree, but the animals died with blood
sugar values ranging with the amino acid from a marked hypoglycemia
to a marked hyperglycemia. Approximately the same patterns were
produced with the D-amino acids as with the L-forms. D-Tryptophan was
the single exception. Whereas L-tryptophan produced hypoglycemia at
death, D-tryptophan induced a marked hyperglycemia. Tests of liver
glycogen and urinary glucose indicated that the marked hypoglycemia,
characteristically associated with several of the amino acids injected,
could not be attributed to either glycogen deposition in the liver or to
urinary glucose excretion. The decrease probably arose from "utilization" due to violent stress (Winitz et al, 1956).
VIII. GROWTH RESPONSE ON MARGINAL OR SUBOPTIMAL
LEVELS OF DL- AND D-AMINO ACIDS
A.

POORLY INVERTIBLE D-AMINO ACIDS AS A NONSPECIFIC
SOURCE OF NITROGEN

When ample amounts of only the essential amino acids were provided
in the DL-form (18.6-21.2%), as previously noted, little or no stimulation
of growth was induced by the extraneous D-amino acids in the diet or
by the addition of glycine or diammonium citrate beyond that promoted
by the L-amino acids in the mixture (Van Pilsum and Berg, 1950).
When, however, the L-amino acids in the mixtures were fed at a lower
dietary level (5.9%), as in the study of Phillips and Berg (1954), some
evidence was obtained that supplementation with the poorly invertible
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D-isomers (of lysine, threonine, leucine, isoleucine, and valine) could
accelerate the rate of growth beyond that observed on the L-amino acids
alone, although not as markedly as could glycine and diammonium
citrate. Some utilization of the extraneous D-amino acids under these
circumstances, therefore, seemed likely (probably for nonessential amino
acid synthesis or for other purposes more adequately met by glycine
and diammonium citrate).
Birnbaum et al. (1957b) have observed that the addition to their
diet of 15.7 gm. of total nitrogen per kilogram, in the form of the
invertible D-arginine-HCl or D-alanine, greatly improved the growth
response in 21 days (27.3 gm. and 40.2 gm. vs. 9.0 gm.). The unsupplemented diet contained 9.5 gm. of total nitrogen per kilogram in the form
of the L-isomers of the ten essential amino acids. However, when the
L-forms of arginine-HCl and alanine were fed singly as supplements
under analogous conditions, a much greater response was produced
(58.5 gm. and 61.2 gm.) in the same period. Urea supplementation
afforded a 24.8 gm. growth response, glycine 14.5 gm., ammonium
acetate 48.2 gm., and ammonium L-glutamate 62.2 gm. Some L-amino
acids (serine, hydroxyproline, and cysteine) were toxic at the 15.7 gm.
total nitrogen level.
B.

READILY INVERTIBLE D-AMINO ACIDS FED EN MASSE AS THE SOURCE
OF THEIR L-ENANTIOMORPHS

When the 2.4% of methionine, tryptophan, phenylalanine, histidine,
and arginine used by Phillips and Berg (1954) in their 5.9% L-amino acid
mixture were replaced by 2.4% of the DL-modifications, slower growth
was observed, despite the assumption that the D-components were as
readily invertible as the tests of each singly had previously suggested.
Still poorer growth was obtained when this "invertible group" of amino
acids was supplied entirely in the D-form. Doubling the allotment of the
invertible D-amino acids failed to enhance the rate of growth perceptibly.
When comparisons were made at a basic L-amino acid level representing 2.95% of the diet, replacement of the 1.2% of the amino acids
belonging to the invertible group by their D-counterparts also produced
growth retardation. In this instance, however, doubling the allotment
of the invertible D-amino acids did accelerate the rate of growth.
A tentative interpretation of this type of evidence which seems
feasible is that the capacity of the animal to invert D-amino acids is
limited. When the maximal capacity is reached, provision of extra
D-amino acids does not accelerate the rate of growth because no more
L-amino acids can be produced by stereonaturalization. If, on the other
hand, the quantity of D-amino acids provided is much below the in-
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vertible limit, the quantity inverted, and hence the growth, can be
increased by increasing the amount provided.
This explanation may be an oversimplification. After all, it is not
clear how or to what extent the proportions of the various amino acids
needed for the best growth possible at any given dietary level may
change with change in the dietary level.
Greenstein et al. (1957) have compared the growth rates obtained
on 50% aqueous diets, some of which contained L-amino acids exclusively, others DL-amino acids. Of the dry weight of one of the L-amino
acid diets, 6.2% consisted of the essential amino acids (calculated as
free amino acids), with histidine, tryptophan, methionine, and phenylalanine in essentially the same proportions as in the 5.9% essential
L-amino acid diet used by Phillips and Berg (1954). The diets also
contained nonessential amino acids, however, to provide 15.7 gm. of
nitrogen per kilogram. In the DL-amino acid mixtures the histidine,
tryptophan, methionine, and phenylalanine were fed in the DL-form in
the same amount as in the L-mixture, the arginine and the leucine were
fed in the L-form, but all of the other essential amino acids were fed
in the DL-form at double the L-level; the nonessential amino acids,
L-alanine, L-serine, and sodium L-aspartate used in the L-amino acid diet
were replaced with equal amounts of their racemates. Growth on the
mixture which contained the DL-amino acids was less rapid than on the
L-mixture. Doubling the DL-forms of alanine, serine, and sodium aspartate decreased the growth rate still further. Comparisons of the first
two of these diets (Birnbaum et al., 1957a) showed ten times as much
urinary excretion of α-amino nitrogen on the mixture which contained
the DL-amino acids as on the L-amino acid mixture (52.5 vs. 4.8 mg. per
day) and about twice as much ammonia nitrogen (14.8 mg. vs. 6.1 mg.),
but a smaller urea nitrogen output (77.0 vs. 124 mg.) and a retention
by the rat of less total nitrogen (119.9 vs. 162.6 mg.). To what extent
the limited provision of the DL-forms of histidine, tryptophan, methionine, and phenylalanine could have been responsible for these findings
one can only guess.
C.

INHIBITION OF THE INVERSION OF INDIVIDUAL D-AMINO ACIDS
BY OTHERS

1. Methionine
Possible interference of D-amino acids with the inversion of another
D-amino acid fed at a suboptimal level was first pointed out by Wretlind
(1952a). He had noted that in a diet which contained no arginine, but
all of the other essential amino acids in the DL-form, 0.25% of D-methionine produced less rapid growth in 10 days than 0.25% of L-methionine
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(Wretlind, 1950). At a 1% level, however, the gains in weight on the
two isomers in this period were about the same. When he subsequently
fed 0.25% of methionine in a similar diet in which histidine, tryptophan,
phenylalanine, lysine, and leucine were provided in the L-form, the rate
of growth on the 0.25% of D-methionine was not significantly less rapid
than the rate of growth on the 0.25% of L-methionine (Wretlind, 1952a).
Hence he concluded that the stereonaturalization of D-methionine was
inhibited, either at the deamination or at the reamination stage by the
D-forms of some or all of the other amino acids present in the DL-amino
acids fed.
2.

PhenyManine

Again in an essential amino acid mixture which contained no arginine, but all of the other essential amino acids in the DL-form, Wretlind
(1952b) observed that suboptimal amounts of the D-isomer of phenylalanine (0.5%) also produced significantly poorer growth than the
L-isomer. Since no comparisons were made with diets containing the
amino acids in the L-form, the probability that inhibition of stereonaturalization was involved can only be inferred. Armstrong (1953)
noted a discrepancy at all levels (0.5-4.0%) between the capacities of
D- and L-phenylalanine to promote growth on diets allowing more rapid
gains in weight. He ascribed the difference in response to differences
in food consumption. His diets contained arginine, also tyrosine, cystine,
glycine, and glutamic acid. In Wretlind's study, the small differences in
food consumption were not statistically significant.
3.

Histidine

We have subsequently undertaken tests of D- and L-histidine in which
some of the diets contained all of the other essential amino acids, together with 9 nonessential amino acids in the L-form, and other of the
diets contained DL-amino acids (Wächter and Berg, 1956). In the Lamino acid diets, 0.4% of D-histidine gave an average growth response of
3.4 gm. per day vs. 4.4 gm. when 0.4% of L-histidine was provided;
0.2% of D-histidine produced an average daily gain of 1.2 gm., and 0.2%
of L-histidine an average daily gain of 4.0 gm. When, however, the
DL-forms of lysine, threonine, leucine, and valine, and an equal mixture of
D-alloisoleucine and L-isoleucine were substituted at twice the L-level and
DL-alanine and DL-serine at the L-level, 0.4% of D-histidine promoted an
average growth of 1.0 gm. per day, and L-histidine an average daily growth
of 4.2 gm. Decreasing the histidine provided under such circumstance to
0.2% of the diet produced corresponding growth responses of 0.5 gm.
per day on the D-histidine, 3.8 gm. per day on the L-histidine. Compara-
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tive growth levels of 4.4 and 4.2 gm. per day at the 0.4% L-histidine level
and 4.0 gm. and 3.8 gm. at the 0.2% level indicate little interference
with growth by the D-forms of the other amino acids when the histidine
is provided in the L-form; the similarly compared growth responses of
3.4 gm. and 1.0 gm. per day at the 0.4% level of D-histidine, and 1.2 gm.
and 0.5 gm. per day at the 0.2% D-histidine level do seem to suggest
strongly that the presence of the D-forms of the other amino acids
markedly inhibits the utilization of the D-histidine.
4.

Valine

Perhaps the most striking interference of the D-forms of other amino
acids with the utilization of an invertible D-isomer has been noted with
valine. Wretlind became intrigued with the observation of White et ah
(1952) that, contrary to the earlier report of Rose (1938), D-valine supported slow growth. Having observed the retarding effect of the dietary
inclusion of several amino acids in the DL-form upon the utilization of
D-methionine (Wretlind, 1952a), he assumed that the explanation might
lie in the use of diets consisting mainly of the L-amino acids in one
instance, and in the use of diets containing several amino acids in the
DL-form in the other. In his preliminary report in 1954, he indicated that
the presence of DL-leucine and DL-isoleucine in a diet, which contained
both the essential and the nonessential amino acids, did markedly impair
the growth promoting capacity of D-valine. Two years later details of
this study were made available (Wretlind, 1956). Meanwhile we were
able to confirm the observation with essential amino acid diets containing 0.7% of L- or D-valine, and leucine and isoleucine in the L- or the
DL-form or the DL-plus D-forms. In the diet containing all other amino
acids in the L-form, the D-valine promoted maintenance or very slow
growth, less than one sixth as rapid as that promoted by L-valine. In
the diets containing DL-leucine and DL-isoleucine, slow loss of weight
was noted which became somewhat greater upon the further addition
of D-leucine and D-isoleucine (Gerulat and Berg, 1956).
Wretlind's subsequent detailed report (1956) presents data which
indicate that rats fed 2% of D-valine in diets in which only the essential
amino acids, less arginine, were provided in the DL-form, failed to grow.
Examination of the protocols reveals that on one of these DL-mixtures
which provided DL-isoleucine amounting to 4.0% of the diet, the loss
in weight averaged 0.6 gm. per day for 10 days; on the second mixture
in which the DL-isoleucine was lowered to 1.6% of the diet, slow growth,
0.2 gm. per day for 14 days, was observed. It seems probable that the
difference in isoleucine contents could have created enough of an
imbalance, such as Benton et al. (1956) have reported can be produced
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by the addition of isoleucine to low casein diets, to have accounted for
this difference in response. Wretlind had previously obtained growth
of 1.2 ± 0.05 gm. per day on diets containing mixtures of all of the essential amino acids in the DL-form. Systematic study of the factors which
could conceivably have accounted for the differences in response noted
when D-valine was fed in the various diets showed that D-leucine was
primarily responsible for the growth depression. Diets with 2% of Dvaline which permitted an average growth of 0.7 zb 0.09 gm. per day for
33 days when L-leucine and L-isoleucine were fed, produced little or no
change in weight (0.0 ± 0.05 gm. per day) when DL-leucine and L-isoleucine were provided. When L-leucine and DL-isoleucine were fed, gains
averaging 0.6 ± 0 . 1 gm. per day were observed.
The growth effect of D-valine has also been studied by Womack et al.
(1957). They found that 1% of D-valine was ineffective even in diets
which contained L-leucine and the nonessential amino acids (e.g., average weight losses of 4.7 ± 1.4 gm. were noted in 28 days vs. weight
gains of 115.4 ± 1.5 gm. when L-valine was provided). With 2% of
D-valine, growth averaging as much as 25.6 db 1.8 gm. in 28 days was
observed, as compared with losses averaging 1.2 ± 0.8 gm. when the
leucine content of the diet was changed from 1.2% of the L-form to
2.4% of the DL-form.
The maximal gains of 0.91 gm. per day on 2% of D-valine obtained
by Womack et al. (1957), as compared with 1.16 gm. by White et al.
(1952) and 1.40 gm. by Wretlind (1956), suggest that the quantitative
differences in response may possibly be attributable in part to differences
in strain of rats, as well as to differences in experimental procedure.
The animals used by Womack et al. (1957) failed to survive periods
of valine depletion as extensive as the periods survived by the rats of
White et al. (1952). Both strains manifested the neurological symptoms
of valine deficiency (sensitivity to touch and profound lack of coordination in movement) first described by Rose and Eppstein (1939). On
the other hand, Wretlind's (1956) deficient animals were cachectic, but
showed no neurological abnormality.
As previously noted, the ct-keto analog of valine promotes growth
comparable to that induced by L-valine when it is added to a valinedeficient diet in which the other essential amino acids (except arginine)
are supplied in the DL-form (Wretlind, 1952c). Interference with its
reamination, therefore, seems quite unlikely as a contributory factor,
either in the retardation of growth on D-valine in the presence of
D-leucine, or in the poor inversion of D-valine under optimal circumstances. If the a-keto analog is indeed an intermediate in the inversion,
the presence of the D-leucine is more likely to interfere with its pro-
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duction from the D-valine, presumably by oxidative deamination. We
have obtained evidence that such may be the case. D-Leucine does
inhibit the deamination of D-valine by D-amino acid oxidase (Gerulat and
Berg, 1958). Yoshimoto (1958) has reported that D-lysine markedly
inhibits the oxidation by D-amino acid oxidase (from hog kidney) of
ε-acetyl-DL-lysine and of several DL-amino acids, notably alanine, phenylalanine, and valine. The inhibition is competitive.
IX.

REAMINATION OF a-KETO ACIDS

As has already been indicated, there seems to be little doubt that
an α-keto acid, once produced, can be converted effectively to the
L-amino acid. This is indicated by the readiness with which all single
α-keto acids tested have served as substitutes for the corresponding
L-amino acid. It is emphasized even more dramatically in the tests of
Wood and Cooley (1954) who showed that methionine, phenylalanine,
valine, leucine, and isoleucine could all be replaced simultaneously by
their α-keto analogs, without markedly slowing the rate of growth.
Amination of an α-keto acid was first observed by Knoop (1910) who
isolated the acetyl derivative of the homolog of phenylalanine, γ-phenylα-amino butyric acid from the urine of a dog to which γ-phenyl-a-ketobutyric acid had been administered by mouth and subcutaneously.
Almost simultaneously, Embden and Schmitz (1910) reported the results
of tests in which they were able to isolate amino acids (alanine, phenylalanine, tyrosine, and leucine) from liver perfusates to which the ammonium salt of the corresponding α-keto analog had been added. Extensive
study of enzymatic transamination has made it clear that this reaction
occurs widely and could account for the conversion of the α-keto acids
to the corresponding L-amino acids, or vice versa (cf. Meister, 1955).
Recently Radhakrishnan and Meister (1957) have observed that purified
L-amino acid oxidase from snake venom and D-amino acid oxidase from
sheep kidney will catalyze the production of L- and D-amino acid isomers,
respectively, under anaerobic conditions from the corresponding a-keto
acid. Thus L-methionine was formed when L-leucine was incubated with
a-keto-Y-methylthiolbutyric acid and L-amino acid oxidase in the presence of flavin adenine dinucleotide. The L-leucine was deamized to
produce ammonia for use in the synthesis of the methionine. L-Amino
acids were not active in the D-amino acid oxidase system, and vice versa.
This may, therefore, represent a pathway, alternate to transamination,
for the conversion of an α-keto acid to an amino acid.
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FACTORS AFFECTING THE DEGREE OF AVAILABILITY
OF THE D-AMINO ACIDS
A.

GASTROINTESTINAL ABSORPTION

Evidence is accumulating which suggests that the D-isomer of an
amino acid may be absorbed at a slower rate than its mirror image,
probably as a consequence of the existence of an active process for the
absorption of only the latter. Much of the earlier work involved comparisons in the rat by the Cori technique (1925). Usually the L- and
DL-isomers were employed and periods of 2-4 hours were allowed. In
a few instances some suggestion of relatively minor differences in rate
was observed (see Berg, 1953). More recently the L- and D-amino acid
oxidases, a transaminase, and various L-amino acid decarboxylases have
been employed in the determination of the relative rates of absorption
of the D- or the L-component of a DL-amino acid following its injection
into an isolated loop of the small intestine of the adult rat anaesthetized
with Nembutal. Where only one isomer was measured by a stereospecific method, the total residuum was determined with chloramine-T.
With these procedures, Gibson and Wiseman (1951) observed a preferential absorption of the L-modification in 0.5-1 hour which was 1.6-6.0
times as rapid as for the D-isomer. Of the 13 amino acids employed by
them, 7 were essential amino acids. A similar observation has been made
with DL-histidine and DL-alanine in Thiry-Vella loops in unanaesthetized
dogs (Clarke et al, 1951).
Wiseman (1953) has also reported the use of a circulating device
to estimate the ability of the perfused isolated small intestine of the rat
to transfer an amino acid against a concentration gradient. Such active
transport of the L-isomers of alanine, phenylalanine, methionine, histidine, and isoleucine, but not of the D-isomers, could be demonstrated.
Agar et al. (1954) consider uptake by the cells of the intestinal wall
an important step in the transfer. They observed that when isolated
washed segments of the small intestine of the rat were placed in a
medium containing L-histidine, the concentration of histidine in the
total water of the intestine at equilibrium exceeded that in the surrounding fluid. This was not true when D-histidine was employed or
when cyanide or dinitrophenol was added to the system. Subsequent
study of L-histidine absorption from twin loops of rat intestine showed
that it was inhibited by L-methionine, but not by D-methionine. The
inhibition in vivo was much less than had been observed in vitro (Hird
and Sidhu, 1957). Mathews and Smyth (1954) analyzed the blood
stream for L- and D-enantiomorphs at intervals during the first 25 minutes after the introduction of DL-alanine, phenylalanine, and leucine into
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an intestinal loop in the anaesthetized cat. They found concentrations
of the L-isomer 2.3-5.6 times as great as for the D-isomer.
In the case of tryptophan, Langner and Edmonds (1956) report the
complete gastrointestinal absorption in the 150-gm. rat of 204 mg. of
L-tryptophan in 4 hours, with the relative absorption of 95 and 63%,
respectively, of similar doses of the DL- and D-modifications. In 10 hours,
3.5% and 24.5% of the original doses of DL- and D-tryptophan remained.
The rates of absorption of all three modifications were essentially the
same for the first hour. Wiseman has reported that L-tryptophan, unlike
other mono-amino mono-carboxylic amino acids, is not transported
against a concentration gradient from the mucosal to the serosal side
of sacs of the everted small intestine of the hamster (Wiseman, 1956).
We have found differences in the rates of absorption in 3 hours by the
Cori technique between the sodium salts of the L- and D-forms of tryptophan, valine, and methionine which appear to be significant (Aroskar
and Berg, 1958). The results with L- and DL-tryptophan differ from those
of Berg and Bauguess (1932).
Relationships between rates of absorption and utilization of L- and
D-enantiomorphs are too obscure to assess with any degree of confidence.
It has long been known that the capacity to synthesize body tissue can
be impeded by withholding even for a few hours an essential amino acid
(Berg and Rose, 1929). Better growth has been observed by incorporating a supplementing amino acid in the otherwise deficient basal
diet than by feeding it separately in the vitamin pill or by injecting it
(Conrad and Berg, 1937b). These and basically similar observations
made by others with amino acid mixtures and proteins (e.g., Cannon,
1948; Geiger, 1947; Leverton and Gram, 1949) seem to indicate quite
clearly that tissue synthesis cannot take place at maximal speed unless
all of the amino acids required are present simultaneously in adequate
amounts. Hence, at least marked differences in rates of absorption of
amino acid isomers might be expected to affect the rate of growth response. Unfortunately, little or no information is available to indicate
how the absorption of a D-isomer might be affected if it were fed in an
otherwise complete amino acid mixture. With L-amino acids, inhibition
of absorption in the presence of other amino acids has been noted by
Kamin and Handler (1952) who found the nature of the competing
amino acid to be of little consequence, and by others who have reported
that L-methionine (which Kamin and Handler did not test) was particularly inhibitory, other amino acids less so (Wiseman, 1955). The
conditions employed in the short-term absorption tests which have been
made are obviously quite different from those which obtain when a
D- or DL-amino acid is fed in a complete mixture of amino acids over
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an extensive period of time, such as that required for the measurement
of rate of growth.
B.

CELLULAR UPTAKE

The uptake of amino acids by Ehrlich mouse ascites tumor cells has
been reported by Christensen et al. (1952) who observed appreciable
concentration of all of the D-forms tested, though usually somewhat less
so than for the L-amino acids. Wiseman and Ghadially (1957) report
that when D-histidine is injected several times daily for 5 days into rats
bearing rapidly growing RD 3 sarcoma, no incorporation of D-histidine
can be detected in the tumor protein or in the protein of their liver or
muscle.
C.

URINARY EXCRETION OF AMINO ACIDS

Recognition that the D-isomerides are the more susceptible to excretion dates back to the early studies in which Wohlgemuth (1905) injected the DL-forms of leucine, aspartic acid, glutamic acid, and tyrosine
separately into rabbits and found that the impure amino acid isolated
from the urine was optically active and consisted largely of the isomer
which did not occur naturally. The earlier literature has been summarized by Berg and Potgieter (1931-1932) and by Neuberger (1948).
Excretion of larger amounts of amino acid after the administration of
the DL- than of the L-form has been noted in the human subject fed
arginine (Albanese et al., 1945b), histidine (Albanese et al., 1945a),
phenylalanine (Albanese, 1944; Albanese et al. 1947), cystine (Albanese,
1945b), tyrosine (Albanese et al., 1946) and tryptophan (Perlzweig et al,
1947; Baldwin and Berg, 1949; Sarett and Goldsmith, 1950). More
ready excretion of administered D-tryptophan has been noted by Baldwin
and Berg (1949) and by Langner and Berg (1955). The latter have
obtained with tryptophan itself the red precipitate, whose production
upon adding iodine to the urine had been described by Albanese (1944)
and Albanese and Frankston (1944) who attributed it to an aberrant
metabolite produced from D-tryptophan. Of all of the DL-amino acids
tested in this way in man, DL-methionine alone produced no greater
urinary loss than its L-isomeride (Albanese, 1944).
Whether the D-isomer is the more readily excreted because it is less
readily metabolized, or vice versa, is a debatable question. The possibility that there is a lower kidney threshold for D-amino acids has been
expressed by Albanese et al. (1945b) to account for the greater urinary
loss of arginine in man following the administration of the racemic
than after the administration of the natural form, and by Silber et al.
(1946) who observed that when essential amino acid mixtures containing 50% of DL-amino acids were infused into dogs at the same rate as
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mixtures containing only 10%, the α-amino nitrogen levels in the plasma
were about the same, but 6-10% more acids were excreted into the
urine. Van Pilsum and Berg (1950) suggested that the smaller growth
retardation produced in rats by an excess of D-methionine may have
resulted from its more ready escape into the urine. Crampton and Smyth
(1953) have compared the concentrations of the D- and L-enantiomorphs
of alanine, histidine, and methionine in the urine and plasma after injections of the DL-mixture into cats. In each instance the concentration
of the D-modification was lower in the plasma and higher in the urine
than that of the L-modification. Renal clearance curves for D- and
L-alanine and D- and L-methionine were interpreted as indicating that
the L-isomers were reabsorbed by an active stereospecific mechanism
in the tubules, but that the reabsorption of the D-isomers was due to
diffusion alone.
Evidence concerning the excretion of an amino acid or its metabolites
after the administration singly of the amino acid obviously cannot provide information by analogy as to its probable utility for the support
of nitrogen equilibrium. When it is fed alone no mechanism is provided
for its retention, hence its catabolism or its excretion as such becomes
inevitable. The situation is analogous to that which obtains when a
deficient diet is employed. Schweigert (1947) observed that the rat
fed a 12% oxidized casein basal diet, fortified with cystine and methionine (leaving the diet deficient in tryptophan), excreted in the free
form approximately twice as much of the total histidine, arginine, and
threonine ingested as the rat fed the same diet supplemented with 0.2%
of DL-tryptophan. The amino acids were measured by microbiological
assay with S. faecalis R. After acid hydrolysis of the urine, the amino
acid values showed a two- to fourfold increase. Sauberlich et al. (1948)
also noted that both the rat and the mouse excreted more amino acids
when the dietary protein was deficient in an essential amino acid than
when it was biologically adequate. Moreover, Säuberlich and Salmon
(1955) have reported that the tryptophan requirement of the rat is
not a constant factor, but is related to the diet employed, especially
to the protein or nitrogen level of the diet. The addition of 20% of
oxidized casein to a 10% casein diet made it necessary to increase the
tryptophan content of the diet from 0.14 to 0.19% to produce comparable growth.
D.

URINARY EXCRETION OF OI-KETO ACIDS

In addition to the more ready excretion of the D-amino acids themselves is the possibility that their administration may also induce appreciable α-keto acid excretion. It was noted earlier that such excretion
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was observed by Kotake and Goto (1937) in the mouse and the rat fed
D-tryptophan, a finding confirmed by others in the rat (Mason and Berg,
1952) and in the human subject (Langner and Berg, 1955). Several
years prior to this, Kotake et al. (1922) had recovered appreciable
phenylalanine and phenylpyruvic acid from the urine of rabbits fed
9 gm. of D-phenylalanine; when a similar dose of L-phenylalanine was
fed, only a trace of the amino acid, but more of the keto acid was
excreted. DL-Phenylalanine produced intermediate outputs of both.
Excretion of the α-keto analog of tyrosine was noted after essentially
similar tests with 4 gm. of L- or DL-tyrosine (Kotake and Okagawa,
1922). Chandler and Lewis (1932) reported a greater excretion of
phenylpyruvic acid by rabbits after the administration of DL-phenylalanine (4 gm. in 48 hours) than after the same amount of L-phenylalanine. In his growth studies of D- and DL-phenylalanine in complete
amino acid mixtures, Armstrong (1953) observed the excretion in the
rat of only a small proportion at high dietary levels, none in diets containing 1.2% of D-phenylalanine or 1.8% of DL-phenylalanine. In the
apparently normal human subject fed 0.5 gm. of D-phenylalanine, the
excretion of phenylalanine and phenylpyruvic acid was fairly widely
variable (Gartler and Tashian, 1957). Waelsch and Miller (1942) found
an increase in α-keto acid excretion by the rat after the administration
of the DL-forms of several of the amino acids. The kidneys of most
mammals contain a higher concentration of D-amino acid oxidase per
gram of dry weight than does the liver (Krebs, 1951). It is quite probable, therefore, that some of the D-amino acids reaching the kidney are
converted into their α-keto analogs and ammonia, and that both of these
are consequently subject to excretion.
Kamin and Handler (1951) have reported that the intravenous
infusion into dogs of a mixture of DL-amino acids, at rates which produced no untoward effects when a casein hydrolyzate was employed,
raised the ammonia nitrogen of the plasma to levels of 3-4 mg. per
100 ml. shortly before the death of the animal in 1 hour. As previously
indicated, Birnbaum et dl., 1957a, observed greater outputs of a-amino
nitrogen and urinary ammonia, but less urea, by rats receiving mixtures
of essential and nonessential amino acids in which 3 of the nonessential
and all of the essential amino acids, but leucine, were fed in the DL-form.
The leucine was of the L-configuration.
Transaminases are widely distributed in animal tissues. At least some
of the several types occur in the kidneys of some animals in concentration as high as in the liver (Cohen, 1951). The known activity of these
may, therefore, account for the smaller ammonia production and excretion after the administration of an L-amino acid. The transaminases may
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also function to convert the α-keto acids asymmetrically to the corresponding L-amino acids. In this process the L-amino acid oxidase
known to be present in both kidney and liver (Krebs, 1951) may be
expected to share (Radhakrishnan and Meister, 1957).
E.

IMBALANCE

Amino acid "imbalance" has been the subject of many papers, a few
of which have already been noted here. Several extensive discussions
of the question have been published, among them the recent reviews
by Elvehjem (1956) and Harper (1958).
Our conception of what constitutes a well-balanced dietary mixture
of amino acids—e.g., for growth—is derived largely from the amino
acid pattern found in proteins known to promote growth at rates
approximating the maximal attainable when fed at levels of 15-18% as
the chief source of nitrogen in a diet adequate in all other respects.
The proteins of milk (Osborne and Mendel, 1915) and of egg (Mitchell
and Block, 1946) have been commonly used as standards of reference.
More recently estimation of requirements for growth by assay of the
amino acid content of the carcass of the experimental animal has also
been employed (Williams et ah, 1954). It became obvious very early
(Osborne and Mendel, 1915) that a protein which was adequate at one
level might be inadequate at a lower level and that in some instances
considerable improvement could be made by amino acid supplementation. There is no definite agreement as to what proportions of the various
amino acids constitute the ideal at any given level of nitrogen intake.
It is quite probable that the proportions which will promote the most
rapid growth at one level of intake may not be the most effective at
another.
In any event, it has been clearly shown that it is with diets in which
a protein or a mixture of amino acids is provided at minimal or borderline levels that the chances of precipitating an amino acid "imbalance"
(and consequent growth retardation) through the addition to the diet
of a single amino acid (or several) are particularly imminent. The
employment under such circumstances of diets which contain D-amino
acids of uncertain invertibility is likely to contribute to this instability.
We have already called attention to the protocols of Wretlind (1956),
in which 2% of D-valine allowed an average daily weight loss of 0.6 gm.
per day when fed in a diet which contained 4% of DL-isoleucine, but
promoted slow growth (0.2 gm. per day for 14 days) in subsequent
tests in which the DL-isoleucine content of the diet was only 1.6%. The
results seem to parallel those noted by Benton et al. (1956) who observed a drop in growth from 15.3 to 10.6 gm. per week when 1.2%
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of DL-isoleucine was added to a diet which contained 9% of casein,
0.3% of DL-methionine, and 0.1% of DL-tryptophan.
In their reinvestigation of the question of availability of D-valine for
growth, Womack et al. (1957) had noted that diets which contained
1.2% of L-leucine promoted gains averaging 25.6 gm. in 28 days (0.91
gm. per day) on 2% of D-valine, but that diets which contained 2.4% of
DL-leucine induced an average weight loss of 1.2 gm. in the same period
(0.04 gm. per day). In a subsequent period in which the L-leucine content of the first diet was raised to 2.4% for 8 days the weight gain of
the first group dropped to 0.48 gm. per day. When the DL-leucine content of the second diet was dropped to 1.2%, the animals which had
previously lost 0.04 gm. per day showed gains of 0.8 gm. per day for 8
days. In the light of the earlier assumption that D-leucine was unavailable for growth (Rose, 1938), one would have assumed that the 1.2%
of DL-leucine could have provided an effective L-leucine concentration
of only 0.6%, which is below the minimal 0.8 or 0.9% required for
optimal growth (Rose, 1937; Rose et al., 1949). However, the recent
finding that appreciable stimulation of growth can be induced by
D-leucine (Rechcigl et al., 1958a) makes it seem likely that additional
L-leucine was produced by the inversion of at least part of the D-leucine
component.
Retardation of growth has been noted by Harper et al. (1955) upon
the addition of 1.5% of L-leucine to a 9% casein diet. Under appropriate circumstances (cf. also Benton et al., 1956), L-leucine can be
shown to increase the requirement in such a diet for both isoleucine and
valine; and valine, isoleucine, and phenylalanine can each be shown to
increase the requirement of leucine. It is of interest to note that
Rechcigl et al. (1958b) have obtained evidence to indicate that DLnorleucine interferes with the utilization of D-leucine. They suggest that
the presence of DL-norleucine in the diets employed by Fierke and Rose
(Rose, 1938) may have prevented their demonstration of growth on
D-leucine. This observation, the mutually antagonistic effects which
have been noted with leucine, valine, and isoleucine, and the poor
utilization of D-valine and D-leucine present a picture too involved as
yet to indicate clearly whether "imbalance", specific antagonism, or
mutual interference of the D-isomers may be the major factor involved
in studies such as those outlined. Much further work will be necessary
to clarify the issue.
F.

CATABOLIC DIVERSION

The α-keto acids are known to be highly reactive and readily susceptible either to decarboxylation and further oxidation or to reduction.
Irreversible chemical degradation at this stage has, therefore, frequently
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been proposed as a possible explanation of incomplete inversion, hence
poor utilization, of certain of the D-amino acids as dietary components.
At first thought, this may seem quite inconsistent with the observation
that several α-keto acids produce growth which is greater than that
attainable with the corresponding D-amino acids. But such is not necessarily the case. The situations are not at all analogous. In the actively
metabolizing cell in which the a-keto acid is being produced, molecule
by molecule, conditions might easily be much more favorable toward its
catabolism than toward its asymmetric amination or transamination. In
vivo evidence in support of such catabolic diversion is, however, very
meager and highly circumstantial, at best.
1. Valine, Leucine, and

Isoleucine

We have previously noted that D-valine promotes growth much less
rapidly when fed at levels approximating 2% of the diet than does the
same amount of DL-valine (White et ah, 1952) or 1% of L-valine
(Womack et ah, 1957), but that sodium dimethyl pyruvate equivalent to
2.28% of DL-valine produces a superior response (Wood et ah, 1950).
D-Leucine similarly promotes much less rapid growth than L-leucine
(Rechcigl et ah, 1958a), but its α-keto analog elicits an apparently
comparable response (Meister and White, 1951). Of the four stereoisomers of isoleucine, only L-isoleucine supports growth (Greenstein
et ah, 1951), but the response to d-a-keto-ß-methylvaleric acid, the keto
analog of L-isoleucine and D-alloisoleucine, is about the same as to
L-isoleucine (Meister and White, 1951), and a variable response, half
as great or less, is obtained with Ζ-α-keto-ß-methylvaleric acid, the keto
analog of D-isoleueine and L-alloisoleucine. In the further catabolism
of the keto analogs, the branched-chain fatty acids produced by decarboxylation and oxidation (isobutyric, isovaleric, and a-methylbutyric
acid) yield, respectively, glucogenic, ketogenic, and both glucogenic and
ketogenic intermediates. The probable mechanisms involved have been
relatively recently reinvestigated in tests with the isotopically labeled
amino acids or their branched-chain fatty acid derivatives, and these
have been fully verified by studies with heart and liver extracts [for
valine and isobutyric acid, cf. Fönes et ah (1951a); Peterson et ah
(1952); and Robinson et ah (1957); for isovaleric acid, hence leucine,
cf. Coon (1950) and Bachhwat et ah (1956); and for a-methylbutyric
acid, hence isoleucine, cf. Coon and Abrahamsen (1952); Coon et ah
(1952); and Robinson et ah (1956)].
Some fifty years ago Embden et ah (1906) reported that the DLmodification of leucine produced considerably more acetone during liver
perfusion than did L-leucine. Thirty years later Edson (1935) found
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that DL-leucine yielded more acetoacetate in rat liver slices, and Butts
et al (1937) found that it produced a greater output of acetone bodies
in the fasted rat. On the other hand, Hassan and Greenberg (1952)
have recently reported a more rapid oxidation of the L-form than of
the D-form of leucine-2-C14, as judged from C 1 4 0 2 output in 8 hours
after the injection of 90 mg. of each into 200-gm. rats (73.3% oxidation
of the L-isomer vs. 58% oxidation of the D-isomer); a smaller urinary
excretion of the isotope was observed after the injection of the L-form
(1.6 vs. 7.5%).
Edson (1935) had also noted that liver slices from well-fed rats
produced somewhat more acetoacetic acid from media that contained
D-isoleucine than from media that contained L-leucine or no added
leucine. Liver slices from starved rats produced a small decrease in
the acetoacetic acid of the medium when L-isoleucine was added, but
little or none upon the addition of D-isoleucine.
In the phlorizinized dog, a single test of D-valine produced a 110%
conversion, and a test of DL-valine a 95% conversion of 3 of the 5 carbons
to extra glucose. Under analogous conditions, the α-keto analog of valine
showed conversions of 101 and 103%; and L-valine, conversions of
46-98% (Rose et al, 1942). However, Fönes et al (1951b) observed
that, when 250-300 mg. of D-valine labeled with C 13 in its methyl groups
were fed to fasted rats in equal doses over an 8-hour period, slightly
over half as much of the administered isotope was recovered in the
expired C 0 2 and about half as much in the isolated glycogen as when
similar doses of similarly labeled L-valine were fed. A much larger
proportion of the isotope from the D-valine was excreted in the urine
(31-34%) than from the L-valine ( 2 % ) .
There is no obvious explanation for the divergence in results noted
with differing experimental techniques in the metabolic data cited above
for the D- and L-isomers of the same amino acid. Critical judgment
must await the accumulation of additional evidence. The data seem to
agree only in their indication that considerable catabolism of the
D-isomer occurs, even when it is administered in relatively large doses.
Though some microorganisms contain racemases able to promote
inversion, the only avenue of inversion known to date to be available
in the mammal is through the readily catabolizable α-keto acid. Once
the α-keto acid is produced, the course of metabolism is apparently
qualitatively the same, whether the α-keto acid originated from the L- or
the D-amino acid. The essential difference in availability for protein
synthesis is that the L-amino acid requires no stereo-modification; the
D-amino acid does. Whatever the processes by which the D-amino acid
is converted to the a-keto acid and the α-keto acid is converted to the
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L-amino acid, these must compete with whatever other processes in
the living cell may affect either the D- or the L-amino acid or the intermediates in the inversion.
2.

Methionine and

Cystine

Of all of the essential amino acids, methionine alone (in diets containing 0.2% of L-cystine) seems to be equally as effective for growth,
whether fed in the L- or in the D-form (Wretlind and Rose, 1950).
D-Methionine is also effective as a lipotropic agent (Best and Ridout,
1940). Benzoic acid interferes with the activity of D-amino acid oxidase
in the liver slice, as well as with the transmethylation by D-methionine,
but not by its α-keto analog or by L-methionine, to produce creatine.
Hence, stereonaturalization may be prerequisite to the utilization of
D-methionine for creatine synthesis (Handler and Bernheim, 1943).
There are striking similarities and differences in the metabolism of
D- and L-cystine (Cavallini et al., 1958). D-Cystine cannot replace Lcystine in the diet (du Vigneaud et al., 1932b), and mesocystine promotes
growth at the same rate as does DL-cystine, probably because its L-cysteine
component is available for growth (Loring et al., 1933), but its D-cysteine
component is not. Both D- and L-cysteine are attacked by liver desulfhydrase to yield hydrogen sulfide, ammonia, and pyruvic acid (Fromageot, 1951).
3.

Threonine

Neither D- nor L-threonine has been found to undergo appreciable
deamination by D- or L-amino acid oxidase (Krebs, 1951). In the rat,
however, both DL-allothreonine and DL-threonine increase the deposition
of liver glycogen and decrease the ketonuria induced by fasting and
butyric acid feeding (Hall et al., 1940-1941). The glycogen production
from DL-threonine has been confirmed (Hess, 1950). There are apparently two routes by which L-threonine may be catabolized. One of these
involves dehydration and deamination to produce α-ketobutyric acid,
as first observed with Bacterium coli (Chargaff and Sprinson, 1943). In
rat liver homogenate, the latter may be animated to α-amino butyric
acid (Lien and Greenberg, 1953); it may also yield proprionic acid.
There is no evidence that this reaction is reversible in the animal.
Enzyme preparations from the liver and kidney of several species have
also been shown to cleave threonine to yield glycine and acetaldehyde
(Braunshtein and Vilenkina, 1949; Meltzer and Sprinson, 1952). Recently, Gilbert (1957) has reported that in rat liver this reaction appears
to be reversible but that production of allothreonine may have predominated. Appreciable synthesis of L-threonine in vivo is contraindicated by
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its essentiality and its irreplaceability by D-threonine or by D- or L-allothreonine. Whether D-threonine is attacked by the enzymes which effect
the types of changes indicated with the L-isomer is not clear. Lin and
Greenberg (1954) found that the D-isomers of threonine and allothreonine
were not attacked by crude homogenates which yielded glycine and
acetaldehyde from the L-forms. Meltzer and Sprinson (1952) had earlier
suggested that the behavior of DL-threonine as a glycogenic and antiketogenic agent may be due largely to the D-isomer. This view was
based on information made available to them privately that L-threonine
produces only a small rise in urinary glucose in the phlorizinized rat.
Sayre and Greenberg (1956) note that their purified threonine dehydrase does not attack D-threonine or DL-allothreonine. Nevertheless, the
results with L-threonine suggest possible metabolic routes that may
eventually be found to exist also for D-threonine. If so, the unavailability
of D-threonine for growth might be ascribed to the essential irreversibility of the metabolic reactions by which D-threonine is degraded.
4.

VhemjUdmiine, Tyrosine, and

Tryptophan

Benzoic acid (Klein and Kamin, 1941; Hellerman et ah, 1946), certain
benzoic acid derivatives (Bartlett, 1948), and phenylpyruvic acid
(Frisell et ah, 1956) inhibit markedly the activity of renal D-amino acid
oxidase as do also hydroxybenzoic acid derivatives (Bartlett, 1948) and
phenylacetic acid to a lesser extent (Frisell et ah, 1956). Certain indole
derivatives are also markedly inhibitory. To secure an optically pure
preparation of L-phenylalanine in good yield by destroying the D-isomer
of DL-phenylalanine with D-amino acid oxidase from hog kidney, Parikh
et al. (1958) found it feasible to add cyanide to the incubating media
to destroy the contaminating catalase and to reincubate the impure end
product with fresh D-amino acid oxidase, again in the presence of
cyanide. Similar attempts to prepare the L-isomers of tyrosine and tryptophan from their DL-modifications, whether in the presence or absence
of cyanide, proved impracticable, although repeated oxidations did yield
products of increasing purity. Inhibition of this sort could conceivably
retard inversion in the cell, at least temporarily.
When D-tryptophan is fed it promotes the production and excretion
of D-kynurenine in the rabbit (Kotake and Ito, 1937), in the rat
(Borchers et al, 1942; Mason and Berg, 1952), and in the human subject
(Langner and Berg, 1955; Price and Brown, 1956). Unlike L-kynurenine,
D-kynurenine yields little or no kynurenic acid in the rabbit (Kotake and
Ito, 1937). Rat liver slices produce traces of both L- and D-kynurenine
from D-tryptophan. These are detectable on paper chromatograms, and
occasionally also a weak spot indicative of kynurenic acid is observed.
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After the administration of small doses of DL-kynurenine to the rat, no
L-kynurenine spot could be detected on examining the urine, but there
was a pronounced D-kynurenine spot (Mason and Berg, 1952). As in
the rat (Borchers et al., 1942), kynurenine is also excreted in much
larger amount in the human subject after the administration of D- or
DL-tryptophan than after the administration of L-tryptophan (Price and
Brown, 1956). Whether such diversion may be of any appreciable
significance in nutrition tests with D-tryptophan is questionable. It may
be important in the rat which utilizes D-tryptophan fairly efficiently,
but of relatively much less consequence in the human subject and in
the mouse which do not. The conversion of tryptophan to kynurenine
is irreversible in the rat, L-kynurenine being quite unable to replace
L-tryptophan in the diet (Jackson and Jackson, 1932).
5.

Histidine

Mammalian liver contains an enzyme system which degrades L-histidine nonoxidatively to glutamic acid (Edlbacher and Krause, 1930)
by a series of irreversible reactions (Tabor, 1955). Without entering
into a controversial discussion, it may be said that this enzyme system
was originally designated histidase and that it is generally considered
the dominating system for the catabolism of histidine. Of significance
in this consideration are the observations that D-histidine is not attacked
by most enzymes which attack L-histidine (Berg, 1953; Tabor, 1955)
and that it inhibits the activity of histidase (Edlbacher et al., 1940).
D-Histidine is only slowly attacked by some D-amino acid oxidase systems, more readily by others (Krebs, 1951). It is possible that this may
be an important factor in determining the differences in growth response
noted in species which require histidine (e.g., in the rat vs. the mouse).
It seems logical to assume that D-histidine promotes glycogen deposition
in the liver of the fasted rat (Featherstone and Berg, 1942) as a consequence of its initial inversion to L-histidine (Conrad and Berg, 1937a)
and of the subsequent degradation of the L-histidine by histidase.
Inhibition of histidase by D-histidine may conceivably operate to protect
the L-histidine produced by inversion in the growing rat from too rapid
destruction to permit it to be used for tissue synthesis.
6.

Lysine

Neither D- nor L-lysine has been shown to be readily attacked by
mammalian amino acid oxidases (Krebs, 1951; Neuberger and Sänger,
1944), but ct-oxidative deamination occurs more readily when the
ε-amino group is acetylated (Neuberger and Sänger, 1944) or carbobenzoxylated (Meister, 1954a). Advantage has been taken of the reac-
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tion of ε-N-carbobenzoxy-DL-lysine with L-amino acid oxidase to prepare
D-lysine (Parikh et al, 1958). The a-keto analog of lysine readily
cyclizes (Meister, 1954a), when the carbobenzoxy group is removed, to
yield Ä1-piperidine-2-carboxylic acid. It is possible that this ring closure
may prevent completion of the inversion of D-lysine. Though D-lysine is
largely excreted unchanged when DL-lysine is fed to rats, comparisons
with similar tests of L-lysine indicate that appreciable catabolism also
occurs (Neuberger and Sänger, 1944).
7.

Arginine

The α-keto derivative of arginine is apparently not attacked by liver
arginase (Meister, 1954a). The capacity of arginase to attack D-arginine
appears to vary with species and experimental conditions (Edlbacher
and Zeller, 1936; Albanese et al, 1945b). Relatively little evidence is
available concerning the oxidative deamination of D-arginine, but tests
of DL-arginine with crude (Krebs, 1935; Klein and Handler, 1941) and
reconstituted (Klein and Handler, 1941) D-amino acid oxidase prepared
from hog kidney indicate that it undergoes oxidation, as judged from
oxygen uptake. Reconstituted D-amino acid oxidase from sheep kidney
did not attack DL-arginine (Karrer and Frank, 1940).
The observation that the α-keto analog of arginine is somewhat less
effective than D-arginine as a dietary component, and considerably less
so than L-arginine (Winitz et al, 1957) correlates well with data on
their roles in urea production. When the α-keto analog was injected
30-120 minutes prior to the administration of an LD 99 . 9 dose of ammonium acetate in rats, it protected roughly a third to a fourth of the
animals, as did also D-arginine monohydrochloride, whereas in similar
dosage, L-arginine monohydrochloride was completely protective. Liver
slices prepared from fasted rats, which had been injected an hour previously with L- or D-arginine monohydrochloride or the α-keto analog,
showed accelerated consumption of ammonia and formation of urea
upon incubation with ammonium chloride. The acceleration was greater
with L-arginine monohydrochloride than with the D-isomer or the a-keto
analog (Greenstein et al, 1956). The data cited suggest that the functional unit in each instance is L-arginine, into which D-arginine and the
α-keto analog are inefficiently converted.
G.

SPECIES DIFFERENCES

The differences in the availabilities of the D-amino acids for growth
and the maintenance of nitrogen balance between the rat and the mouse,
or the human subject, are marked in several instances. Any attempt to
account for them must be based ultimately on experimental evidence.
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A considerable body of fragmentary information pertaining to the
metabolism of the D-amino acids in the rat has accumulated. However,
with possibly a few exceptions, not enough similar information is available for the mouse, man, or other animals to permit speculating with
any confidence as to what may account for the discrepancies which
have been noted in availability for tissue synthesis.
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