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The candidate wishes to express his sincerest
appreciation for the opportunity of working with
Dr. H. Borsook in the work herein described and

for the invaluable experience it has given him.



In the following section, a series of reprints is
presented of research carried out with Dr. Borsook on

the biological synthesis of creatine and its precursors.



SUMMARY

It has been established that liver slices can convert glycocyamine
to creatine.

Of the large number of compounds tested, only methionine can meth-
ylate glycocyamine to form creatine.

The following animals were able to methylate glycocyamine:

‘cat, dog, guinea pig, frog, pigeon, rabbit, and rat.

In order to study the formation of glycocyamine a more rapid and
accurate method was developed for this compound.

It was shown that glycocyamine is formed by cell free extracts of
kidney by the transfer of the amidino group of arginine to glycine.
Beef, cat, dog, guinea pig, pigeon, rabbit, rat, and sheep kidney can
carry out this reaction.

It was shown that a similar mechanism exists in man, for there is
a rapid rise in the amount of glycocyamine of the urine after the in-

gestion of arginine and glycine.

A method was developed which permitted the simultaneous determina
tion of both arginine and glycocyamine. With this method it was shown
that the arginine for the above reaction was fermed by the transfer of

the amino group of glutamic acid to citrulline.
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560 Creatine Formation in Liver

In 1935 we published some observations of a slight increase in
n “apparent”’ creatine when rat liver slices were incubated with
a protein hydrolysate (2). Granted that such liver slices could
synthesize creatine, most of the difficulties in working with whole
animals or whole organs are avoided. With tissue slices the one
specimen of tissue provides material for controls and for testing a
variety of experimental variants simultaneously. This was the
reason that the observation of even a slight synthes1s of creatme
by tissue slices seemed promising.

We were faced here, however, with the second diﬂiculty men-
tioned above, uncertainty whether the material which is aug-
mented by the liver slices is really creatine. A number of sub-
stances give a positive test with the Jaffe reagent. The amount
of the material in question formed by the liver slices was too small
to be identified by isolation.

Accordmgly further study of this problem was postponed until
‘a. more specific analytical method which could be adapted to

submicro scale was available. Such a method was provided by
~ Dubos and Miller (3). They discovered and succeeded in cul-
% {',urmg a soﬂ bacterium which specifically destroys creatme and
‘ crcatmme
; We agam took up the problem, employing tissue slices and this
new adJuvant to our former submicromethod for creatme (4)
We have found that liver slices of the cat,Tabbit, and rat a “e able

: o"'convert glycocyamine to creatine. In the expenmen? “con-
d jons we have observed, the increase is 5 to- éﬁ tlmes theg,mb‘unt

~ originally present in the shces The dlfﬁcultles ‘and unce?t’a?mtles

~which exist in conclusions resting on statistical analysis of’ s“nﬁall

bgferences have therefore been overcome. The liver is well

sui ed to this study, because its normal creatine content and
refore the control or blank value is very low.

“'We have found further that when methionine is present in the
Ringer’s solution, the amount of creatine formed from the added
glycocyamine was on the average about 50 per cent greater than
when methionine was not added. We have tested thirty-two other
"sxibstances including amino acids, methylated amines and a purine,
and betaine. All of these were negative in this respect. It seems

“reasonable to conclude therefore that rat liver slices transfer the
methyl group of methionine to glycocyamine, thus converting
‘the latter substance to creatine.
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Technique

The tissue slice technique used is only slightly modified from
that deseribed by Warburg (5). The details of the reaction vessels
and the manner in which they are mounted are described in a
previous communication (6).

The blank controls and each experimental variant were carried
through in ‘triplicate. We have had twenty to thirty reaction
vessels, each containing three slices from the same liver, running
simultaneously. It was necessary to make the sampling of the
slices as uniform as possible, because the capacity to synthesize
creatine may vary significantly between the lobes. The procedure
we finally adopted was to arrange the reaction vessels in three
rows (when each experimental variant is carried through in tripli-
cate), one vessel in each row for each variant. Consecutive slices
were transferred to a Petri dish containing Ringer’s solution, one
slice for each vessel in the row. After 3 minutes soaking in this
vessel, with gentle agitation, the slices were transferred to the
reaction vessels. The same was done for the other two rows.
The whole procedure was then repeated according to the nurrﬁfber
of slices wanted in each vessel. The reason for the 3 minutes
soaking in the Ringer’s solution before transfer to the reaction
vessels is that more creatine was formed than when “the ‘slices
were transferred dlrectly Wlth only momentary rmsmg *m ’nger S
solution.

At the end of the 1eact10n period the contents of the vessels, in
cluding the slices, were transferred to test—tubes and the bottles 3
and transfer pipette washed with two 1 ml. portlons of 0.02 N
HCL.  The test-tubes 'e1e placed in a boiling water bath for 10
minutes with occa; “stirring or shaking. After this time the
test-tubes Wefe?eo and the volumes made up to 6 ml. with
0.02 N HCL " These test-tubes are marked at 6 ml. Usually
only 0.1 to 0.2 ml. was needed to bring the volumes to the mark.
The suspensions were then filtered. The coagulated slices with
the coagulated protein in each vessel were transferred to small
glass dishes and the weight determined after drying at 100°.

The analytical procedure was essentially that described pre-
viously (4). Some minor details were varied from time to time
‘in addition to employment of the bacterial digestion procedure of
Dubos and Miller. Table I is a protocol of an experiment in
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which the complete analytical procedure was used. Instead of
triplicate reaction vessels, six were used for each experimental
variant. The boiled extracts in pairs of vessels were joined and
filtered. To 8 ml. of this filtrate were added 2 ml. of 0.25 m
phosphate buffer at pH 7.0. This solution was divided into two
portions. In one-half the creatine was determined directly. The
creatine in the other half was destroyed by a suspension of NC
soil organisms prepared according to the prescription of Dubos
and Miller. The difference between the color developed by
the Jaffe reagent with and without this digestion gave the true
creatine (and creatinine) in the original solution.

The bacterial digestion was carried out as follows: 5 ml. of the
solution neutralized with phosphate were transferred to a 250
ml. Erlenmeyer flask. To this was added 1 ml. of a suspension
of the NC soil organisms. The necks of the flasks were covered
with squares of Parafilm and set away in an air bath at 38°
for 3 to £ of an hour. At the end of this time 1-ml. of 0.5 §
HCI was added to each flask. The contents were then centrifuged'
6 ml. of the clear supernatant, Solutlon were taken for analysis.
The length of time the bacteria Were allowed to react on the experi-
mental solutions was based on a prior determination of the potency
of the bacterial suspension used.. FIt was the time required by 1
ml. of the bacterial suspension to@esmoy completely the creatine
in 5ml. of a 2 mg. per cent solution. This was a larger amount of
creatine than in any of the tissue: extl acts submitted to digestion.

To the 5 ml. of tissue extract contalnmg the phosphate buffer,
but which had not been digested by the bacteria, were added 1
ml. of water and 1 ml. of 0.5 N HCl. 6 ml. were then taken for
analysis. From this point on the analytical procedure was identi-
cal for the solutions which had been digested with(haq_teria and
those which had not. Both sets were carried throughto ¢
pletion of the analysis simultaneously.

The. 6 ml. aliquots were transferred to thick walled Pyrex test-
tubes with internal dimensions of 125 X 12 mm. The tubes were
covered with parchment paper caps and autoclaved for 20 minutes
at, 125°. After they were cooled, a small amount of Lloyd’s
reagent was added to each. We have found that the amount of
the Lloyd’s reagent may vary from 10 to 60 mg. without affecting
the final result. The test-tubes were now shaken for 7 minutes
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on a shaker of the type devised by Fisher and Wilhelmi (7). The
tubes were then centrifuged, the supernatant solution discarded
with the last drop at the rim of the test-tube taken up with filter
paper, and the Lloyd’s reagent resuspended in 2 ml. of 0.01 N
HCI. The tubes were centrifuged again, the supernatant solution
again discarded, and the adherent moisture on the walls of the
test-tube carefully taken up with filter paper. 3 ml. of a sodium
picrate solution were added to each tube. This solution consists
of 10 parts of saturated picric acid (purified) and 1 part of 10 per
cent NaOH, these being mixed immediately before use. The
test-tubes were again shaken for 7 minutes and centrifuged. The
color was measured on a spectrophotometer with light of approxi-
mately 0.525 p wave-length. With concentrations ranging from
0 to 2 mg. per cent there is a strictly linear relation between con-
centration of creatine and the intensity of color measured in this
manner, i

The following controls were taken through the above identical
procedure including digestion by the bacteria: Ringer’s solution
alone, Ringer’s solution containing the same concentration of
glycocyamine used in the experiment, and Ringer’s solution con-
taining glycocyamine and methionine. Each of these was carried
out in triplicate. In addition 1 ml. of the bacterial suspension
alone and bacterial suspension plus 5 ml. of 2 mg. per cent creatine
were incubated with the experimental solutions and carried
through the same analytical procedure, performed in duplicate.
Finally a set of five standard creatine solutions with concentrations
ranging from 0.1 to 2 mg. per cent was treated in exactly the same
manner as the experimental solutions except that they were not
submitted to bacterial digestion. The amounts of creatine in the
experimental solutions and controls were determined by interpola-
tion from the straight line given by the readings of these standard
solutions. The above controls and the standards were carried
through afresh in every experiment with the experimental solu-
tions.

It is a testimony to the convenience of this analytical method
that we have frequently carried through more than 60 individual
analyses from the bacterial digestion to the final spectrophotom-
eter reading in less than 5 hours.

We found in experiments with rat and rabbit liver that essen-
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566 Creatine Formation in Liver

tially the same result was obtained whether bacteria were used or
not. Accordingly we later dispensed with the use of the bacteria,
except as indicated.

Results

Table I is a condensed protocol of a typical experiment. The
figures in Column 6 are the spectrophotometer readings converted
to mg. per cent by interpolation from the standard curve. The
figures in Column 7 are obtained by subtracting from those in
Column 6 the values of the glycocyamine or glycocyamine plus
the methionine’' blank, and the amount present in the tissue at
zero time. The glycocyamine blank value is quite large. It
arises from the conversion of glycocyamine to glycocyamidine
during the autoclaving. It was essential that the glycocyamine
blanks be treated exactly the same as the experimental solutions
through all the operations from immersion in the water bath at
37.5° for the same length of time to the final development of the
color. The figures in Column 8 are obtained by subtracting from
those in Column 7 the amount of chromogenic material formed by
the tissue in the Ringer’s solution without glycocyamine. Q(crea-
tine) (Columns 9 and 14) is the amount of creatine formed, ex-
pressed as if it were a gas in c.mm. at 8.T.P., per mg. of tissue
(dry weight) per hour. The figures in Column 11 are the differ-
ences between those in Columns 6 and 10. From the figures for
the blanks in Columns 6 and 10, it is seen that the bacteria digested
none of the glycocyamine. The figures in .Columns 9 and 14
are not significantly different. They are a little higher in Column
14 than in Column 9 because in Column 7 a correction should
have been applied to the glycocyamine blank value for the gly-
cocyamine converted to creatine, from 10 to 16 per cent. If this
had been done, the figures in Column 8 would have been increased
by 0.06, which would have made them the same, within experi-
mental error, as those in Column 13.

In a previous determination we have found that there was
practically no creatinine in the tissue extracts.

Table I shows that the liver slices convert glycocyamine to erea-
tine. This, as far as we know, is the first time the biological con-
version of glycocyamine to creatine has been demonstrated by an
unequivocally specific analytical method for creatine, and in which
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the tissue used both in the controls and in the experiment came
from the identical organ specimen. The increases in the experi-
mental vessels were from 10 to 15 times the amount present in
the tissue at the beginning of the experiment. The figures in Col-
umns 9 and 14 show that with added methionine there was 40 per
cent more creatine formed than when methionine was not added.

Most of the chromogenic material in the liver slices at the begin-
ning and end of the experiment was not true creatine. This is in
accord with the findings of Baker and Miller (8). There is, how-
ever, a slight increase in true creatine in the liver slices suspended
in Ringer’s solution containing no glycocyamine. We have found
this repeatedly. Most of this non-creatine chromogenic material
found in the tissue blanks is also not glycocyamine. This was
ascertained by a direct determination for glycocyamine.

The values for @Q(creatine) are much smaller than those found
with liver slices for the formation of urea, amino aclds or hippuric
acid (6). Nevertheless, this rate, small though it is; is more than
sufficient to account for the total creatine plus creatinine excre-
tion in the rat. Thus, an adult rat with a liver weighing 12 gm.
might excrete 9 mg. of creatine plus creatinine in 24 hours (9).
A Q(creatine) of 0.02 would correspond in such an animal to the
formation of 7 mg. of creatine in 24 hours.

The following compounds and combinations of compounds
were tried instead of glycocyamine to determine whether they
could serve as precursors of creatine: arginine, arginine plus
glycine, arginine plus glycolic acid, choline, glycine, glycine plus
urea, glycolic acid, and methionine. HKach of these has been
tested on both rat and rabbit liver slices several times. The
results have been consistently negative.

Table II is a summary of most of our experiments with glycocy—
amine and methionine. In. the course of these expeuments “we
have used glycocyamine from two different commercial sources,
and two specimens of dl—metﬁlomne one prepared in this labora-
tory and one obtained commerclally A different animal was used
for each pair of figures.

The data in Table II show the increase in creatine formation
invariably obtained when methionine was added to the glycocy-
amine. Approximately the same relative increase occurred re-
gardless of age, sex, and nutritional condition of the animal, and
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TaBLE II

Formation of Creatine by Rat Liver from Glycocyamine with and without
Added Methionine at 37.5°

From glyco- | From glyco-| Duration

cyamine |cyamine and of Age and sex Nutritional condition
alone methionine | incubation

AUgrs | Qoo HE o,
3.2 6.2 1 Adult. & Normal nutrition
6.1 9.0 2 & d £ % :
4.0 5.5 RIE il £ kA
4.0 6.5 3 - Jd & “ By
5.7 8.1 3 “ d § £
1.9 3.4 3 3 mos. & € 5 t
4.2 7.4 3 Bant' v A 2 &
6.6 7.9 3 Bl AR “ 4
6.5 9.0 3 3 “ 9 - g
4.6 6.6 4 Adult. & % €
8.5 11.3 4 b Jd = o8
6.1 8.5 4 J % &
7.3 10.6 4. o4 & £
74 11.1 4 & e 4
%l 5.8 40 e £ &
2.3 4.5 4 d £t 8
1.5 2.3 4 v Fasted 66 hrs.
1.5 2.4 4 B ££558 66 . ‘g
4.1 6.4 sl Pl Q Normal nutrition
4.4 6.9 4 e ‘ “
2.7* 6 113 (i| 13 ot

. 2.8 4.8% 6 R o # b
2.5% 3.6% 6 £ A 4 £
2.4 3.3 6 £ J S £
3.1 6 7 (13 C?l 143 13
2.5 6 113 13
2.2 6 « 1]
2.7 6 (43 ¢

Each of the above figures is the average,“of a triplicate determination.
Each reaction vessel contained 20 to 40 mg. (dry weight) of liver, 4 ml. of
Ringer’s solution containing 0.25 mg. of glycocyamlne, and in the methlo-
nine series in addition 1.49 mg. of the amino acid.

* Values obtained with the employment of bacteria in the analysis.

regardless also of the duration of the experiment.  The over-all
average value for @Q(creatine) X 100 from glycocya,mme alone is
4.1, and from glycocyamine plus methionine 6.6. ¢

&
9

10
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We have no explanation as yet for the large variations in the
rate of creatine formation in different experiments.

It will be noted that most of the results in Table II were ob-
tained without the employment of bacteria in the analysis. Three
experiments with rat liver and three with rabbit liver were carried
out in which bacteria were used. The values for Q(creatine) were,
as in Table I, essentially the same with and without the use of
bacteria. We feel therefore that the results obtained without the
use of bacteria. with this tissue and under these experimental

TasLe III

Rate for Formation of Creatine from Glycocyamine with and without
Added Methionine

Without methionine With methionine
Time Amount of crea- ! Amount of crea- G
tllnoeofg:ezgrger Q(creatine) X 100 nﬁ]%fgfg‘%gr‘;er Q(creatine) X'100
weight) of tissue weight) of tissue shaded
hrs. mg. mg.
1 0.018 2.8 0.036 6.2
2 0.070 6.0 0108 8.6
4 0.095 4.6 0 0.150 6.4
6 0.144 4.5 -~ 0.203 5.8 18
: & A

Each of these figures is the average of a triplicate determination. The
composition of the Ringer’s solution and amount, of tissue were the same as
in the expenments of Tables I and II. Two lobes of liver were used
Consecutive slices were placed alternately in the vessels with and without
methionine. The ¢omparison at each hour, therefore, is of the activity of
immediately adjacent'sections of liver. Bacteria were not employed in
the analyses here.

conditions are as reliable indices of true creatine as those obtained
with bacteria.

Table III contains the results in more detail of an experiment
in which the rate of creatine formation from glycocyamine, with
and without methionine, was studied. The figures show that the
methylation of glycocyamine proceeds unchecked for at least 6
hours.  The maximum at 2 hours in each series is accidental.
It did not occur in other similar experiments.

The absolute amount of glycocyamine methylated was not
increased by a 10-fold increase in the initial concentration of gly-

13
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cocyamine. We have not yet explored thoroughly the effect of
changing the concentration of methionine. In one experiment
0.0025 M methionine was as effectivevas 0.01 m. The fact that
addition of so much methionine increases the rate of methylation
only 40 or 50 per cent leads us to suspect that the methylating
agent in the liver itself may not be methionine. Another piece
of evidence which points in this direction is that the ratio of the
rates of creatine formation with and without methionine is nearly
the same throughout the whole period of from 1 to 6 hours (Table
IIT). In other words, the effects of the methionine and of the
methylating agent in the tissues were additive. It is possible
that the methylating agent in the tissues is derived from
methionine.

The following compounds were tested with rat liver as possible
methylating agents of glycocyamine. All gave negative results:
acetylcholine, d-alanine, d-arginine, l-asparagine, l-aspartic acid,
betaine, caffeine, choline, [-cysteine, Il-cystine, ethanolamine,
d-glutamic acid, d-glutamine, glycine, glycolic acid, guanidine,
l-histidine, dl-isoleucine, Il-leucine, d-lysine, mono-, di-, tri-, and
tetramethylamine, d-ornithine, I-hydroxproline, dl-phenylalanine,
l-proline, dl-serine, d-threonine, Il-tryptophane, and I-tyrosine.
The final concentration of glycocyamine in the Ringer’s solution
in these’ experiments was always approximately 0.0005 M, and
0.0025 M of the compound whose methylating possibilities were
being testedv.f"‘ The significance of the positive effect invariably
obtained with methionine is heightened obviously by the fact
that all of the above compounds were negative.

Some experiments have been made with the kidneys of the cat,
rabbit, and rat. Slices of the cortex with and without methionine
cither failed to methylate glycocyamine or the slight positive
results were within the experimental error. These experiments
are part of a survey not yet completed of the organs of a number
of animals. The details of these experiments will be published
later.

Minced liver of the rat or rabbit failed to give any measurable
increase in creatine in 6 hours at 37.5° on incubation with glyco-
cyamine, with or without methionine.

Similarly negative results ‘Wéréobtained with slices of heart

12
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and sartorius. Butr’eh&q;ellbsfx revis not preserved in slices
of these muscular structures as it isinslices of liver.

Until conditions are discovered in which positive results are
obtained with minced liver, we feel that no significance can be
attached to negative results with sections whose cell structure has
been broken or to extracts of other organs.

DISCUSSION

Beard, Boggess, and Pizzolato (10) proposed that glycine and:
urea condense to form glycocyamine, which is then methylated by

more glycine or glutamic acid. We have observed neither this
condensation nor the proposed methylating reaction awith rat or
rabbit liver slices. The conclusions of Beard et alistaré based
largely on experiments on the rat. The negative résults in our
experiments with glycine and urea we: believe a,re;mg!ﬁﬁcant in
view of the positive results with glyeoeyamine andimethionine.
Experiments on the synthesis of urea, amino: acids, and hippuric
acid have shown that results obtained withe tissue slices afford
reliable qualitative information, at least, regardlng the potentl—
alities of the intact tissue ¢n situ.

Bodansky (11) fed glycocyamine to normal rats and at 3, 6, 12,
and 24 hours after feeding measured the glycocyamine and crea-
tine concentrations in the liver, muscle, heart, and kidney. Bo-
dansky’s interpretation of the data obtained in these experiments
was that significant increases in creatine content occurred only in
the kidney, and that the increases in the liver were not sufficiently
clear cut to be significant. Bodansky concluded that his findings
suggest “that methylation of the guanidoacetic acid may have
occurred in the kidneys. . . In view of the occurrence of guanido-
acetic acid in large amounts in the liver and the failure to show an
increase in creatine, it is surmised that the liver plays an insig-
nificant rodle, if any, in creatine production.”

This surmise is in direet conflict with our observations. Bo-
dansky’s experimental observations, however, and ours are not in
conflict. Thus the creatine contentsof: the liver in two controls
in Bodansky’s experiments was 16 ,;nd 20.4 mg. per 100 gm. of
tissue, and in three expenments‘ﬁth;glycme 18.6, 16.8, and 19.0
mg. After glycocyamine feeding:thefigures are 21.7 mg. in 3 hours
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and 23.3 in 6 hours, and in a second experiment 30.5 in 3 hours
and 22.3 in 6 hours. The relative increases over the control
values in the liver with glycocyamine were of the same order of
magnitude as those found in kidney. The increases in true crea-
tine in the liver were probably relatively much larger, since most
of the chromogenic material in the liver with the Jaffe reagent is
not creatine (Table I, and also Baker and Miller).

There is another physiological factor which must be taken into
account in interpreting the data obtained by Bodansky. This
factor is that the kidney is better able to store creatine than the
liver. The analyses of Baker and Miller and our own show that
the true creatine content of the kidney is 4 or 5 times that of the
liver. Bodansky found that when creatine was fed the creatine
content of the liver was twice the control value at the 3rd. hour
but had declined to the control value by the 6th hour, whereas in
the kidney the concentration was 70 per cent above the control
value at the end of the 6th hour. .

Our observations show conclusively that glycocyamine can be
methylated by rat liver. The rate of methylation by kidney slices
is much slower than in liver, if it is not absolutely negative.

All these observations are broughtinto accord by the hypothesis
that in the experiments of Bodansky the creatine synthesized
from glycocyamine in liver was quickly removed by the blood and
stored for a relatively long period in the kidney. We have no
reliable data of our own at present on the possible conversion of
glycocyamine to creatine in other organs or in the muscles.

Fisher and Wilhelmi found that when isolated male rabbit heart
was perfused there was an increase in creatine when arginine was
added to the perfusate. No increase in creatine was observed
under these conditions in the hearts of prepubertal animals.
Davenport, Fisher, and Wilhelmi (12), extending these observa-

14

tions, found that glycolic acid was essential for the methylation of |

glycocyamine. They suggested the following mechanism of
creatine formation in the rabbit heart. Arginine is broken down
to glycocyamine and glycolic acid; the glycolic acid then meth-
ylates the glycocyamine to form creatine.

In rat and rabbit liver slices the results with arginine, with and
without glycolic acid or glycine, and with the two acids alone did
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not yield detectable amounts of either glycocyamine or creatine.
The only substance we have yet found which is capable of meth-
ylating glycocyamine is methionine.

We have attempted to repeat the observations of Fisher et al.
with slices of rabbit heart. These experiments were unsatis-
factory because of the difficulties of obtaining uniform sampling
and because the experimental effects were small compared with
the amount of creatine initially present. For the reason stated
above we do not attach any significance to these experiments.

The difference between the observations on the perfused heart
and ours on the liver stand, for the time being at least, either as
an unresolved discrepancy or as indicating important differences
in the mechanism of creatine formation in the heart and in the
liver.

SUMMARY

1. Liver slices of cat, rabbit, and rat convert glycocyamine to
creatine.

2. This methylation is accelerated in rat liver by methionine,
(other animals are now being studied).

3. Methionine is the only substance we have yet found among a
large number of amino acids, methylated amines, and other com-
pounds which is able to effect this methylation in rat liver.

The authors wish to thank Mr. Y. Tajima for the assistance he
gave them throughout this work, and Dr. H. W. Davenport for
advice and assistance in the construction of the shaker used here.
They are indebted to Dr. R. Dubos, and wish to thank him for
specimens of the bacteria used in these experiments and valuable
information on the culture details.
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(Received for publication, April 12, 1940)

We reported recently (1) the formation of creatine from glyco-
cyamine by rat liver slices; and that 40 to 50 per cent more crea-
tine was formed when methionine was added with the glycocya-
mine to the Ringer’s solution in which the slices were immersed.
Among some thirty odd amino acids, methylated amines, a
methylated purine, and betaine only methionine gave this in-
creased rate of methylation. The rate of creatine formation
under these conditions is sufficient, if it is of the same order of
magnitude ¢n vivo, to make good the entire loss as urinary creati-
nine.

If the methylation of glycocyamine in the liver is important
both as a mechanism and as a site of creatine formation in animals,
one may expect to find it in the livers of most other animals.
We accordingly examined the livers of a number of animals for
their ability to carry out this reaction. At the same time the
possibility of its occurring in their kidneys was investigated also.

The findings in this survey, summarized in Table I, were that
glycocyamine can be methylated by the liver of every animal
examined; the stimulating effect of methionine observed with rat
liver was found with some but not all the other animals; the kid-
ney appears to be unimportant (except in the pigeon) for the
methylation of glycocyamine without or with methionine.

The experimental and analytical procedure was the same as was

{gxesgribed in our previous communication, except that the experi-
ments with frog liver and kidney were carried out at 25° instead

-89 Presented before the meeting of the American Society of Biological
Chemists at New Orleans, March 13-16, 1940 (Proc. Am. Soc. Biol. Chem.,
J. Biol. Chem., 133, p. xv (1940)). .
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636 : Creatine Formation

of 38°. All the creatine figures given represent differences in
chromogenic material in the Jaffe reagent before and after digestion
with the NC bacteria of Miller and Dubos (4).

Baker and Miller (3) have reported that creatine is formed
from unidentified precursors.in rat liver and kidney (slices and
mash). Our. ﬁ.ndmgs on this point are that small amounts of
creatme (beyond the experimental error) were formed from pre-

%)

TaBLE I
Formation:of Creatine in Liver and Kidney Slices

Temperature 38°; glucose-Ringer’s solution. ‘The creatine is given as
mg. per 100 gm. of wet welght of tissue.

Creatme m hvet Creatine in kidney
After 4 hr?,; mcubatlon After 4 hrs. incubation
- With. | With 6.25 With | With 6.25
Animal Tao i 6.256 | mg. per | 1, 6.25 | mg. per
; alally 2 In | mg. icent glyco-| j(ia)ly = In | mg. |centglyco-
inger’s| per | cyamine inger’s| per | cyamine
present cliit5on | cont an% 40mg. DTORSRy L ton | aamoe |an 40 mg.
alone | glyco-| per cent ‘alone | glyco-| per cent
cyam- | di-methi- o cyam- | dl-methi-
ine omne ine onine
Cat. 2 b 12.0 |22 | 21.1 aoshi 0 4l 93
Dog. iz o | ki 2.9 2.9 3.5 26 26 26
Guinea pig...... 1.7 3.4|12.4 4.5 | 8.5 6.6
Frog (25°)...... 2.2 2:2| 48| 44 47 45
Pigeon.......... 1.0 2.0 | 11.8 10.7 | 17.9| 22.3
Rabbitsmes . . 5a 5.8 5.7 | 26.4 15.24 15.0| 15.4
Rat ............. 1.4 2.8 20.6 | 18a6} *‘16 3| 18.2

and Miller (2, 3)
for rat liver and kidney. In our procedur@rthgrs]wes?‘ >d
volume of Ringer’s solution for at least 3 agﬁesdbqﬁgjp g}ggx are trans-
ferred to the reaction vessels or submitted: to analys;sh« v}?g gmed creatme
undoubtedly diffuses out of the shces dulmg ‘this Wa ;

rat. Kidney slices gave s1gmﬁcant 1ncre ses in every case excé?ﬁ)’f,
in the pigeon. :

After the cell structure of rat liver and kid ey was destroyed no
creatine was formed from preexisting precursox‘s nor from glyco-
cyamine without or with methionine. The homogenizing proce-
dure of Potter and Elvehjem (5) was used to disrupt the cells.
It would seem that the creatine formed by chopped rat liver and

g
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kidney from preexisting precursors (Baker and Miller (3)) ‘must
be ascribed to the intact cells in the mash rather than to a libénafed ;
enzyme. ;
It is difficult to account for the large (absolute) amounts of
creatine formed from preexisting precursors in the kidney slices
in every case except in the pigeon, in view of the inability: a‘f“v‘cat
dog, rabbit, and rat kidney slices to methylate added:
cyamine, even in the presence of added methionine. T
animal which was negative in this respect—the p1geon—W&S the
only animal whose kidney gave a positive effect with vlyc@cya.-
mine and a further increase with methionine. 30
When the Ringer’s solution contained glycocyamine; there : were
large increases in creatine with the liver slices of every animal
except the dog. In the interpretation of this negative effect in
the case of the dog the positive effect observed when methionine:
was added with the glycocyamine must be taken into account.:
One possible interpretation is that the preexisting concentration-
of the glycocyamine-methylating agent is very low in dog livex;fﬁr-;l
lower than in the livers of any of the other animals investigated.
With kidney: slices the added glycocyamine was not methyla.t'@d
or was ‘methylated only to an insignificant extent in every ehse
excep in the ‘guinea pig and pigeon. s
odansky (!6) found an increase in the creatine content of‘rat
‘after glycocyamine was fed. Our interpretation of this
e was that it arose from temporary storage in the kidney
tine synthesized in the liver from the glycocyamine fed
'his interpretation is based on the finding that rat kidney

slices do' not: methylate glycocyamine under conditions in which

methylation’ readily occurs in liver. Bodansky concurs in this
interpretation (personal communication).

Methionine accelerated the methylation of glycocyamine by
liver slices of the dog, frog, pigeon, and rat. This stimulation was
not observed with the cat, guinea pig, and rabbit. Two possible
reasons for'this failure are that the livers of these animals con-
tained a plethora of the methylating agent, or that the relatively
high concentration of the unnatural isomer in the dl-methionine
used was inhibitory (as in the rabbit liver slices).

The plgeon was the only animal whose kidney slices were
stimulated by methionine in their methylation of glycocyamine.
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The pigeon is exceptional as far as creatine formation is concerned
in that its kidney appears to share this function with its liver and
resembles in this respect the livers rather than the kidneys of the
other animals.

The negative effect of methionine with the kidney slices of all
the animals tried except the pigeon is a little unexpected. Oxida-
tive deamination is more active in kidney than in liver slices (7);
and after oxidative deamination the lability of the S-methyl
group is increased (8). It might have been expected therefore
that the methylation of glycocyamine would be more active in
kidney than in liver. This is not the case. = 1+ ekl

~1Our finding in this survey, that methylation of glycocyamine
fan-active function of the livers of all the animals examined,

liver by the methylation of glycocyamine. = It would be surprising
if this is a fortuitous coincidence of little or no physiological
significance. Other mechanisms and other sites of creatine form-
ation are, of course; not excluded by these findings.

The significanee of methionine here isless clear. Our findings

,suggest that it isithe methylating agent of glyeoeyamine in liver
‘onits precursor. We are hesitant at present tolaceept methionine
itself as the methylating agent because its effeetiis small consider-
ing the concentration used. It may bethat th:ezaetua,l methylating
agent is the product of the oxidative dearmngt}on of methlomi).bg
This and other possibilities are now under inyestigation. i

Du Vigneaud and coworkers (9) have shown that the presence
of choline in the diet enables the animal to utilize homocystine or
homocysteine in place of methionine. - They have suggested that
choline enables the body to methylate:the sulfhydryl group of
homocysteine by furnishing the required methyl group, and
further that methionine may furnish the methyl groups of choline.
The reality of the latter relationship is now established by direct
proof recently presented by du Vigneaud.!

Our observations suggest that the S-methyl group of methionine
may participate also in the formation of the N-methyl group of
creatine. In this connection and in view of our findings with dog
liver slices it is interesting that Stekol and Schmidt (10) found

1 Verba,l communication at the meeting of the American Society of
Blologlcal Chemists at New Orleans, March 13-16, 1940.

strengthens the conclusion that creatine is formed normally in the

20
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in the dog an increase in urinary creatinine after dl-methionine was
fed, and none after glycine, glutamic acid, or l-pyrrolidonecar-
boxylic acid.

SUMMARY

1. A survey was made of the possibility of creatine formation
2n vitro by slices of the livers and kidneys of the cat, dog, guinea
pig, frog, pigeon, rabbit, and rat.

2. Evidence of the existence of small amounts of creatine pre-
cursors in the livers of the guinea pig, pigeon, and rat, and in the
kidneys of all of the above animals except the pigeon was found.

3. This finding appears to be much less significant quantita-
tively than the much more active glycocyamine-methylating
function of the liver slices of all animals investigated. Only
guinea pig and pigeon kidney slices possessed this ability.

4. The above findings are interpreted as indicating that creatine
normally is formed by ‘the methylation of glycocyamine in the
liver.
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A MICROMETHOD FOR THE DETERMINATION OF s
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In the two following communications (1, 2) evidence is pre-
sented that glycocyamine is a normal precursor of creatine in the
animal body. These studies required a satisfactory micromethod
for the determination of glycocyamine. The most reliable method
described in the: literature consists in adsorption on Lloyd’s reagent
in acid solutu;qx,1 elution with baryta, removal of rginine from
the eluate by 8Heated adsorption on pen%utlt %%colgnmetrle
determma,t}pqﬂoaf{ the remaining glycocya.gune by means of the
Sakaguc}n 1eact10n There are only two, substan&es Wlluch iale
commo%:n blologlcal fluids and which glve an intense color i in the
Sakaguc 1g9a§ct10n These are arginine and glycocyamme
Igetho was:first introduced by Weber (3) ‘and was moch.ﬁJ
, ‘and by Davenport and Fisher (5). b

gds even the latest version of the method, %ﬁ«; -
a.vex}pggqa.nd Tisher, had the following shortco;

it was laborious and tlme-consummg, the adsorption of the 4 co-
cyamine on the Hgyd’s reagent was incomplete, further lgsges of
glycocyamlne o,gwed in the repeated treatment Wlth;? rmutit
(Dav,gxx}port and_Fisher report losing only 10 per cenw jthree
adsorptions; with the permutit available to us we lost 80 %t)
and the color developed was unstable. Furthermore, th nt,
of g]ggcocyamme lost on, the permutit varied according;te he
amount, of arginine present, the less arginine the glea,ter the lospll

of glycocyamine. v
~_ All these disadvantages have been removed in the metho
scrlbed below. It is the first method in which glycocy

381
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382 Glycocyamine Determination

added to blood or urine can be determined quantitatively, even
in concentrations as low as 0.1 mg. per cent. 2 to 5 ml. are suf-
ficient for an analysis. An indication of the speed and convenience
of the method is that twenty to forty analyses can be carried
through simultaneously in about 2 hours. W3 A

Reagents— ¥ 3

0.02 ™ sodium-potassium: phosphate solution at pH 7.0
(Sgrensen buffer); or 0.3 per cent sodium chloride solution.

Permutit.

A stock Solution of 0.2 per cent a-naphthol in absolute alcohdl /
diluted with water to 0.04 per cent before use. ’

40 per cent solution of urea in water. gl

Hypobromite solution made as follows: 0.66 ml of liquid
bromine (specific gravity 3.0) in 100 ml. of 5 per cent soduﬁn
hydroxide.

Procedure ‘101

Urine is diluted 5 to 10 times, according to its concent;ra,tio'n'.:‘_i

Blbod may be deproteinized either by adjusting the pH to 6.0,
5-fold dilution with water, boiling and filtration, or by precipitation
of the proteins with sodium tungstate and sulfuric acid according
to the procedure of Folin and Wu, with the modification that for
each ml. of blood, 2 ml. of water and 1 ml. each of the 10 per cent
sodium tungstate and 0.66 N sulfuric acid are used. Tissue
extracts are diluted with water until the final solution contains
1 gm. of tissue (fresh weight) in 40 ml. of suspension. The pH
is adjusted’to 6.0, and the suspension immersed in a boiling water
bath for 10 minutes, cooled, and filtered. The analysis is carried
out ‘on the deproteinized filtrate.

Any arginine which may be present is removed by sending the
solution through a column of permutit contained in the stem of a
funnel made of two pieces of glass tubing. The dimensions are
as follows: upper piece 100 mm. long, 15 mm. external diameter;
10Wer piece 100 mm. long, 7 mm. external diameter (5 mm. in-
ternal dlametel) The bottom end of the funnel is constricted
slightly. gt

The dimensions of the lower narrow tubing should be as.close
as possible to those given above. If the tubing is narrower, the
filtration will be slow; if it is much wider the reduced height of the

23
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column of permutit may allow some arginine to escape adsorption.
The lower end of the funnel is stoppered loosely with a small piece
of absorbent cotton just sufficient to hold back the permutit.
0.9 gm. of permutit is poured in and tapped gently to remove en-
trapped air. It should form a column about 85 mm. tall. A test-
tube graduated at 10 ml. is placed under the end of the funnel.

5 ml. of the solution to be analyzed, obtained as described above,
are pipetted into the funnel. After all of this solution has passed
below the top of the permutit column, 5 ml. of either the 0.02 M
phosphate buffer or of the 0.3 per cent sodium chloride solution
are pipetted in above the permutit. Each 5 ml. portion of solu-
tion takes about 15 minutes to pass through the column. When
the second 5 ml. portion has passed through, the filtrate in the
graduated test-tube below is made up to the 10 ml. mark with
water and then shaken.

Washing the permutit column with the phosphate or sodium
chloride’ solution removes the small amount of glycocyamine
which remains in the permutit column after the 5 ml. of the solu-
tion under analysis have passed through. The dilute phosphate
buffer and the sodium chloride solution are equally effective. We
prefer the sodium chloride solution, because it is simpler to make
up and also because a faint turbidity is sometimes obtained in the
final filtrate when the phosphate solution is used.

Different batches of permutit may differ in their affinity for
arginine and glycocyamine. We have mentioned above that
Davenport and Fisher lost only 10 per cent of the glycocyamine
present in three successive treatments with fresh permutit, whereas
we lost 80 per cent. It may be advisable therefore before a fresh
batch of permutit is used in the procedure described to ascertain
the height of the column and amount of permutit necessary to
remove all the arginine without loss of glycocyamine. The pre-
seription we have given allows some latitude and it may cover all
the variations in permutit now sold in this country.

The permutit can be regenerated after it has been used by the
following procedure. It is washed several times with tap water,
thrown on a Buchner funnel, an equal volume of 25 per cent so-
dium chloride solution passed through, and then washed with
distilled water until the wash water is chloride-free.

The development of the color by means of the Sakaguchi reaction
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384 Glycocyamine Detérmination

and the colorimetry may be carried out with any convenient
aliquot so long as the proportions of the reagents are kept the
same. The quantities of reagents given below are for 2 ml.
aliquots which we have been using. Twenty to forty analyses
can be carried through simultaneously. Test-tubes containing
the aliquots of the solutions to be analyzed, inserted in a rack, are

TaBLE I

Determination of Glycocyamine in Aqueous Solutions Containing Different
- Amounts of Interfering Substances

All values are concentrations measured in mg. per cent.

The concentrations of the added substances were those in the final
mixtures before they were sent through the permutit columns. The final
filtrates contained only half the concentrations of glycocyamine shown.
Accordingly the standards were diluted 1:1 with 0.02 M phosphate buffer
solution.

Arginine agded Creatine added Glycocyamine added Gly: cg;y :.:;ilr}l,:éound
35 10 3.0 3.02
35 5 3.0 3.01
35 1 3.0 3.01.
35 it 0 3.0 3.00
35 10 1.0 1.01
35 5 1.0 1025
35 1 1.0 1.00
35 0 1.0 1.00 ¢
35 10 0.1 0.10
35 5 0.1 0.10
35 ) 1 0.1 0.10
35 0 0.1 0.10
70 25 0.1 0.10
35 25 0.1 0.10
18.5 253 0.1 0.09

0 2% 1o 0.1 0.09

ot

placed in an ice water bath. 'In this bath also are the a-naphthol’

(0.04 per cent), urea, and hypobromite solutions. After 5 %0 10

minutes 0.4 ml. of the a-naphthol solution is added to each tube,

the contents shaken; 0.4 ml. of the chilled urea solution added,
and the contents shaken again. After another 5 minute interval
0.2 ml. of the chilled hypobromite solution is added, the contents
immediately mixed by vigorous shaking, and the tube replaced in
the ice bath.
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The color develops slowly, attaining its maximum intensity in
about 20 minutes, after which (so long as the solution is in the ice
bath) it remains constant for at least 1 hour. Before the color is
measured, the solution is warmed to room temperature by shaking
in water for 4 minute and the dissolved gas removed by vigorous
tamaing for 20 seconds. If the colored solution is left at room
temperature for 3 hour or more, the color slowly fades.

Tasre 11

Determination of Glycocyamine in Ringer’s Solution and in Rat Heart and
Kidney Extracts to Which Diﬁ'ei'ent Quantities of Arginine and
Glycocyamine Were Added

All values are concentrations measured in mg. per cent.

" The concentrations of added glycocyamine and the experimental values
given were those in the final filtrates; 7.e., after they had passed through
the permutit and were diluted with an equal volume of washing solution.
The concentrations of added arginine were those before the solutions had
passed through the permutit.

Glycocyamine
A;giégge c?é%%!ge Ringer’s solution Kidney extract Heart extract
After After After
Found |subtracting| Found |subtracting] Found |subtracting
blank value blank value blank value
0 0 0.04 0 0.08 0
35 0 0 0 0.04 0 0.08 0
35 1.50 1.53 1.53 1.59 1.55 1.56 1.48
0 0.75 0.765 | 0.765 | 0.79 0.75 0.85 0.77
35 4 0.75 0.80 0.80 0.82 0.78 0.84 0.76
35 0.375 0.41 0.41 0.44 0.40 0.45 0.37
35 0.075 0.08 0.08 0.11 0.07 0.15 0.07

With each group of analyses the color is developed simultane-
ously in four standard solutions containing 0, 0.25, 0.5, and 1.0
mg. per cent of glycocyamine.

To measure the color we have used a Spectrophotometer or a
colorimeter. With either instrument the best light is that at
approximately 0.525 p. There is a linear relationship between
the concentration of glycocyamine up to 1 mg. per cent and
the intensity of the color when it is measured with light near to
0.525 p.

Tables I to IV indicate the sensitivity and reliability of the
method described above. Table I gives some typical results
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386 Glycocyamine Determination

with prepared mixtures, in aqueous solution, containing varying
amounts of glycocyamine and of two interfering substances,
arginine and creatine.

Table IT summarizes some tests of the method with Ringer’s
solution and two tissue extracts. These tests were necessary,
even after the results in Table I were obtained, because the equi-
librium relation between the glycocyamine adsorbed on permutit
and that remaining in solution is affected by the concentration of

Tasre III

Determination of Added Glycocyamine and of Added Arginine in
Human Urine (Diluted §-Fold with Water)

All values are concentrations measured in mg. per cent.

The concentrations of added glycocyamine and the expenmental values
found were those in the filtrates; ¢.e., after they had passed through the
permutit and were diluted with an equal volume of washing solution. The
concentrations of added arginine were those before the solutions had
passed through the permutit.

; % Glycocyamine
; Glyg(:icg:&n - Atghiineadded After subtractmg
Found amount originally
present
0 0 0.21 st () e
0 & 22 0.21 00
1.0 80 1.26 81.05 &8
0.5 & 0 0.72 +.20.51 "8 i
0.574 Tl 30 j ' 0.71 .00.50
0.5 4 "8 22 0.70 .90.49
0.5 } 10 0.69 10.48
0.25: 0 0.46 . 0.25

salt. The reliability of most of the experimental results described
in the next communication (1) depends on the accuracy of this
analytical methdd The data in Table II show that the agree-
ment between the01 etical and experimental values is satisfactory.
ation of glycocyamlne in urine is one of the most
S to which an ana,lytlcal method for glycocyamine can
be subwcté&‘ Urine containg 1e1at1ve1y high concentrations of
interfering substances such #s urea, ammonia, creatinine, and
amino acids including algmlge. The ;1501 of the test was in-
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creased by adding to the urine varying amounts of arginine and
glycocyamine, Table III shows that the same satisfactory
agreement is obtained between theoretical. and experimental
values as in simple aqueous solutions. This is also the case with
blood (Table IV).

TaBLE IV
Determination of Glycocyamine Added to Human Blood

All values are given in mg. per cent.

Varying amounts of a 10 mg. per cent glycocyamine solution and of a 20
mg. per cent arginine solution were added to 4 ml. aliquots of whole human
blood. To these mixtures water was added so that the final dilution of the
blood was the same in each case; 7.e., 4 ml. of blood and 8 ml. of water or of
the combined glycocyamine and arginine solutions. 4 ml. of 10 per cent so-
dium tungstate followed by 4 ml. of 0.66 N H,SO4were then added to each
mixture. The analyses were carried out on the filtrates. The concentra-
tions of glycocyamine and arginine in these filtrates were further reduced
by one-half in the analytical procedure.

Concentration =+ 2 in Folin-Wu filtrate Concentration of gly froa?é amine in Folin-Wu
G‘yi‘ﬁ’: pong Arginine added Found ;Xufxtoeéxftu ?ﬁﬁféﬁi
present

1.0 0 0.99 0.95

0.5 0 0.55 0.50

0.2 0 0.24 0.19

0.1 0 0.15 0.10

0 0 0.05 0

0.5 2.0 0.55 0.50

0.5 1.5 0.55 1 0.50

0.5 1.0 0.54 0.49

0.5 0.5 0.54 0.49

0 2.0 0.05 0

SUMMARY

A micromethod is described for the determination of glycocy-
amine in biological fluids and tissue extracts. The advantages
of this method over those previously described are that added
glycocyamine is recovered quantitatively; it is faster and more
convenient.
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THE FORMATION OF GLYCOCYAMINE IN ANIMAL
TISSUES*

By HENRY BORSOOK axp JACOB W. DUBNOFF

(From the William G. Kerckhoff Laboratories of the Biological‘ Sciences,
California Institute of Technology, Pasadena)

(Received for publication, September 18, 1940)

It was shown in preceding communications that glycocyamine
is converted into creatine by surviving liver slices (1). Our find-
ings indicated that the methylating agent is methionine or a de-
rivative of methionine. Liver slices can methylate glycocyamine
rapidly enough to permit assignment to the liver alone, if neces-
sary, of the task of making good the loss of creatine and creatinine
in the urine. This holds for the livers of all mammals studied.
We found no evidence of this methylating mechanism in any
other tissues, except possibly slight activity in the kidney. In
the pigeon the kidney is as effective in this respect as the liver.

These experimental facts were corroborated (as far as the rat
is concerned) by expeliments on living animals with tracers.
Bloch and Schoenheimer, using N, found that glycocyamine is
readily converted to creatine (2). Du Vigneaud and his collab-
orators fed rats methionine with deuterium in the methyl group;
after only 3 days a relatively large quantity of deuterium was
found in the muscle creatine (3).

Glycocyamine has had a fayored position among the possible
precursors of creatine. It is neé,ler to creatine structurally than
any other precursor which has been ploposed and its converti-
bility to creatine in the hvmg organism has been proved. The
case against glycocyamine rested on two mguments (1) that only
a small fraction, 5 to 15 per cent, of administered glycocyamine
is methylated, and (2) that glycocyamine had not been found as
a normal constituent of animal tissues. It has, however, been
isolated by Weber from human and dog urine (4).

* A summary of this work has appeared (Science, 91, 551 (1940)).
389
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390 Glycocyamine Formation

The findings with surviving liver slices and the tracer studies
reinstated glycocyamine, more firmly than before, as a possible
normal precursor of creatine. The quantity of creatine synthe-
sized daily is so large that, if glycocyamine is its normal pre-
cursor, an active mechanism for the formation of glycocyamine
must exist. We undertook a search for this mechanism.

The first necessity was an adequate analytical method. Such
a method is described in the preceding communication (5).

With it we have found that kidney slices rapidly form glyco-
cyamine from arginine and glycine. All other tissues tested are
negative in this respect.

This interaction of arginine and glycine is also catalyzed by
thoroughly macerated cell-free kidney tissue suspended in a
phosphate buffer solution.

The formation of glycocyamine from arginine and glycine is a

new biochemical reaction which may be called ‘“‘transamidination.”
We propose that the enzyme be designated “glycine-transamid-
inase.”” The discovery of this reaction provides direct proof
that arginine and glycine are precursors of creatine.
“Bloch and Schoenheimer fed ammonia containing N to rats
and later found the isotope in the amidine nitrogen of creatine.
After glycine containing N was fed, the isotope was found in
creatine in the sarcosine nitrogen. In a later communication
the same authors presented more direct evidence (again obtained
by the use of N¥5) which confirmed the findings we had reported
that glycocyamine is formed by the transfer of the amidine group
from arginine to glycine. They fed I(+4)-arginine with N in
the amidine group to rats (6); afterwards the creatine in the
muscles had a far higher isotopic content than after the adminis-
tration of isotopic ammonia, urea, or any other amino acid except
glycine. It was so high that they considered that the amidine
group of creatine must have originated from arginine.

The present communication contains the details of our experi-
mental procedure, our findings on the effects of a fairly large
number of amino acids and derivatives of arginine and of glycine,
surveys of the capacity for glycine transamidination of the organs
of a number of common experimental animals, and the results of
some studies of the effect of concentration of reactants, pH, and
time on the rate of transamidination.
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Technique and Results

The tissue slice technique used and the details of the reaction
vessels are described in a previous communication (7).

At the end of an experiment the contents of the reaction vessels
were transferred with the slices to test-tubes graduated at 20
ml.; the vessels were washed with three 2 ml. portions of 0.02
M phosphate buffer solution at pH 6.0 and the washings added
to the main solution. The pH was adjusted finally to 6 with a
drop of 0.5 N hydrochloric acid. The test-tubes containing the
slices, the main solutions, and washings were kept in a boiling
water bath for 10 minutes, after which they were cooled to room
temperature, and made up to the 20 ml. mark with water and
mixed by shaking. These solutions were then filtered. 5 ml.
of the clear protein-free filtrate were analyzed for glycocyamine
by the procedure described in the preceding communication (5).

The coagulated slices and protein in each test-tube were trans-
ferred to small glass weighing dishes, heated overnight at 105°,
and, after cooling in a desiccator, were weighed.

Table I is the detailed protocol of a typical experiment. A
significant amount of glycocyamine is formed when arginine alone
is added to the Ringer’s solution. Glycine without arginine
also leads to a slight increase in glycocyamine. When both
amino acids are added together, the increase in glycocyamine is
more than 10 times the increase with arginine alone. The in-
creases obtained with arginine alone and with glycine alone indi-
cate either the presence of these amino acids in the free state
(more glycine than arginine) or their formation in small amounts
by autolysis within the slices.

In the experiment whose results are recorded in Table I, and in
a number of others, creatine analyses were carried out with
the specific bacterial (NC) enzyme of Dubos and Miller (8, 9).
No evidence of creatine formation was found.

The steps in the proof that the substance we were measuring
was glycocyamine were as follows: Autoclaving in acid solution
produced a substance which was adsorbed by Lloyd’s reagent and
gave a positive test with the Jaffe reagent. This chromogenic
material was not digested (before autoclaving) by the NC bac-
teria of Dubos and Miller under conditions in which creatine and
creatinine were completely digested. A strongly positive Saka-
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392 Glycocyamine Formation

guchi test was obtained in the unautoclaved solution after all
the arginine was removed by exhaustive adsorption on permutit.
The depth of color which the unknown solution gave with the
Jaffe reagent (after autoclaving) corresponded, assuming it to be
glycocyamine, to the intensity of color it gave in the Sakaguchi
reaction after removal of the arginine. A liter of solution was

TaBLE 1
Protocol of Typical Experiment Showing Formation of Glycocyamine from
Arginimeland Glycine by Rat Kidney Slices
Ringer’s solution, 38°, 4 hours.

Concentrati .
Dry weight Ringer’s argi'g%nn; in 0.04 In{a'gb;cégze 00? g’iy';o._“’" Glgfccggﬁalx;;ne
. 3 . ’, mn inger cyamine 1n
of slices solution glr‘xlg;;s ;;jigglutigon alistlmot Yol IOOtgixsx;{lér%b
S for analysis
1) ) @) . 4) (5) (6)
mg. ml. mli ‘ml. mg. per cent mg.
26.4 4 s 0.02 6
30.4 4. 0.04 11
22.5 3 1 0.10 36
21.0 3 1 0.11 & 42
20.0 3 o 1 0.04 16
22.0 3 WX 1 0.05 18
23.6 2 wir 1 1 1.03 349
21.4 2 1 1 10.97 & . 363

The figures'in Column 6 are obtained’by multiplying those in Column 5
by 8000 and dividing them by the dry weight of the tissue in mg. (Column
1). The figure 8000 is obtained as follows: the solution is diluted 5-fold
before analysis; in the course of analysis it undergoes a further 1:1 dilution;
the results in Column 5 expressed as mg. per cent must be divided by 25,
since there were only 4 ml. of the original reaction solution; to express the
results on the basis of 100 gm. of fresh tissue, the factor 100,000/5 X W
is used, W being the dry weight in mg. given in Column 1. The factor
therefore is 5 X 2 X 1/25 X 100,000/(5 X W) = 8000/W.

now collected in which kidney slices had acted upon arginine
and glycine, and which contained, according to éﬁnalysis, about
50 mg. of glycocyamine. The glycocyamine was isolated by
adsorption on Lloyd’s reagent in acid solution, elution with baryta,
removal of the arginine by repeated adsorption with permutit,
and crystallization from glacial acetic acid as glycocyamine ace-
tate. These crystals were the characteristic needles and thin
prisms (10).
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The free glycocyamine was regenerated from the acetate by
boiling in dilute aqueous solution and crystallized by evaporation
of the water. 25 mg. of crude glycocyamine were thus obtained.
It was thrice recrystallized from water, with a final yield of 11
mg. ‘'of the pure dry material which was analyzed. It gave the
following figures.!

Observed. € 30.8, H 5.95, N 35.8
Theoretical for glycocyamine. ¢ 30.8, “ 6.0, ‘“ 35.9
ESK

TasrLE II
Formation of Glycocyamme by Rat Kidney Slices from Arginine and Glycine
or G'lycme Derivatives
Glucose-Ringer s solution, 3 hOlllS, 38° Concentration of arginine
0.005 m; glycfne’ or derivatives 0. (ﬁ‘f X

T

Glycocyamine
Arginine Glycine or glycine derivative y found per 100 gm.
; fresh tissue
oK, : mg.
— ¥ 8
S Wi 35
— Glycine 19
-+ Betaine : 44
+ Glutathione 296
- Glycine LB T 3 382
+ £ anhydride ‘- 8
+ Glyeylglycine 436
+ Glyecolic acid + ammoma 6
4 Hippuric acid 35
+ Leucylglycine "¢ 254
+ Sarcosine 109
+ §* ‘mhydude . 6

Table II summarizes the relative effectiveness of glycine and
some glycine derivatives as precursors of glycocyamine. :The
effect of the glycine peptides is acecounted for on the hypothesis
that these are first hydrolyzed and that it is the free glycine which
reacts with arginine to form glycocyamine. The argument is as
follows: The rate of glycocyamine formation is proportional to
the concentration of free glycine (Table VIII). When glycine

1 We are indebted to and wish to thank Dr. A. J. Haagen-Smit for these
analyses.

34



394 Glycocyamine Formation

peptides were the source of the glycine, the concentration of free
glycine was initially 0 and only in the course of the 3 hour experi-
mental period did it approximate 0.01 M, whereas when glycine
itself was added the initial concentration was 0.01 M. Hence
smaller amounts of glycocyamine were formed from glutathione,
leueylglycine, and hippuric acid than from the same initial con-
centration of glycine. Glyeylglycine gave a higher value than
glycine, because on hydrolysis it yields 2 molecules of glycine and
as a result the concentration of glycine rose well above 0.01 M before
the end of the 3 hour period.

It follows, if the above is the correct explanation of the effect
of glycine peptides, that rat kidney contains a dipeptidase for
leucylglycine, an enzyme which liberates glycine from glutathione,
and no enzymes capable of forming free glycine at a significant
rate from betaine, glycine anhydride, or hippuric acid.

The results with sarcosine indicate that this substance is
demethylated without deamination in rat kidney. Separate
analyses showed that no creatine was formed; this proved that
demethylation of the sarcosine had occurred prior to the trans-
amidination. The kidney contains, therefore, an enzyme which
demethylates sarcosine.

These findings with sarcosine are complemented by those of
Bloch and Schoenheimer (2, 11) who, using N as a tracer, found
that sarcosine is converted to glycine in viwo and that in the
course of the demethylation the glycine nitrogen originally at-
tached to the carbon chain is not replaced. Their experiments
therefore excluded intermediate deamination of sarcosine in the
course of its conversion to glycine.

Analogous to its inability to hydrolyze glycine anhydride
the kidney is unable to hydrolyze sarcosine anhydride.

" The negative ‘result’shown in Table II with glycolic acid and
ammonia indicates'that rat kidney is unable to form glycine from
these two substances at a significant rate.

The experiments simmarized in Table III revealed that rat
kidney evidently is able to synthesize arginine from ecitrulline.
Theother possible amidine donators which were tested, guanidine,
ornithine, and urea, were negative.

The positive result with citrulline was retested in a number of
more adequately controlled experiments. A group of typical
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Tasre II1
Formation of Glycocyamine by Rat Kidney Slices from Glycine and Arginine
or Other Posstble Donators of Amidine Group
Glucose-Ringer’s solution, 3 hours, 38°. Concentration of glycine 0.01
M; of arginine or other amidine donators 0.005 M.

. Glycocyamine
Glycine Amidine donator ; formed per 100 gm.
fresh tissue

mg.
- 35
= 1(+)-Arginine 68
+ b 498
-+ I(+)-Citrulline + ammonia 330
+ Guanidine 16
+ d(—)-Ornithine + ammonia 12
+ Urea 33

‘TaBLe 1V
Formation of Glycocyamine from Glycine and Citrulline by Rat Kidney Slices
and by Cell-Free Macerate of Rat Kidney
Slices in glucose-Ringer’s solution, macerate in 0.1 M phosphate buffer,
pH 7.0, 3 hours, 38°. Glycine 0.01 m; amidine donator (ammonia, arginine,
citrulline, or ornithine) 0.005 M.

Glycocyamine
Glycine Amidine donator lg%ugnu?fjfggh
tissue
mg.
Kidney — 22
slices + 31
- Ammonia 18
- Arginine 68
- Citrulline 58
-+ Arginine 357
+ Citrulline 200
+ ¢ -+ ammonia 227
+ Ornithine + £ 8
Cell-free - ‘ 30
macerate + Arginine 120
-+ Citrulline + ammonia 59

results is shown in Table IV. Citrulline was only slightly les®
effective than citrulline plus ammonia.
Included in Table IV are some typical results obtained with a
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cell-free macerate of kidney. This suspension was less active
than an equivalent amount of kidney tissue in the form of slices
but qualitatively the results were in every respect the same.

The suspension was made by the homogenizing procedure of
Potter and Elvehjem (12). The kidney was stripped of its cap-
sule, split down the longitudinal axis, the pelvic fat and the
medulla cut away, the remainder homogenized with 4 times its
weight of 0.01 M phosphate buffer at pH 7.0, and the resulting
suspension passed through gauze. Such a suspension retains
all its transamidinase activity for at least 2 months if kept in an
ice box.

The optimum pH of glycine-transamidinase is in the neighbor-
hood of pH 7.0 (Table V). ;

: TasLe V
Effect of pH on Activity of Glycine-Transamidinase
38° 4 hours. Glycine 0.01 m; arginine 0.005 M.

SOk ¥ pH Glycocyamine formed per 100 gm. fresh tissue
wé faler Iy e
el 6.0 214
i 6.5 259
7.0 320
7.5 278
8.0 246

The activity of glycine-transamidinase in cell-free solution is
unaffected by 0.001 M potassium cyanide or by carrying out the
reaction in vacuo. For example, one extract under the same con-
ditions as those described above formed 67 mg. of glycocyamine
per 100 gm. of fresh tissue; in the presence of 0.001 M potassium
cyanide it formed 80 mg. and anaerobically, 72 mg.

The following amino acids and amides were tested with rat
kidney slices and arginine as possible precursors of the glycine
radical in glycocyamine. The initial concentration in every case

was 0.005 M. They were all negative: d-alanine, dl-alanine,

l-asparagine, l-aspartic acid, [-cysteine, [-cystine, d-glutamic
acid, d-glutamine, l-hydroxyproline, [-histidine, di-isoleucine, [-
leucine, d-lysine, dl-methionine, dl-norleucine, [-proline, dI-
phenylalanine, dl-serine, d-threonine, [-tryptophane, [-tyrosine,
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and d-valine. These negative results indicate that under the
conditions of these experiments none of these amino acids is a
precursor of glycine.

Glycine-transamidinase activity was found in the kidney of
every animal tested except the frog (Table VI). Whenever
activity was found in kidney slices, it was also found in the cell-
free extract. The beef and sheep kidneys were used at least
24 hours after the animals were slaughtered; they were obtained
in a butcher shop. In the cases of all the other animals the kid-

TaBLe VI
Formation of Glycocyamine from Glycine and Arginine by Kidney Slices and
by Cell-Free Macerate of Kidney of Vartous Animals
Slices in glucose-Ringer’s solution, macerate in 0.1 M phosphate buffer,
pH 7.0. Glycine 0.01 m; arginine 0.005 m. 38°, 3 hours.

Glycocyamine formed per 100 gm. fresh tissue by
Animal
Kidney slices _Cell-free macerate

mg. mg.
1275100 UG SNSRI, 8 190
(O 17 U+ s SOy 93 32
D0, e e+ o siapernibrn ¢ b i b 281 480
ABCTOR st « 05 500 & on 50snw 3% 875 SIRohenbi ol s 0
GUITER DIZ - 55 & v ecmvins = oppiadets senion s 38 14
PIGEON,. .0 o oo o vhidoonmnin o »5I0ETS o ol 27 16
Rabbit : 187 160
Rat . .:%. .4 BRI L o e o s OGS a1 357 120
Sheep . ... .. i R LR L, 4% B 160

neys were removed immediately after the animals were killed
and the extracts made soon afterwards. The negative results
with extracts of frog kidney call for further study.

Liver slices and cell-free extracts of heart and of muscle of
all the animals listed in Table VI were tested for glycine-trans-
amidinase activity. Except in the case of the pigeon (see below)
they were all negative. The blood, brain, intestine, and spleen
of the rat were also examined; they were negative. Rat liver
slices also gave negative results with glycine plus arginine, urea,
or guanidine.

Before the advent of Weber’s method no glycocyamine could
be demonstrated in animal tissues. With this method glyco-

38



398 Glycocyamine Formation

cyamine was detected in urine (4), in intestine, testes, and
kidney (13). ¥

Using our more sensitive method, we found glycocyamine to be
widely distributed in the tissues of the rat. The concentrations
(mg. per 100 gm. of fresh tissue) were blood 0.5 to 1; brain, heart,
liver, skeletal muscle, and spleen 3 to 6; small intestine 10; kid-
ney! (cortex) 15 to 30. :

The question arose whether transamidination in the kidney can
be sufficiently rapid under physiological conditions to :account
for the total production of creatine in the body as indicated by the

TasLe VII

Rate of Glycocyamine Formation by Rat Kidney Slices at 38° from Arginine
Initially 0.006 » and Glycine 0.01 u

Glycocyamine per 100 gm. fresh tissue

Time
Found Formed f(ﬁ-‘x,:;%ig:nrgﬁ (l)1fr.

hrs. mg. mg. e

0 32

0.5 95 68 &5 75 i

1.0 164 132 " 132

2.0 315 283 142

4.0 505 473 118

6.0 741 709 118

daily excretion in the urine of creatine and creatinine. A num-
ber of experiments were carried out to obtain what information
we could on this point.

Table VII shows that the glycine-transamidinase in rat kidney
slices remained practically unimpaired for 6 hours. This is in
accord with the stability of the enzyme in cell-free extracts.

In Table VIII are some figures on the effect of the concentra-
tion of the reactants, arginine and glycine, on the rate of trans-
amidination. With equal arginine and glycine concentrations
from 0.001 to 0.0001 M the rate was approximately linear with
respect to concentration.

We can estimate what the rate of glycocyamine formativ_(:)vhtin
the kidney must be to make good the loss of tissue creatine
which appears in the urine as creatinine. Two human kidneys
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weigh approximately 300 gm. Anaverage figure for the creatinine
excreted in the urine in 24 hours is 1.7 gm. To make good this
loss the average hourly production of glycocyamine which is
necessary must be approximately 25 mg. per 100 gm. of tissue
per hour. ‘

This rate of glycocyamine formation would have been\obtamﬁd
in the experiments of Table VIII with concentrations of glycine
and arginine between 0.0005 and 0.001 M. This is probably the
concentration range of these amino acids in kidney. The basis
of this estimate is as follows: The arginine concentration in dog

Tasre VIII

Variation in Rate of Glycocyamine Formation by Rat Kidney Slices with
Different Concentrations of Arginine and Glycine

Ringer’s solution, 4 hours, 38°.

Initial Glyco- Initial Glyco- Initial Glyco-
concentration | ¢yamine concentration eyaming concentration cyamine
g formed formed formed
= perd00 | —————%=| per 100 |—— per 100
Arginine |Glycine gx:’i's:fl?h Arginine | Glycine gxassf‘llzsh Arginine | Glycine g?é{;{legh
mole mole mole mole mole mole AL
per 1. per 1. 120 perl. perl. my. per L. per L. sifw'
0.02 0.01 190 0.005 | 0.02 617 0.005 0.005 360
0.01 0.01 590 0.005 | 0.01 533 0.0025 | 0.0025 310

0.005 0.01 533 | 0.005 | 0.005 361 | 0.001 | 0.001 | 134
0.0025 | 0.01 535 | 0.005 | 0.0025 252 | 0.0005 | 0.0005 78
0.00125 | 0.01 303 | 0.005 | 0.00125 | 201 | 0.0001 | 0.0001 20 ¢
0.000625| 0.01 201 | 0.005 | 0.000625 103

blood is between 2.6 and 3.9 mg. per cent (14); we have found 2.0
to 5.0 mg. per cent in human blood. This range corresponds to
0.0001 to 0.00025 m. The concentrations of these amino acids in
the kidney are certainly mueh higher than in blood, since the total
free amino nitrogen in kidney and other tissues is 10 times or
more that in blood (15, 16).  The rates of glycocyamine formation
recorded in Table VIII are sufficient therefore to make good the
total loss of creatine from the tissues. This estimate is, of course,
based on the assumption that the rate of glycocyamine formation
in human kidney 7n vivo is of the same order as in rat kidney
slices in vitro, which seems not unreasonable.
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DISCUSSION

The experimental results given above, confirmed and comple-
mented as they now are by the findings in studies with tracers,
make a strong case for the following mechanism of creatine
formation in animals: (@) arginine and glycine in the kidney
form glycocyamine; (b) in the liver glycocyamine and methionine
form creatine. The mechanisms for these reactions are widely
distributed in mammals. The quantitative aspects of the data
show that the transamidination mechanism for the formation of
glycocyamine is fast enough to replace all the creatine lost from
the body. Other mechanisms of creatine formation are not ex-
cluded; but the tracer studies indicate that the arginine-glycine-
methionine mechanism is quantitatively the most important
one n vwo.

The argument contra glycocyamine, that it had never been
found as a constituent of animal tissues, antedated the develop-
ment of suitable analytical methods. This argument is now com-
pletely disposed of by the detection of glycocyamine in practically
all tissues. '

The controversy whether arginine is a precursor of creatine
(17, 18) may be considered as settled in favor of the affirmative.
The path of its conversion to creatine, however, is different from
what was, generally believed. It was proposed that arginine
was converted to'glycocyamine by way of deamination and B
oxidation; thus all of the nitrogen was derived directly from
arginine. This made it necessary to explain away the evidence
which suggested that glycine played some part in creatine forma-
tion, unless it be in the methylation of glycocyamine.

Bergmann and Zervas were the exception. They observed that
“triacetyl anhydro arginine” and glycine ethyl ester reacted in
the absence of water to give a fairly good yield of diacetyl glyco-
cyamine ethyl ester (19); and the same arginine derivative with
sarcosine ethyl ester gave diacetyl creatine ethyl ester (20).
Their view was that, “der wesentliche Punkt der biologischen
Kreatinbildung in einer direkten Umsetzung eines reaktionslus-
tigen Argininabkémmlings mit einem Amino#thanderivat beruht.”
This clear statement that the guanidine group of creatine arises
in viwo by transamidination needs now to be modified in two
respects: that an enzyme, glycine-transamidinase, and not a

41



H. Borsook and J. W. Dubnoff 401

reactive derivative or split-product renders the —C group
\NH

in arginine labile as it is in “triacetyl anhydro arginine.” The

enzyme arginase exerts a similar influence. The other modifica-

tion is that glycine itself and not a derivative is the acceptor of

the amidine group in the biological transamidination reaction.

We may now infer that one of the reasons for the essential
character of arginine and methionine in the rat is that they par-
ticipate in the formation of creatine. These amino acids, of
course, also serve other functions, for example the réle of arginine
in ureaformation and of methionine in other methylation reac-
tions (3), in addition to their participation in the constitution of
tissue protein.

The recent findings on essential amino acids for the chick indi-
cate that arginine and glycine are required for creatine formation
in this animal.. Arnold et al. (21) reported that arginine is essen-
tial for rapid growth. This was confirmed by Klose et al. (22)
who showed further that arginine is necessary for maintenance as
well as growth. Recently Klose and Almquist reported that citrul-
line is as effective as arginine, whereas ornithine alone or with
urea is ineffective (23). We have found (Tables III and 1IV)
that glycocyamine is formed from citrulline and glycine, the citrul-
line presumably being first converted to arginine, while ornithine,
with or without added ammonia, is completely negative.

The parallel between the amino acid requirements for creatine
formation and for growth was extended further,when Almquist
et al. found that glycine is essential for the growth of the chick
(24) and that creatine as a substitute for glycine is even more
effective than glycine itself. Glyeolic acid and betaine could
not replace creatine (25).

We have examined the organs of the pigeon for transamidinase
activity. Activity was found not only in the kidney but also in
heart, liver, and skeletal muscle. The limiting amino acid ap-
peared to be glycine; 7.e., nearly as much glycocyamine was
formed when glycine alone was added as from glycine and arginine
together. The differences between experimental and con-
trol were, however, small in absolute terms compared with
those found in the kidneys of other animals. Although these
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differences were greater than could be ascribed to analytical or
sampling variations, we cannot consider our findings in the pigeon
as established until more determinations have been made. For
this reason the detailed figures are not presented here.  ‘We hope
that other workers with facilities for a study such as this on birds
may undertake the investigation. Our laboratory doés not at
present possess such facilities. %

SUMMARY

1. Beef, cat, dog, guinea pig, pigeon, rabbit, rat, and sheep
kidney form glycocyamine from arginine and glycine. This reac-
tion is catalyzed by cell-free  extracts of kidney as well as by
surviving kidney slices.

2. It is proposed that this reaction be de31gnated ‘transamidin-
ation,” and the enzyme ‘glycine-transamidinase.” The optimum
pH of this enzyme is about 7.0. It is not affected by potassium
cyanide nor by anaerobiosis. ;

3. Transamidination does not occur in the liver, heart, or skele-
tal muscle of the animals mentioned above; the blood; brain,
and spleen of the rat were tested also and found inactive. It is
possible that in the pigeon a low glycine-transamidinase activity

resides in liver; heart, and skeletal muscle as well asin kidney.

4. Glycocyamine is also formed in the kidney from glycine and
citrulline. - Glycine plus ornithine (with or without ammoma),
urea, or guanidine is negative in this respect.

5. A large number of amino acids, several amides, and an-
hydrides were tested as possible precursors of the glyeine radical
of glycocyamine. They were all:—_‘rnegative as was also glyeolic
acid plus ammonia. i

6. Glycocyamine is formed flom a1g1nme and sarcosine. ¥ Evi-
dence is presented that the sarcosine is first demethylated; thus
being converted to glycine, indicating the presence of a demethyl-
ating enzyme in kidney. Sarcosine anhydride is negative.

7. The above findings, complemented by the tracer studies in
the laboratories of Schoenheimer and of du Vigneaud, and in
conjunction with our previous findings, prove the existence of the
following mechanism of creatine formation in animals: arginine
and glycine form glycocyamine in the kidney; the glycocyamine
48 methylated in the liver by methionine (or a derivative of methi-
onine) to form creatine.
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8. Quantitative aspects of the data indicate that all of the
creatine formed in animals may normally be formed by this
mechanism.

9. Evidence of the generality of transamidination is seen in
the close parallel between the above findings and those on amino
acids essential for the growth of the chick.
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Glycocyamine was first isolated from human and dog urine
and identified by Weber (1-3). He supported the view that
glycocyamine is a normal precursor of creatine and that its appear-
ance in urine (2) is “an overflow phenomenon of an intermediate
metabolic product . . .”” He expressed no views on the mechanism
of its formation. i

Glycocyamine is formed by the interaction of arginine and
glycine in the kidney (and probably only in that organ) of the cat,
dog, guinea pig, rabbit, and rat (4). In order to ascertain whether
this reaction occurs in man we have studied the effect of arginine
and glycine, ingested separately and together, on the glycocyamine
content of urine and blood.

" The subjects were seven normal men. The methods used for
the determination of glycocyamine in urine and in blood have
been described (5).

“The first experiments consisted in comparing the urinary ex-
cré‘tlon of glycocyamine during 24, later only 12, hours in which
no protein was ‘ingested with that on a day in which gelatin was
ingested. Gelatin consists of about 25 per cent glycine and 9
per cent arginine (6). Fach experiment ran for 2 days. On
the evening preceding the 1st day the subject had a normal meal
at 6 p.m. and 300 ml. of water in the course of the evening. Dur-
ing the following day he drank 1700 ml. of orange juice and an
additional 300 ml. of water. This was the “non-protein” day in
Fig. 1. Next day the subject drank 875 ml. of orange juice, and
1000 ml. of water containing 275 gm. of sucrose. He ingested

405
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406 Glycocyamine in Urine

65 gm. of gelatin between-8 and 9 a.m. The gelatin contained 16
gm. of glycine and 5.8 gm. of arginine. This was the “gel-
atin” day.

A typical result is given in Fig. 1. It shows the rapid rise in
the urinary‘execretion of glycocyamine after the ingestion of gela-
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Fia. 1. Glycocyamine excretion in urine. The ordinates represent the
glycocyamine excreted in the urine in the 2 hour period ending at the time
indicated; the abscissae, the time at which the urine was voided. 65 gm.
of gelatin were ingested between 8 and 9 a.m. The horizontal right-hand
ends of both curves represent the total excretion.in the night urine (10
p.m. to 8 a.m.) divided by 5. i
tin. The maximum was attained between 10 a:m. and 12 noon.
By 4 p.m. this rate had subsided near to the value on the non-
protein day, and remained so during the following 14 hours. This
rapid rise and fall in the rate of glycocyamine excretion occurred
both"when' the argiﬁin'éi'ﬁﬁd glycine were taken in the form of
gelatin and as the pure ‘amino acids (see Figs. 1 and 2).

It is improbable that the increased urinary exeretion of glyco-
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cyamine observed after the ingestion of gelatin represents glyco-
cyamine ‘“washed out” of the tissues. If that had been the case,
the excretion during the last 14 hours of the gelatin day probably
would have fallen below that during the same interval on the non-
protein day; and the total amount of glycocyamine exereted over
the 24 hour period would have been nearly the same on these 2
days. The 24 hour exeretion of glycocyamine on the non-protein
day was 65 mg. and on the gelatin day 117 mg. The lack of any
relation in Fig. 1 between urine volume and the amount of glyco-
cyamine excreted is in accord with this interpretation.

Table I is a summary of the findings in experiments similar to
that in Fig. 1 in five other subjects. The data for the period
from 6 a.m. to 6 p.m. only are given.

TaBLe I
Effect of Ingestion of 65 Gm. of Gelatin on Urinary Glycocyamine

Non-protein day Gelatin day
Subject No. £ 4
Urine volume Glycocyamine' Urine volume Glycocyamine
ml. mg.. . 3 ml. mg.
1 475 437 890 87.5
2 1715 34.3 1785 114.0
3 370 34.0 600 = 60.0
4 1220 32.9 1520 88.2
5 470 24 .4 1350 81.6

The figures for glycocyamine excretion on the non-protein days
in Table I indicate that over 24 hours they would have been of
the order of magnitude of 40 to 60 mg. Webeg,v.(3) reported aver-
age figures for 24 hours of 39.5 mg. for males and 75.1 mg. for
females. Weber’s values are lower, probably because the figures
obtained with his analytical method represent only 75 per cent or
- less of the glycocyamine present.

A series of experiments was carried out on two subjects in which
arginine and glycine, alone and together, were administered in
the form of the pure amino acids. The two subjects remained
on the identical diet for the 9 days of the experiment. Breakfast
and luncheon consisted of orange juice and coffee; dinner was a
normal meal in which the meat course was a weighed amount of
Hamburger steak. During the day 200 ml. of water were drunk
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408 Glycocyamine in Urine

every 2 hours. Urine was collected every 2 hours from 6 a.m.
to 6 p.m. On the 3rd day of this régime the urine voided every
2 hours during the day was analyzed; the values obtained gave
the “normal” graph in Fig. 2. On the 5th day the subjects in-
gested 16 gm. of glycine between 8.30 and 9.30 a.m.; the glyco-

W‘_
N

N .
S R ==+ . _ARGINI} p,
- }‘%: A v 1

800

ML. URINE EXCRETED
IN TWO HOURS
H
o
(=]

GLYCINE + ™ Do -— $-eg~C-gas
c '/ARGINIINE Q\ //dx
i g -
£ 40 /N
GLYCINE +
= = /| \3 ARainint
Z 2 ] !
. La / '
= 30 =4 7 \
a | 23| o k
£ S8 1.8
L <Z \
S 1|/ 4
3 20 /, N
o \
: { A aRgNE "\
Q10 LS T \\. s ~ 5
o e GLYCINE " RS
O Gl @ Tarsia eeaaol.  TERTeesw
M NORMAL] ——— | "%
¢ 10 I2NOON 2 y }
TIME

F1a. 2. Glycoeyamine excretion in urine. The ordinates represent the
glycocyamine exereted in the urine in the 2 hour period ending at the time
indicated; thejabscissae, the time at which the urine was voided. The
amino acids s%'g;}e(in{g‘gsted, on each of the 4 days, in four portiqqge?)git‘;yvgen
8.30 and 9.30 a.m." The blood concentrations, at successive 2 hour intervals
after the beginnilig of the experiment, on a day on which gly@fﬁé and
arginine were ingested together were 1, 0.6, 2, 0.4, 8, 0.7, 4, 0.8, and'5, 1.0
mg. per cent. . - 82707

cyamine excretion on this day is designated in Fig. 2 as “glycine.”
On the 7th day between 8.30 and 9.30 a.m. the subjects con-
sumed 16 gm. of glycine and 4.8 gm. of arginine, and on the 9th
day 4.8 gm. of arginine. The glycocyamine excretion on these
days shown in Fig. 2 is designated ‘“‘glycine + arginine” and
“arginine.”’

Fig. 2 shows that after the ingestion of glycine alone more
glycocyamine appeared in the urine. These increases were small,
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however, compared to those obtained when the two amino acids
were taken together. Thus on the normal day the glycocyamine
excretion in 12 hours was 29.0 mg., on the glycine day 54.3 mg.,
on the arginine day 55.4 mg., and on the glycine + arginine day
99.0 mg. The sum of the increases over the normal day with
glycine and arginine when these were ingested separately was
51.7 mg.; when ingested together it was 70 mg.

In t}}ié second subject the glycocyamine excretion on the
normal day was 31.2 mg., on the glycine day 30.7 mg., on
the arginine day 28.4 mg., and on the glycine + arginine day
61. 8 mg. ;

The i Increase in glycocyamine in the urine after the ingestion of
alglmne and glycine was of the same order of magnitude as when
the same amounts of these amino acids were ingested in the
form of gelatin. The increase in urinary glycocyamine after the
ingestion of gelatin may be ascribed to the arginine and gly-
cine it contained.

These findings taken in conjunction with those obtained with
surviving slices of kidney and with kidney extracts (4) may be
considered as establishing the formation of glycocyamine by
transamidination in man.

Blood was analyzed every 2 hours on the days on which the
subjects ingested the glycine and arginine together. In the
subject of Fig. 2 the concentrations were, in mg. per cent, 0.6,
0.4,0.7,0.8, and 1.0. The peak of the urinary excretion of glyco-
cyamine occurred between the second and third of these values.
There was no discernible relation between the glycocyamine con-
centration in the blood and its increased rate of excretion in the
urine. The findings were essentially the same in the other
subject.

We have made some preliminary observations on the excretion
of glycocyamine by human subjects with kidney disease. On
an ordinary diet they execreted less glycocyamine than normal
individuals and the increase after the ingestion of arginine and
glycine was less also. Thus in one subject who was diagnosed as
having subacute glomerulonephritis the excretion of glycocy-
amine in the urine in an experiment similar to that of Fig. 1
was on the non-protein day 1.5, 3.0, 2.5, 2.6, 2.1, and 1.0 mg. in
successive 2 hour intervals between 6 a.m. and 6 p.m.; and on
the gelatin day 1.0, 3.1, 5.3, 2.4, 1.9, and 2.8 mg.
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SUMMARY'

1. When arginine and glycine are ingested together by human
subjects, there is a rapid rise in the amount of glycocyamine
excreted in the urine. This increase is greater than the sum of
the increases which may occur when the same amounts of amino
acids are taken separately.

2. A similar increase in glycocyamine excretion is observed
after the ingestion of gelatin, which is rich in glyecine and arginine.
The order of magnitude of this increase is the same as that given
by the quantity of arginine and glycine contained in the gelatin
when these are administered as pure amino acids.

3. These findings indicate that in man glycocyamine is formed
by transamidination.
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Mlcromethods for the determination of arginine based on the

use of the Sakaguchi reagent have been, described (1-4). Thls,T
reagent gives a strong color with (rlycocyamlnc arginine, and other

monosubstituted guanidine derivatives.

I,l;], @iprevmus commumcatlon (5) a method for the determination
ogigg&jocyamlne awas described based on the Sakaguchi 1eact10n
aﬁ@dﬂg&ﬂquanutatlve separation of glycocyamine from arginine
by selective adsorption of the arginine on permutit. In the
method outlined helow the separated arginine is eluted from the

permutit and deter{mned independently.

A number of e¢ommon non-chromogenic substances quch as,

ammonia, urea, histidine, and creatine reduce the color obtained,
with the Sakaguchi: reagent. A change in the usual order of
addition of the colorreagents similar to that previously descrlbed
(5) decreases the interference by these compounds.

Reagents and Apparatus—

3 per cent sodium chloride.

0.3 per cent sodium chloride. T ¢

Permutit according to Folin. Permutit can be regenerated

after use by allowing 3 per cent sodium chloride to percolate

through and then washing with distilled water until chloride-free.
This is most conveniently done in large batches on a Buchner
funnel. v

10 per cent urea in water.

0.2 per cent naphthol in absolute aleohol, diluted with 4 volumes
of the 10 per cent urea solution before use.

Hypobromite solution. 0,66 ml. of liquid bromine are added

711
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712 Micromethod for Arginine

to 100 ml. of 5 per cent sodium hydroxide. Since this solution
deteriorates, it should not be kept for more than 1 or 2 days, and
is best kept in a refrigerator.

10 mg. per cent arginine in 0.1 N hydrochloric acid. Standard
solutions are made on the day on which they are to be used, by
diluting this stock solution with water.

Adsorption column. The permutit is contained in the stem
of a glass funnel whose dimensions are: upper part 15 mm. external
diameter, 100 mm. long; stem 7 mm. external diameter, 100 mm.
long. The lower end of the stem is slightly constricted. A small
amount of cotton is placed above the constriction. 0.9 gm. of
permutit is poured in and tapped gently to settle the particles.

A 0.2 ml. micro pipette whose contents are delivered under
pressure. The delivery time should be sufficiently short to msure
rapid delivery ‘and complete mixing (6).

Preparation of Solutions for Analysis—For complete separation
of glycocyamine and arginine the salt concentration of the solution
should not'be over 0.5 per cent. If neither of these compounds is
present in amounts over 2 mg. per cent, the salt concentration may
be as high as 1 per cent. Urine is usually diluted 5 to 10 times
with water.” Blood filtrates may be prepared by deproteinizing
according to Folin and Wu or by heat coagulation at pH 6 after
1:10 dilution with water. Tissue extracts are diluted to contain
1 gm. of tissue (fresh weight) in 40 ml. of suspension. The pH is
adjusted to 6.0, and the suspension immersed in a boiling water
bath for 10 minutes, cooled, and filtered. Analyses are carried
out on the filtrates.

Procedure

5 ml. of the solution to be analyzed are passed through the per-
mutit column and the small amount of glycocyamine remaining
in the column is removed with 5 ml. of 0.3 per cent sodium chloride.
The combined filtrate contains all the glycocyamine. A test-tube
graduated at 10 ml. is now placed under the funnel, and the
arginine is eluted by passing 10 ml. of 3 per cent sodium chloride
through the column. The solution in the test-tube is made up to
the 10 ml. mark and shaken.

A 2 ml. aliquot is taken for analysis. It is first cooled in an ice
bath, then 0.5 ml. of the ice-cold naphthol-urea solution is added,

52



53

J. W. Dubnoff 713

and after 2 minutes 0.2 ml. of ice-cold sodium hypobromite
solution added by means of the micro pipette. This pipette is
placed above the solution level and kept away from the sides of the
test-tube to prevent contamination by urea in the solution. The
color is simultaneously developed in a series of standard solutions
containing 0, 0.25, 0.5, 1.0, and 2.0 mg. per cent of arginine.!
After 20 minutes the color development is complete and remains
stable for 2 hours if the solutions are kept in an ice bath. The
tubes are shaken for a few seconds to remove excess gas, warmed
by immersion in water at room temperature, and the intensity of

TaBLE I
Elution of Arginine from Permulit Column
5 ml. of a 2 mg. per cent solution of arginine in 0.5 per cent sodium
chloride were passed through the adsorption column followed by 5 ml. of
0.5 per cent sodium chloride. The arginine was then eluted by the salt
solution as shown. :

Sodium chloride eluting solution
& Arginine recovered
Amount Concentration

ml. per cent per cent
10 0.5 0

5 1.0 2
10 1.0 40

5 2.0 60
10 2.0 100
10 3.0 100
10 5.0 100

5 5.0 88
10 10.0 88

the color measured in a spectrophotometer or a colorimeter, with
light of approximately 0.525 u (yellow-green).

DISCUSSION

As shown m‘.Table I, the complete removal of arginine from the
permutit column depends on the amount as well as the concentra-
tion of salt solution used. Under the conditions described, the
separation of glycocyamine and arginine is complete over a wide

1 If an appropriate correction factor is applied, glycocyamine standards
which are stable may be used.
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range of concentrations (Table II). With concentrations of
arginine of over 2 mg. per cent the color is too intense to be read
and must be diluted before the color is developed. The blanks
are yellow instead of colorless as-in the procedures described in
the literature.

In these older procedures a large excess of urea is added after a
given interval to prevent destruction of the chromogenic compound
by the hypobromite. During this interval other substances may
compete for the hypobromite and reduce or completely inhibit the
formation of color. The advantage of the procedure described

TaBLE II
Limiting Concentrations of Glycocyamine and of Arginine That Can Be
Separated on Permutit Column
All values are concentrations in mg. per cent. The concentrations were
those of the solutions passed through the permutit column. The final
filtrates were diluted to bring the concentration to approximately 1 mg.
per cent before the color was developed.

Arginine added Glycocyamine added Arginine found
0.0 2.0 0.0
0.0 2.5 0.0
0.0 5.0 0.0
0.0 10.0 0.0
1.0 0.0 1.0
2.0 0.0 2.0
5.0 0.0 5.0
10.0 0.0 9.6
20.0 0.0 18.4

above is that this interference is greatly reduced and for most
purposes is negligible.

Table TIT shows the recovery of arginine added to urine, kid-
ney extract, and blood.

Weber (2) has studied the influence of some non-chromogzenic
substances on color development. He found that 6 mg. per cent, of
ammonia, 12 mg. per cent of histidine dihydrochloride, 6 mg. per
cent of tyrosine, 6 mg. per cent of tryptophane, 40 mg. per cent of
creatine, or 160 mg. per cent of urea? “either prevents all color

2 These are the concentrations in the final diluted filtrates.
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formation or the color is so altered that even for qualitative pur-
poses the test is worthless.” With the method described in this
communication, 60 mg. per cent of ammonia, 5 mg. per cent of
histidine hydrochloride, 8 mg. per cent of tyrosine, 8 mg. per
cent of tryptophane, 20 mg. per cent of creatine, and 2000 mg.
per cent of urea are without influence on the recovery of argin-
ine. If tryptophane and histidine are present in excess of the

TaBLe II1
Recovery of Arginine Added to Urine, Kidney Extract, and Blood

All the values are concentrations in the eluate measured in mg. per cent.
The urine was diluted 1:4 with water. The kidney extract was made by
grinding up 1 part by weight of kidney with 40 parts of 0.5 per cent sodium
chloride, bringing the extract to pH 5.0, boiling 10 minutes, cooling, and
filtering. The analysis was carried out on the protein-free filtrate. In
both the kidney extract and blood, arginine was added before protein
precipitation.

Arginine
Arginine Urine Kidney extract Folin-Wu blood filtrate
added
After sub- After sub- After sub-
Found traction of Found traction of Found traction of
blank value blank value blank value
0.0 0.13 0.15 0.19
0.13 0.14 0.20
0.2 0.345 0.215 0.41 0.21
0.34 0.210 0.43 0.22
0.5 0.61 0.48 0.65 0.505 0.68 0.48
0.61 0.48 0.655 0.51 0.68 0.48
1.0 1.12 0.99 0[S 1.045 1.19 0.99
1.13 1.00 1.19 1.045 1.19 0.99
1.5 1.64 1.50 1.67 1.47
1.64 1.50 .71 1.51

amount given, they are chromogenic, and, a further complication,
histidine reduces the color given by the arginine present. In
pregnancy urine the concentration of histidine may be as
high as 160 mg. per cent (7) and the method is inapplicable as it
stands. The method is satisfactory for normal urine, although
the possible presence of other chromogens, such as methylguani-
dine, must be borne in mind.
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716 Micromethod for Arginine

SUMMARY

A micromethod for the determination of arginine in biological
fluids and tissue extracts is described. The advantages of this
new method are that a complete separation of arginine from
glycocyamine is effected, and that it gives satisfactory results in
the presence of common biological substances which interfere in
the procedure of previous methods.
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Glycocyamine is formed in the kidney by the transfer of the
amidine group of arginine to the nitrogen atom of glycine. In the
study of this reaction it Wa_s' observed that glycocyamine was also
formed from citrulline and glycine. No other donor or precursor of
the amidine group was found (1).

The most probable explan tion of this effect, of citrulline was that

ML
it was first converted to arginine, from which the amidine group was
then transferred to glycine. This has now been proved. .

This formation of arginine consists in an interaction of citrulline
with either glutamic acid or aspartic acid. Its speed is of the same
order of magnitude as that of oxidative deamination in the kidney.
The two dicarboxylicamino acids are equally effective in this
respect. An oxidation is involved in the reaction; it is nearly com-
pletely inhibited by such oxidation inhibitors as KCN, As;03, and
Asy05in low concentration. The KCN inhibition is parﬂf}f relieved
by hydrogen acceptors; that of As,(Q; and AsyOs is not. :

There are in general three possible types of mechanism for this
reaction, the essential differences in them consisting in the point at
which the oxidation, 7.e. the dehydrogenation, occurs: (a) at the
dicarboxylicamino acid Before it reacts with the citrulline, (b) at an
intermediate comp&?ﬁ'&"’éonmstmg of the citrulline and the di-
carboxylicamino acid or'(c). after the cleavage of this hypotheti-
cal intermediate compound, 4t a derivative of the citrulline which is
the immediate precursor of the arginine.

* Aided by a grant from Mr. I. Zellerbach.
A summary of this work has appeared (Proc. Am. Soc. Biol. Chem.,
J. Biol. Chem., 140, p. xviii (1941)).
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718 Conversion of Citrulline to Arginine

The first of the three possibilities is depicted by the following
equations,

H
(1,a) COOH..... C—COOH + oxidized hydrogen acceptor —

NH,

(Aspartic acid or
glutamic acid)

COOH.. ... C—COOH + reduced hydrogen acceptor

NH
sehd (Dicarboxylicimino
Tiisi acid)

vabl an

(0]

1, b) (COOH ... . (ﬁ_COOH + NH,—C—NH..... COOH =2

e NH (Citrulline) O,

O NH

(F-Ketodlcarboxyhc acid) (Arginine)

* Here, as in Equations 2 to 4, the dicarboxylic acid is written as being
converted to ‘the corresponding keto acid derivative. This is done only
for convenience. We have obtained no evidence regarding the nature pf
the product arising from the deaminized. dicarboxylicamino acid. It i
possible that it is also decarboxylated in the oxidation; 7.e. Uﬁﬁb’ reaction
mechanism is that suggested by Herbst (2). 8 9

sld o
This mechanism was eliminated by the finding: tha,gﬂa.lglmne

formation is inhibited under conditions in which oxidative deami-
nation of the dicarboxylicamino acids proceeds unchecked
Arginine is also formed from citrulline, ammonia, and a-keto-
glutarate or oxalacetate. These reactions are also inhibited by
KCN or As;O;. The interpretation we have placed on these re-
sults is that here also the reaction proper (i.e., arginine formatlon)
is between citrulline and glutamic acid or aspartic acid; that the
dicarboxylicamino acids were formed by reductive amination prior
to their combination with citrulline. It follows that the ‘imino
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acid derivatives of the dicarboxylicamino acids (which are formed
spontaneously and are in equilibrium in water with their corre-
sponding a-keto acids and ammonia) do not react with the ci-
trulline. This evidence also therefore excludes the reaction mech-
anism of Equations 1, a@ and 1, b.

The other two possible mechanisms are given by Equations
2, 3, and 4.

H
2,40 COOH..... (|J—COOH 4+ COOH. ... NH—C—NH,
NH, 0
H
@, b) 2 COOH.....C—COOH
. m
H
COOH. ....N—C—NH,
OH
OH
@, o) _ 2  COOH.....C—COOH
NH

COOH....... N—CH—NH;

3, a) COOH. .. C—‘,—VCOOH + oxidized hydrogen acceptor
NEHSE
COOH..... NH——CH—NHz
(3,5 = COOH.....0—COOH + COOH.... NH—C—NH; +
. b

i~ reduced hydrogen acceptor
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or

OH
(4, a) COOH..... C—COOH —

NH

COOH..... NH—CH—NH,
NH.

(4,b) COOH.....C—COOH + COOH.....NH—CH—NH,

(0]
NH,

(4, ¢) 'COOH.....NH—CH—NH; +. oxidized hydrogen acceptor —
4, d) COOH. .... NH—C—NH, + reduced hydrogen acceptor

NH

In both mechanisms an intermediate compound between the
citrulline and the dicarboxylic acid is postulated. According to
the mechanism of Equations 3, @ and 3, b this compound is de-
composed by dehydrogenation into arginine and the a-keto acid
derivative of the dicarboxylicamino acid.

In the mechanism of Equations 4, a to 4, d the hypothetical in-
termediate compound is decomposed first and the resulting diamine
group undergoes dehydrogenation to form arginine.

If the mechanism of Equations 4, a to 4, d were correct, when
citrulline and the dicarboxylicamino acid are present but arginine
formation is prevented by As,O;, the keto acid should be formed
nevertheless, but without an equivalent amount of ammonia. Am-
monia and keto acid will be formed in addition from the concurrent
and independent oxidative deamination of the dicarboxylicamino
acid. Accordingly the ratio A NH; to A keto acid should be lower
and the absolute amount of keto acid higher in solutions containing

> citrulline, dicarboxylicamino acid, and As,O; than in the absence of
citrulline; 7.e., the reaction would proceed as far as Equation 4, b.
It was found that the ratio A NHj to A keto acid in the presence of

As;0; was the same with and without citrulline; nor was there an .

absolute increase in keto'aeid in the presence of citrulline.
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The evidence appears to lead by exclusion to a mechanism of the
type of Equations 2 and 3. Braunstein (3) postulated an inter-
mediate compound analogous to that of Equation 2 as a prelimi-
nary to transamination. It must be emphasized that in both cases
the existence of this hypothetical compound is, as yet, unsupported
by any direct evidence. It is an inference only.

Positive results were obtained when proline, hydroxyproline,
ornithine, or lysine was used in place of aspartic acid or glutamic
acid. All the other amino acids were negative. There is inde-
pendent evidence that the first three amino acids named are
readily convertible to glutamic acid in the rat (4-7). Tt is rea-
sonable to conclude, therefple that 1ys1ne also is converted to glu-
tamic acid (or aspartic ac1d) This is the first clue, as far as we are
aware, regarding the path of degr adatlon of the carbon skeleton of
lysine in the animal body. .

In the ornithine cycle by which u,x;ea, is formed in the liver from
ammonia and carbon dioxide, one of) the steps proposed is the con-
version of citrulline to arginine (8>3 mThe mechanism for this con-
version which we have found in: anev, 7.e. the interaction of
citrulline with aspartic acid or glu a,;plc acid, does not occur in
liver. A study of arginine f 01mat10n in liver is in progress and will
be reported later.

Procedure and Preparations Used

Most of the experiments were carried out with xmvwmg rat kid-
ney slices. In afew experiments guinea pig kidney was used The
details of the technique have been described (9). Twp or three
small slices were suspended in 4 ml. of bicarbonate- ],]}g(;l ’s solu-
tion containing the substances under 1nvest1g&t10n The pH of
the solution was 7.4 after equilibration with 95 per cent oxygen and
5 per cent CO,.  All the experiments were carried out at 38° for 1
or 2 hours.

. At the end of the experimental period the contentﬁ of the reac-
ithIl vessels, acidified to pH 6.0 with a drop of 0.5 N (;4 the slices,

and two 2.5 ml. washings with water were transfer to test-tuby § __
graduated at 10 ml. After 10 minutes in a boﬂm Watel bath th g

test-tubes were cooled, and the contents made up‘y,q,the mark W}t
water, mixed by shakmg, and filtered. = The tlssue,ﬁhces were dr 1ed
at ]OO and weighed.
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722 Conversion of Citrulline to Arginine

Glycocyamine and arginine were then determined in the pro-
tein-free filtrates. A 5 ml. aliquot was passed through a column of
permutit and the traces of glycocyamine remaining in the column
removed with 5 ml. of 0.3 per cent NaCl. The glycocyamine was
determined in the combined filtrate by the method we have de-
scribed (10). The arginine was then eluted from the permutit and
determined as described by Dubnoff.!

Ammonia and keto acids were also determined in some ex-
periments. These analyses were carried out on the protein-free
filtrates which were not passed through permutit. The analyti-
cal method used for ammonia has been described (11).

The keto acids were determined as follows: To 2 ml. of protein-
free filtrate 0.3 ml. of a saturated solution of 2,4-dinitrophenyl-
hydrazine in 1 N HC1 was added, followed after standing for a few
minutes by 1 ml. of 1 per cent NaOH. An intense, deep red color
appears immediately. This quickly fades and after 20 minutes a
stable red color remains whose intensity is proportional to the con-
centration of pyruvic acid, oxalacetic acid, or a-ketoglutaric acid
present. A linear relationship is obtained between the concentra-
tion of keto acid and the depth of color when it is measured at a
wave-length of 0.525 u, in the concentration range from 0 to 2.0
mg. per cent. The color of higher concentrations is too deep to be
measured accurately. R

The use of 2,4—dinitropheﬁlehjdrazine in alkaline solution for
the colorimetric determination of pyruvic and other keto acids has

recently been reviewed by Klein :(12). The simple procedure we
have employed, without preliminary extraction of the hydrazone,
would give positive values with such substances as acetone and
acetoacetic acid. Under our experiiﬁéntal conditions the latter two
substances are not formed in measurable amounts. The controls
(Table VII) showed that for our limited purposes the simplified pro-
cedure was satisfactory.

1(4+)-Citrulline was used throughout. It was prepared by a
combination of the methods described by Kurtz (13) and by Gornall
and Hunter (14). The starting material was a commercial prepara-
tion of I(+)-ornithine. All the other amino acids used were pre-
pared or purified either by Amino Acid Manufactures, University
of California at Los Angeles, or in this laboratory. We are in-

1 Dubnoff, J. W., J. Biol. Chem., 141, 711 (1941).
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debted to Professor H. B. Vickery for a generous donation of glu-
tamine. The naturally occurring isomers of the amino acids were
used except when the dl form is specified.

 Pyruvic acid was prepared by distillation of a commercial prod-
ugt; the distillate was neutralized by NaOH, and the sodium salt
crystallized and dried.

a-Ketoglutaric acid was prepared by the method of Neuberg and
Ringet (15). We are indebted to Mr. Werner Baumgarten for this
prepa;_rafion.

Oxalacetic acid was prepared by the method of Simon (16).

The a-keto acid derivative of methionine was obtained by oxida-
tion of dl-methionine with d-amino acid oxidase prepared from hog
kidney, ethereal extraction of the acid from the acidified, depro-
teinized solution, evaporation of the ether, solution of the acid in
water, neutralization with NaOH, and reerystallization from water.

The acetaldehyde was a commercial preparation.

Coenzyme I was prepared by the method of Ohlmeyer (17), and
coenzyme II and adenosine triphosphate according to the pre-
seription given by Warburg and Christian (18). The coenzyme
preparations, as used, were 60 per cent pure. These preparations
were made by Dr. Norman H. Horowitz.

Results

Table I is a typical protocol showing the formation of arginine
from citrulline and glutamic acid or aspartic acid. There was al-
ways a significant increase in arginine over the blank value when
citrulling s alone was added to the Ringer’s solution. This arginine
was forgnéagi, presumably, from the added citrulline and aspartic
~acid or glutamic acid (see Table IV) which was present in the kid-
ney slicesoat the outset or formed in the slices during the experi-
rrient.f"“Ne’arly 3 times as much arginine was formed, however,
whe’n either aspartic acid or glutamic acid was added with the cit-
The two dicarboxylicamino acids were equally effec-

e was a small increase in glycocyamine whenever arginine
jon occurred. It may be inferred from previous observa-

%ﬁﬁe ‘which was present in the slices initially or formed in the
- éburse of the experiment. The quantity of available glycine was

4 AR o

) that the amidine group of the arginine was transferred to’
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724 Conversion of Citrulline to Arginine

small and also limited because no more glycocyamine was formed
when the arginine was increased 3-fold.

It was not feasible, because of the high solubility of arginine and
its salts, to attempt to prove by isolating one of them that the sub-
stance we were measuring colorimetrically was arginine. This was

TasLe I
Typical Protocol Showing Formation of Arginine by Swrviving Rat Kidney
Slices from Citrulline and Glutamic Acid or Aspartic Acid
Ringer’s solution; 38°; 1 hour.

: Tissue : i Glutamic| Aspartic flt Glycocyamine
80113:')1.0“ w%irgs};t' Cat(l)'(l)leéu:le, ancolg 3 0%’(8? 1 Arginine found ot

1) (2) (3) (4) (5) (6) (7 (8) (9)

mg. per mg. per

ver cont " M) par cen. (07 Lesh
1 3.2 s = = 0.02 0.3 0.02 0.3
2 7.3 = = - 0.02 0.1 0.04 0.2
3 7.2 Tt = —% 0.33 1.8 0.07 0.4
4 6.7 + = = 0.31 1.9 0.07 0.4
5 11.7 o ar = 0.04 0.1 0.04 0.1
6] 1 S + = 0.04 0.l 0.06 0.2
7 8.3 ot + = 1.07 5.2 0.08 0.4
8 6.2 = + = 0.89 5.7 0.07 0.4
9 10.3 = = + 0.03 0.1 0.04 0.2
10 11.9 S - + 0.04 0.1 0.04 0.2
11 6.1 b+ & + |08 | 58 | 0.06 | 0.4
12 7.5 ”4- - + | 102 | 54 | 0,07 | 04

The figures in q?&'(}gns 6 and 8 give the concentrations of arglmne and
of glycocyamine 1nlﬁbe protein-free solutions after they had passed through
the columns of p rmutlt The figures in Columns 7 and 9'are -obtained
by multlplylngfﬁggé\ln Columns 6 and 8 respectively by the factors, 4/100 X
10/4 X 2 X 1000/(5° X W) = 40/W, where W is the dry weight of tis’s“xue in
mg. The basis of these factors is as follows: The volume of the original,
undiluted Ringer’s solution was 4 ml.; it was diluted to 10 ml. for depro-
teinization; in the course of separation of the glycocyamine and elution
from permutit the aliquot used was diluted with an equal volume of salt
solutlon the fresh Welght of the slices is 5 times the dry weight.

i (; 3§ & 91
estabh,shed by t}_p‘@ev mdependent pieces of evidence: the speci-
ficity of the color reagent under the conditions in which we used it,
the disappearance of this chromogenic material when subjected to
the action of arginase,;and the formation of glycocyamine in the
highly spemﬁc tr ansa.rmdmatlon reaction with glycine.
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The color reagent, the Sakaguchi reagent, gives a positive test
with only three common hiological substances.: These are glyco-
cyamine, histidine, and arginine. Glycocyamine is separated
quantitatively from arginine and histidine by the adsorption and
elution procedure employed. Histidine, howeveriiremains on the
permutit and is removed with arginine by the 3'per cent sodium
chloride solution used for eluting the arginine from permutit. His-
tidine has about 1 per cent the chromogenic power of arginine.
Even if all the added citrulline had been converted to histidine,
most of the color developed would still remain to be accounted for.

Table II presents direct evidence that the material in question
was arginine. Digestion with arginase removed nearly all of the
chromogenic material desigl,iated as arginine. The details of the
experimental procedure are given in the foot-note to Table II.

The transamidination reaction (z.e., formation of glycocyamine
from arginine and glycine) is a highly specific test for arginine when
an extract of kidney (instead of kidney slices) is used to providethe
enzyme. The arginine formed from any citrulline present is
negligible for the purposes of this test. The test consists in in-
cubating the material in question with an excess of glycine in the
presence of the enzyme. A positive result is indicated by’ the for-
mation of glycocyamine, and the rate of formation of glycocyamine
is proportional:to the initial concentration of arginine.

Table ITT shows that this criterion also afforded clear evidence
that we were dealing with arginine. If the chromogenic sub-
stance in experiments such as those in Table I was argini"n'e',‘it was
to be expected that there would be (a) little or no glycocyamine in
Solutions 1, 3, and 4 of Table III, (b) large increases in Solutions
2,-5, and 6, with 2 to 3 times as much in Solutions 5 and 6 as in
Solution 2, and (¢) less arginine remaining in this experiment than
in the experiment of Table I because of the conversion of some of
the arginine to glycocyamine; the “total”’? arginine formed per
hour would, however, be the same in Solutions 5 and 6 of Table
IIT as in Solutions 7 and 8 and 11 and 12 of Table I. The results
obtained were in complete accord with these predictions. i,

Table IV summarizes our findings on the relative effectiveness of

2 The ‘‘total”’ arginine is the sum of the arginine found and of the amount
of glycocyamine multiplied by 1.49 (the ratio of the molecular weight of
arginine to that of glycocyamine).
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726 Conversion of Citrulline to Arginine

different: amino acids and of some other nitrogen compounds as
contributors of the =NH group in the conversion of citrulline to
arginine. . Glutamine was the only compound which was as effec-
tive as aspartic acid or glutamic acid. This may be taken to indi-
cate the rapid hydrolysis of the added glutamine rather than that
the amide itself is effective. An active glutaminase is present in

TasLe II

Proof from Action of Arginase That Arginine Was Main Chromogen Measured
by Colorimetric Method Employed

The arginine values are measured in mg. per gm. of fresh tissue.

Arginine present measured
Citrulline, Aspartic acid, Glutamic acid, coloumetncally
0.0025 m 0.005 M 0.005 M
Before action of After action of

arginase arginase
— — = 1.4 0.2
+ = = 3.3 0.2
- + e 11.0 0.6
+ = + 8.8 0.5
o o ~ 1.2 0.2
— - + 1.0 0.2

Ringer’s solution, 38°; 1.5 hours. Iach of the six mixtures was carried
through in quadruplicate to the end of the period of incubation with kidney
slices; pairs of similar solutions were then combined. Each of the values
given above therefore is an average of two completely separate but identical
experiments run simultaneously from the initial incubation with kidney
slices through the digestion with arginase to the final colorimetric deter-
mination. The arginine was determined before and after digestion of
the protein-free filtrates with arginase. Dry arginase powder was prepared
by the method of Hunter and Dauphinee (19). 4 ml. of the protein-free
filtrate were digested at pH 8.7 for 1 hour at 38° with 0.2 ml. of a 3 per cent
solution of the arginase powder. At the end of the hour the solutions were
acidified to pH 6.0, boiled, and filtered. The arginine in the filtrates was
then determined in the usual manner after removal of the glycocyamine
with permutit.

kidney (20). Asparagine was much less active than aspartic acid
(the asparaginase activity of kidney is very low), while acetamide,
formamide, and nicotinamide were negative.

The positive results with proline, hydroxyproline, and ornithine
were to be expected. Weil- -Malherbe and Krebs (4) and Neber
(5) have proved that prohne and hydroxyproline are convertéd to
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glutamic acid by rat kidney slices. The figures in Table IV sh_()'W‘AA

that the formation of arginine from citrulline was approximately:
twice as fast with proline as with hydroxyproline. This is in
accord with the findings of Weil-Malherbe and Krebs that glu-
tamic acid is formed twice as quickly from proline as from hy-
droxyproline. '

The conversion of I(+)-ornithine to glutamic acid was first sug-
gested by Krebs (6) on the basis of indirect evidence. d(4)-
Proline and d(—)-ornithine gave the same oxidation product,
a-keto-s-aminovalerianic acid, after treatment with d-amino

Tasre III
Glycine Transamidination with Arginine Formed from Citrulline
The results are expressed as mg. per gm. of fresh tissue.

Solugi.cn Metabolites used cc;;’;:io'; o | Arginine ;Ig?rtx?rll’e’
1 0 0.4 0.4
g Citrulline 1.2 2:0° 3.8
3 Aspartic acid 0.2 0.8 1.1
4 Glutamiec ¢ 0.2 0.6 0.9
5 Citrulline + aspartic acid 2.6 5.9 9.8
6 “ + glutamic ¢ 2.7 6.6 10.6

The different mixtures of metabolites were first incubated at 38° with
rat kidney slices for 2 hours. The citrulline, aspartic acid, and glutamic
acid were initially 0.01 m. A 3 ml. aliquot of each mixture was then re-
moved and added to 1 ml. of a cell-free extract of rat kidney to which
glycine had been added to a concentration of 0.04 M. These mixtures were
then incubated at 38° with shaking for 6 hours. They were then depro-
teinized and analyzed for glycocyamine and arginine. G

acid oxidase. I(—)-Proline was proved to be converted to glu-
tamic acid. It was a reasonable surmise then that glutamic acid
was formed also from I(+)-ornithine via «-keto-6-aminovaleri-
anic acid in the same manner; viz., oxidation at the §-carbon atom
to form the acid and amination of the a-carbon atom. Direct
evidence of this conversion was obtained by Roloff, Ratner, and
Schoenheimer (7). These workers fed deutero ornithine to normal
adult mice and later found not only deutero arginine but also
deutero proline and deutero glutamic acid. Data such as those in
Table IV reveal that the conversion of (4 )-ornithine to glutamic
acid occurs rapidly in rat kidney.
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728 Conversion of Citrulline to Arginine

In view of the findings with proline, hydroxyproline, and orni-
thine it is a reasonable interpretation of the positive result with
lysine (Table IV) that ‘this amino acid also is converted to glu-
tamic acid.? L orld dii

TasLE IV h”ﬂ?o.iﬁi[j:; :

Relative Effectiveness of Different Amino Acids and Other Nitrogen
Compounds As Contributors of =NH Group in Conversion of
Citrulline to Arginine

Ringer’s solution; 38°; 1 hour. The citrulline was initially 0.0025 wm;
all other compounds 0.005 m. Except where the dl form is specified, the
naturally occurring isomer was used.

The results are expressed as per cent of “‘total’” arginine formed from
citrulline and glutamic acid. ‘“Total’’ arginine = arginine + glycocyamine
X 1.49.

. Relative

Substance Rg]fa;.;;ien'siﬁied Substance :foeiidinoef

formation formation
Acetamide -7 dl-Isoleucine —3
Alanine —8 Leucine -8
Ammonia 1 Lysine 47
Asparagine 55 dl-Methionine —8
Aspartic acid 108 Nicotinic acid amide —-21
Cysteine —4 dl-Norleucine —18
Formamide —13 Ornithine 42
Glutamic acid 100 dl-Phenylalanine —12
Glutamine 101 Proline 51
Glutathione ine 46 dl-Serine -3
Glycine 1 | Threonine —14
Histidine g7 0 © . Tryptophane —16
Hydroxyproline 23 |, Tyrosine ‘ —6
Valine 5

kY

Table V shows the inhibition of the interaction of citrulline and
aspartic acid or glutamic acid by low concentrations of KCN,
Asy03, or As,Os;.  This inhibition is abouﬂ"% per cent complete.

3 It may be expected from their structural similarity that the conversion
of lysine to glutamic acid follows a course analogous to that of ornithine.
One pathway for which there is some experimental evidence is as follows:
oxidative deamination of the a-amino group, followed by oxidative de-
amination of the e-amino group, g oxidation at the carbon atom to form
a-ketoglutarie acid, which is reduced with the addition of ammonia to
glutamic acid. b
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The cyanide inhibition is relieved to a considerable extent by
the a-keto acid derivative of methionine, by oxalacetate, and by

TaBLE V
Inhibition of Arginine Formation by Oxidation Inhibitors
. . = o SR 1 5 5 .
Ringer’s solution; 38°; 2 hours. The initial concentration of citrulline
was 0.0025 m; of =NH donor 0.005 M.
The results are expressed as mg. of ‘‘total’”’ arginine per gm. of fresh
tissue..

Unin- KCN As203 As:05

hibited 0.001 M 0.001‘, M 0.0036 M

No amino acids added............. 1.3 0.9 0.9'" 0.8
Citrulline.................... ... 217 1.1 1infsad 1.1
ey -+ aspartic acid......... 1232 1.8 1.8vdelws 1.7

¢5 4+ glutamic ““ ......... 11.2, 1.7 1.8 i e

TaBLe VI

Counteraction of Hydrogen Acceplors on Inhibition of Arginine Formation
by KCN and Asy0;
Ringer’s solution; 38°; 2 hours. The citrulline was initially 0.0025 m;
=NH donor and other metabolites 0.005 M.

¥ bo: Aspartic acid Glutamic acid
“=NH donor
Unin- [0.001 3 | 0.001 7 | Unin- | 0.001 3 | 0.001 »
hibited | KCN | As:Os | hibited] KCN | As:0s
No amino acids added............| 1.1 | 0.9 | 0.9 1.1| 0.9 0.9
Citrul BnEEalone. . o os.om oo wspon s 501 L0 || 4.0 3.1 | 1.0 |wul0
& + =NH donor......... 122 | 16 1.0 12.0 1 1.3 1.6
13 + 143 ol + 3
acetaldehyde............... .. .. 0.9 0.6
Citrulline + =NH donor +
a-keto acid derivative of methi-
ONINEG.......oviieeeeeaee.. 5.5 7.08 184
Citrulline + =NH donor + oxal- SRS
BCOEALO: . o i s v e s s i 3.1 1.1 4.3:4184 .9
Citrulline 4+ =NH donor + pyru- R
vate...oooiiiiiiiie el 7.2 3.1 1.2 6.7 2.2 1.3

pyruvate. These metabolites do not relieve the inhibition by
arsenite (Table VI).
Our interpretation of these findings is that both cyanide and
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730 Conversion of Citrulline to Arginine

As;,03 (and As,O5) inhibit the formation of arginine by preventing
the necessary dehydrogenation of the citrulline-aspartic acid (or
glutamic acid) complex. The effect of cyanide is indirect; it pre-
vents the oxidation of cytochrome. The flow of electron and of
hydrogen transfer is thus blocked by the lack of an available ac-
ceptor. Arginine formation can be reinstituted, however, by the
provision of electron and hydrogen acceptors other than the cyto-
chrome-oxygen system which can function even in the presence of
cyanide. They must be provided in sufficient concentration be-
cause their reoxidation is also blocked by cyanide and they cannot
therefore function in a cyclic manner. The a-keto acid derivative
of methionine, oxalacetic acid, and pyruvic acid served this pur-
pose.. Acetaldehyde did not relieve the cyanide inhibition. This
would exclude complex formation with the cyanide as an explana-
tion of the positive results with the above keto acids.

The arsenite inhibition, on the other hand, is not relieved by
these metabolites because this inhibitor interferes with the process
of dehydrogenation;7.e., the initial process of donation of electrons
and hydrogens is blocked. Hence the provision of additional
hydrogen acceptors affords no relief.

In view of the participation of the pyridine coenzymes in the
oxidative deamination of I(+4)-glutamic acid (21) and the evidence
that an oxidation of aspartic acid or glutamic acid is involved in
this formation of arginine, we tested the effect of coenzymes I and
IT and of adenylic acid pyrophosphate on the reaction. These sub-
stances, neither relieved the arsenite inhibition nor increased the
rate in the absence of an oxidative inhibitor.

The enzymatic activity of kidney slices is largely lost (about 90
per cent) when the kidney is homogenized into a cell-free suspen-
sion. One possible explanation for this loss of activity was that
the pyridine coenzymes were dissociated from the protein of the
enzyme as a result of the dilution consequent on the preparation of
the cell-free suspension. If this explanation were correct, addition
of one of the two pyridine coenzymes or of adenylic acid pyro-
phosphate might be expected to restore some of the lost enzymatic
activity. This was not the case. It is possible that some other
coenzyme is operative in this reaction.

Another piece of evidence against the above explanation of the
loss of enzymatic activity is that kidney tissue homogenized and
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tested without any added fluid'is no more active than when homo-
gﬁmzed and Suspended in 4 times its volume of buffer solution.

Table VII shows the separatlon of oxidative deamination of the
dicarboxylicamino’ acids from the process in which citrulline is con-
verted to arginine. The latter reaction is inhibited by arsenite;
the former is not. In fact an inhibitor such as'As,O; which re-
tards the disappearance of the products of deamifation, the am-
monia and keto acids, is necessary for the demonstration of oxida-
tive deamination by tissue slices.

TABLE VII

Separation of Conversion of C’ztrullmq\tg A?gzngne from Ozidative
Deammatwn

v R AR Pl

~ Guinea pig kidney slices were used; ,;Rlngel s soiublon, 38°; 2 hours.
The citrulline was initially 0.0025 »; a,spa,rtlc acid either 0.005 or 0.05 m
as indicated; As:O3; 0.001 .

The results are expressed as micromoles per gm. of fresh tissue.

Citrulline ac]%is;z:;:i}jal As:03 Agg‘i;x‘]i(?e gi:;z:zl%?c Ammonia A—Ap;:;—kmd
— — 0.9 0 4.3
= + 1.0 0 10.4
+ - 1./9 0 N |
+ + 0.9 0 10.9
+ 0.005 = 12.1 0 8.7
- 0.05 = 6.3 . 1.8 13.6
+ 0.005 + L 13.6 25:5 1.6
+ 0.05 + 1.3 36.9 54.2 1.4
— 0.005 = 10 0 9.0
g 0.05 = 1.2 0 20.2
- 0.005 -+ 1.0 ; ©10.4 237 1.9
= 0.05 + 1.0 #&t35.1 54.1 1.4

6

Another piece of evidence which indicated that the two oxida-

tive processes, arginine formation and deamination, are different,
‘although they involve the same substrate (aspartic acid or glu-

tamic acid), was obtained from a comparison of the effects of two
different concentrations of aspartic acid, 0.005 and 0.05 m. The
higher concentration of aspartic acid inhibited arginine formation,

but the rate of deamination, in an absolute sense, was more than 3 -

times greater. If the reaction consisted in an exchange of the
oxygen on the e-carbon atom of citrulline for the =NH group of

T
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the imino acid derivative of aspartic or glutamic acid, the reaction
should proceed with oxalacetic acid and ammonia or ketoglutaric
acid and ammonia, even in the presence of cyanide, because the
imino acids are formed spontaneously from the latter keto acids
and ammonia.

Table VIII shows that arginine is formed from citrulline and the
products of deamination of the dicarboxylicamino acids under
normal conditions; but the reaction is completely inhibited by
cyanide.

TasLe VIII

Aspartic Acid or Glutamic Acid Formalion in Rat Kidney Slices; Altested Lo
. by Formalion of Arginine from Citrulline
Ringer’s solution; 38°; 2 hours. The initial concentration of citrulline
was 0.0025 M; of glutamic acid or other metabolites and ammonia 0.005 M.
The results are expressed as ‘‘total”’ arginine formed pergg‘m, of fresh
tissue. ¢ A o5y

“Total’ arginine

Metabolites in addition to citrulline e

Citrate < SIIMONIB: oo vivos o5 5 mmme i o s 5 5o mms s 5 ons ol
FUIGEEGHE A % T vt et drons o G o ik ot o L R
Glucose + (A A SRR PORP NS .
GIEEAMAES o sutrmgn i g s Do o o R s Sy e g
a-Ketoglutarate + ammonia.......................0.....
Oxalacetate - SOOONID « . o v ionimare s i s g s s suttis o i
Pyruvate 4 SHonIa. .ot v ovvwimen s bn s e e e e
Succinate + L L SR PR JTI PR, | PTI

H‘
QTS 00 O Ot 00O

Three independent lines of evidence concur, therefore, in ex-
cluding prior oxidative deamination of the aspartic acid or glutamic
acid as part of the reaction mechanism in the formation of arginine
from citrulline.

As stated above, another possible reaction mechanism would
locate the oxidation on a derivative of the citrulline after it had
undergone transamination with the dicarboxylic acid to form a
compound of the type

NH,
R—N—C<
| | “NH.

H H
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Dehydrogenation of the diamine group would then yield arginine.
If this were the reaction mechanism, the addition of citrulline in the
presence of As,O; and aspartic acid or glutamic acid would, as dis-
cussed above, decrease the ratio A ammonia to A keto acid, be-
cause of an absolute increase in the keto acids without a corre-
sponding increase in ammonia. The data in Table VII eliminate
this hypothesis. In the presence of As,O3 the absolute amount of
keto acids and the ratio of A ammonia to A keto acid were the same
in the presence as in the absence of citrulline.

The evidence, by exclusion, therefore points to the locus of the
oxidation on a hypothetical intermediate compound of citrulline
and the dicarboxylicamino acid.

The reason that the ratio A ammonia to A pyruvie acid is greater
than 1 is that As;O; does not completely inhibit the oxidation of
keto acids. - Even in unpoisoned tissue the removal of ammonia is
less complete than that of the keto acids. Similar observations
were made by Krebs (6). o

The formation of arginine from citrulline by surviving kidney
slices can be used as a test for potential sources of aspartic acid or
glutamic acid. It was shown by this method that certain amino
dicarboxylicamino acids (Table IV). The action of tissue slices in
this respect parallels closely that-of the whole animal. Thi& paral-
lel was also seen in the synthesis of hippuric acid (22) and of crea-
tine (23). The same method, ¢an be used as a test for precursors
of the carbon skeleton of the aicarboxylicaming acids. . The re-

agents are citrulline, an excess of ammonia, and the metabolite
in question. Some examples are shown in Table VIII. Fumarate,
glucose, a-ketoglutarate, oxalacetate, and succinate were definitely
positive. A dubiously slight positive.result was obtained with
citrate. Pyruvate was negative, iy b

The mechanisms by which these non-nitrogenous metabolites
may be converted to the,dggg@%gﬁ@m acids are well known
and need not be discussed here.. . The.data -in Table VIII are
positive evidence that these changes occurireadily in the kidney.
The citric acid cycle appears to be quantitatively less important
than simple oxidation of;sucginic acid andits derivatives. .

The formation of argining'may be used as an indicator to ascer-
tain the “preferred” directions of some of the reversible processes
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in the dynamic steady state of metabolic reactions in kidney slices.
This test is based on the fact that, in the presence of an excess of
citrulline, the formation of arginine is faster the greater the concen-
tration of aspartic acid or glutamic acid (at concentrations below
0.005 m). The following are two examples: The amount of ar-
ginine formed from citrulline in the presence of different amino
acids and a-ketoglutarate is an indication of the speed of trans-
amination in the direction of glutamic acid formation; the differ-
ence in the amount of arginine formed from citrulline, a-keto-

‘glutarate, and ammonia in the presence and in the absence of
auitipmi

TaBLe IX

o391 ¢ Transamination in Rat szney Slices

1o %l%el ’s solution; 38°; 2 hours. The initial concentration of citrulline

’vfiﬁ%%ﬂ% M; of oﬁher amino acids, keto acids, and ammonia 0.005 M.
fﬂﬁl‘h'élresults are expressed as “total’” ‘arginine formed per gm. of fresh
tissue.

i Metabolites in addition to citrulline ““Total” arg nine
£ found
IO oo oA A OIS ot e 575 e 2.0
G e 0 T . 10.9
& +ipyruvate., . @EL S L) 7.8
a-Ketoglutarate.......... sk , L 3 T R E TR PSSR W 3.1
AT ONI s ot o TORREE. . i gmnes wagmiemidssion 222
a-Ketoglutarate | ammonigi i . .oooveiiinneveinnn.s 4.6
g + pyruvate + ammonia................. y 1.9
Alanine + a-ketoglutarate.... ... ........... ... .. ... ... 2.8
dl-Alanine + a-ketoglutarate. ........................... 2.4
Valine 4 o-ketoglUtaFabe: adim e - o5 em st ininns 1.6

pyruvate indicates whether ammonia nitrogen available for amino
acid synthesis is bound preferentially as glutamic acid or as
alanine.

Table IX is a summary of some experiments along these lines.
It is seen that glutamic acid contributes its amino group to pyru-
vate. On the other hand, amino nitrogen does not pass readily
from [(+)-alanine, dl-alanine, and I(4)-valine to a-ketoglutarate.
In this respect ammonia is more effective. We may infer then
that the formation of glutamic acid from a-ketoglutarate is faster
by reductive amination than by transamination.
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Similarly, in the presence of ammonia, a-ketoglutarate, and ‘py*

ruvate there was no evidence of the formation of any glutamie
acid available for arginine formation; presumably the nitr ogeﬁ‘Wﬂ%
bound preferentially as alanine.

The' dynamlc steady state in kidney slices appears therefore to
include'a cYcle which favors the formation of glutamic acid by re-
ductive amination, followed, if suitable keto acids are available, by
transamination to form other amino acids with the regeneration of
the a-ketoglutarate.

TABLE X
b Inkibition by Pyruvate of Arginine Formation from Citrulline, |
. Ringer’s solution; 38°; 1 hour. The initial concentration of ogtrulhne
was 0.0025 M; of;, other amino. ac1ds and pyruvate 0. OOS}M
The results are expressed ag “total” argmlne formed per gm. of fresh
tissue.

e ).uu ]
Metabolites added in addition to citrulline “TOt”}‘}):m .,_ i je
(B 3 )V; Coud ¥ AT
NODG . « s squsguosivose i PES o 3 T ey R R SR R LB
Aspartate....oi. ..o L SRR 5’;!6']“: .
= + pyruvate.......... e T 2.8
Glutamate......... o B G118 SRR | O AN 4 g
L pyluvate .................................. 2:3atant
Lysme ............................. TR R T SRR T TR < O U i 3J TR
“ . F.pyruvate.s i fo. . g £F i LI SR +L.8 10
Ornithiness V5 s oERe . | SPeai e nal, |, M | s 35
“ .+ pyruvatesB. .. .. " L
Proline. ...ty BiEn e AR 2.8
LR pyruvate.. L.f. P?.f ............................. 1.1

The situation ih kldney slices appears to be similar to that in the
whole animal. Schoenheimer and his colleagues (24) ohserved
that the most extensive exchangé of normal nitrogen for N
occun ed i in the nitrogen of aspartic acid and glutamic acid whether
t’h 15 was 1ntroduced as ammonia or as a single arnmo{ acid.

" The' formatlon of arginine from citrulline was inhibited by py-
ruvate whether the donor of the =NTH group was aspartic acid,
glutamic acid, or a precursor of these dicarboxylicamino acids
(Table X). This is in accord with the findings in Table IX that
pyruvate isiconverted to alanine at the-expense of glutamic acid.
It is'interesting that pyruvate is inhibitory under the normal cir-
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cumstances of the experiment of Table X; yet in the presence of
cyanide it permits arginine formation to occur, neutralizing to
some extent the cyanide inhibition (Table VI). This latter fact
suggests strongly that pyruvate does not inhibit the oxidation
necessary for the formation of arginine from citrulline, that it is
inhibitory under normal circumstances because it competes
effectively with the citrulline for the amino group of aspartic acid
or glutamic acid. More direct evidence is required, of course, to
determine whether or not this hypothesis is correct.:

DISCUSSION

The work of Braunstein and Kritzmann (3, 25), of von Euler
et al. (21), and of Cohen (26) established by indirect but strong

evidence the central position of the dicarboxylicamino acids in the f
continual and rapid interchange of amino nitrogen which Schoen-

heimer and his coworkers demonstrated to occur in the body by
direct evidence (24).* The mechanism of this interchange in-
volves transamination and reductive amination.

Another mechanism is involved in the formation (in the kidney)
of arginine from citrulline in which the dicarboxylicamino acids also
participate. Instead of transamination, the reaction might be
designated as transimination, except that the dehydroegenation of
the amino group  of the dicarboxylicamino acid does not occur
prior to its reaction with the citrulline but while it is in ¢combination
with it.

The discovery of an extremely active mechanism for converting
citrulline to arginine in the kidney suggests a hitherto unsuspected
source of the arginine which the kidney requires for, among other
purposes, the transamidination reaction with glycine to form gly-
cocyamine, .

It seems improbable that a mechanism which can transform cit-
rulline to:é,’g;ginine so quickly and act upon low concentrations of
metabolites, less than 0.001 M, is inoperative ¢n vivo, teleological as
the argument;is. The question then arises, what is the source of
the citrulline?. The kidney cannot, convert ornithine to citrulline.

" 41t is interesting in retrospect that this interchange of amino nitrogen
could have been inferred from the fact that ammonia exerts considerable
nitrogen sparing action even in man. The continual and extensive syn-
thesis and breakdown of protein was deduced from this and other data (27).

76



....H. Borsook and J. W. Dubnoff. 737

If one accepts the ornithine-urea cycle in the liver as proposed by |
Krebs and Henseleit (8), the liver can hardly supply the citrulline,
because in that cycle the existence of the cittullineis only tr ans1tory
on 1ts way to arginine.
G
g ; o)
;qlm Citrulline is converted to arginine at a rapid rate by rat and

guinea pig surviving kidney slices. This property is almos’o com-
pletely lost when the cell structure is destroyed. 1L

2. Either aspartic acid or glutamic acid i 1§ necessary for thls Iie-
action (in addition to citrulline). i

3. Proline, hydroxyproline, lysine, and oxgmthlne may 1epla.ce
the dicarboxylicamino acids in this reactionsésEvidence is adduced
that they do so by being ¢onverted ﬁrst’tﬁ’gﬁtamlc acld {(‘ﬁ'ﬁpﬁs-
sibly but less likely, to ‘lspa,l tic acid). »rmith ne

4. Arginine is f@l med from citr ulline and pz—kq;:otr]utauc g, 10
ammonia or oxalacetic acid and ammonia. Evidence is prese
that these products of oxidative deamination’arereduced bykid-
ney slices™o form' the parent dlcalbdxﬁ?(:arn%ﬁ‘ acids. 907 & B8

% SIORYC

5. Th@ ‘fgrnmatlon\of arginine fir oﬁl ci‘trullme is neaﬁy a ?
pletely 1nhﬁ)n§>d by oxidative 1nh1b1tors ﬁCN As,0s3, a@fi As:05,
indicating.an exidative stepsin the_reaebion, mechanism. HThe
cyanide inhibition is relieved in part by the a-keto acid derivat
of methionine, by oxalatetate, ahd by pyruvate. The inhibiti
by As;Os and As,O; is not relieved by these metabolites. An in
terpretation of these findings is presented.

6. The oxidative step is not a dehydrogenation of the ami
group of the dicarboxylicamino acid (to form the imino group
prior to its reaction with eitrulline. Evidence is presented that
this oxidation may be located at a hypothetical intermediate com-
pound of citrulline an‘d the dicaxboxylicamino acid.

SUMMARY

of the “prefem ed” direction of some of the reversible pr ocesses in
the metabolism of the cells. Some examples are presented.
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IT CORNEAL VASCULARITY AND ITS RELATION TO ARIBOFLAVINOSIS
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It is generally agreed that between the clinically recognizable
vitamin deficiency states and the normal, there must exist mild or lat-
ent deficiency states. This finds practidal expression in the wide
difference between the so called minimum protective and optimum level
of vitemin intake, According to Kruse (1). the specific pathological
process in a deficlency disease is characterized by velocity, intensity,
and sequence. An acute procesé is rapid in its course and also rapid
in responding to therapy; a chronic process is slow in its onset, prog-
ress, and response to therapy. Both the actute and chronic states may
be divided into mild and severe degrees, but with suiteble techniques
one should be able to show a continuous gradation from normal to mark-
edly pathological states. In ariboflavinosis this gradation has been
said to be measured by the extent of corneal vascularization.

A vascularizing keratitis.of the cornea in vitamin G deficient
animals was first reported in 1931 by Day, Langston, and C'Brien(2).
Later in 1§39 Eckardt and Johnson (3) noted that all rats on a ribo-
flavin deficient diet which survived to the 48th day showed either
keratitis or vascularization of the cornea. In the same year Bessey
and Wolbach (4) produced a vascularizing keratitis in animals deprived
of riboflavin which could be cured by supplying the vitamin in the
diet. This manifestation preceded all other demonstrable lesions due
to riboflavin deficiency.

The first report on corneal vascularity in humans receiving in=-
sufficient riboflavin was presented in 1940 by Kruse, Sydenstricker,
Sebrell, and Cleckley (5).

All nine patients in their study had frank symptoms of riboflavin
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deficiency. Nine had cheilosis, (fissures at the angles of the mouth);
8 had a characteristic glossitis, and 3 had seborrheic accumulation at
the nasolapial folds. Examination with the biomicroscope revealed that
the earliest change was a superficial invasion of the cornea by cap-
illaries from the anterior ciliary vessels at the nasal and tempbrai
sides of the cornea. At a latter stage the capillaries invaded the sub-
stantia propris, and superficial and interstitial infiltration appeared.
There was no regression on feeding niacin, thismin, cevitamic acid, cod~-
liver oil, or corystalline vitamin A. However, riboflavin resulted in a
decrease in size and activity of the vessels. Later in the same year
this study was supplemented by a report (6) on 47 patients, all of whom
were known to be riboflavin deficient. Besides the usual subjective
symptoms of itching, burning, roughness, photophobia, and poor vision,
45 patients showed a circumcorneal injection due to congestion and pro-
liferation of the limbic plexus. Thirty-seven patients showed actual
invasion of the cornea by the capillaries arising from the limbic plexus.
This vascularization developed first just beneath the epithelium, later
at varying depths in the substantia propria, and finally just within the
endothelium. Increased pigmentation of the iris which disappeared on
treatment was seen in 19 cases. In most cases the congestion disappear-
ed within 48 hours after treatment with daily doses of 5 to 15 mg. of
riboflavin. If the vascularization was more extensive, 5 to 18 days
were required to empty the vessels. The authors stated that Maribo-
flavinosis is possibly the most prevalent, apparently uncomplicated
avitaminosis; it is possible also that it is more easily recognized

than others on account of the specific lesions of the eye which occur
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early in the period of deficiency." Thus, by means of the slit lemp and
biomicroscope all stages of the deficiency from mild to acute could be
recdgnized.

On the basis of this work the Conference on Methods and Procedure
for Nutrition Survey (7) recommendeé the biomicroscopic examination of
the cornea for the evaluation of the extent of riboflavin deficiency.
This procedure was aocordingly employed in the nutrition survey at the
Lockheed Aircraft Corporation, Burbank, California. A preliminary report
has already appeared (8). This paper is the final report of the applica-
tion of the biomicroscope to the determination of riboflavin deficiency.

The subjects of this survey were 1,173 white male volunteers from
all the major departments of the plant. These were divided at random

into two groups: an experimental group which received a vitamin supple-

ment of Vitamin A (from fish 1iver 0il) S0,00Q I.v.
Vitamin D (from fish liver oil) 800 I.V.
Vitamin By (synthetic) 10 Mg.
Riboflavin (synthetic) 10 Mge
Niacinamid (synthetic) 100 NMge.
Ascorbic Acid (synthetic) 250 Mg.
Calcium (Ca COgz) 500 Mg.

and a control group which received the corresponding placebose. The
initial examinations began in November, 1941 and ended in February,
1942. The final examinations on the 617 subjects remaining after one
year began December, 1942 and ended April, 1943. |

The appearance of the limbus unéer the biomicroscope is shown

graphically in figure l. The fine capillaries which lie just under the
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epithelium arise from the apices of the marginal loops in the cdnjunctiva
and anasit@mose to form a series of loops extending towards the iris.
According to Kruse et al (5) there is no vascularity within the normal
limbus.

For the purpose of recording each sign was located according to the
hours of the clocke Distences were measured with a micrometer eyepiece.

In the following tables the effect of therapy on a number of signs
which have been said to be indicative of ariboflavinosis is recorded.

In most instances only enough consecutive cases were analyzed to give a
statistically reliable result.

If the extent of capillary invasion of the cornea is measured by
totaling the number of hours occupied by capillary loops, the distrib-
ution shown in teble I is obtained. There is no significant difference
in the mean or in the distribution between the experimental and the con-
trol group. All subjects had some corneal vascularity, and the extent
was marked in most cases.

Table II shows the distribution of the maximum number of arcades
in any hour within the cornea. There is a slight decrease in the mean
between the first and second examination, but the change is in the same
direction in both groups. This may have been due to a difference in
grading in the two examinations or to unknown factors othsr than therapy,
but the difference is not statistically significant. The division of
the cornea into segments shows no difference between the two groups in
the maximum number of arcades (table III) or the extent of invasion to
be found ih a given sector (table IV). It has been claimed (5, 9) that

the streamer type of arcades are particularly indicative of ariboflavin-
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osis. These are active capillaries which extend some distance directly
towards the iris and then loop back (figure 1). Often the arterial limb
is much smaller than the venous limb, and the latter may be mistaken for
a free ending capillary. The results recorded in table V show that the
mean of the total number of hours of arcades of streamer type of the ex-
perimental group is not lower than that of the control, nor is the ex-
tension towards the iris less (table VI). If more than one arcade is
present, there is no difference in the length of the last arcade between
the two groups (table VII). There is no difference between the two
groups in the percentage of the total number of hours that are of stream-
er type (table VIII).

Although we found no evidence for the existence of streamers in
the sense of free ending capillaries, those capillaries which were not
obviously loops were classified as streamers following the procedure of
Kruse et al (5) although closer inspection always showed a fine connec-
tion between afferent and efferent vessels. The distribution of these
so-called streamers is shown in table IX.

In the course of the second examination a type of vessel was ob-
served which was designated as a white streamer. These streamers, just
under the epithelium are sometimes surrounded by a narrow whitish cone
whose base is at the limbus and from whose apex the capillary extends as
far as the iris in a very fine loop (figure 1). Corpuscles are often
seen under high magnification. The cloudy infiltration around the base
of the capillary suggested a pathology that might be related to the
conjunctival cloudiness of vitamin A deficiency. However, vitamin

therapy did not decrease the incidence of these streamers (table X).
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About 60% of the subjects were observed to have large trunk vessels
(figure 1) for which the term concentric collaterals has been proposed
by Vail and Ascher (10). According to these authors "Concentric collat-
erals are engorged parts of the pre-existent limbal meshwork. Their
function is to collect blood from all limbal loops of one entire limbal
sector, or a part of them, and to return this blood from the limbus to the
larger conjunctival veins". There is no indication in our data (table XI)
that the engorged condition leading to the establishment of concentric
collaterals is in any way related to vitamin deficiency. This confirms
the conclusions of Vail and Ascher. In some subjects a network of pig-
mented deposits resembling the remains of capillary arcades were observed
within the cornea particularly between the five to seven o'clock position.
Ten cases were found among the controls and only three in the experimental
group out of 617 cases, but the number of cases is too small to be sig-
nificant.

The finding that corneal vascularity decreased with age (teble XII)
is just the reverse of what might be expected if corneal vascularity were
indicative of vitemin deficiency, for a symptom of a chronic lack ﬁould
be expected to accumulate with age. This trend has been confirmed in an
independent survey conducted emong a group of employees of Los Angeles
County (table XIII). rThese results are in direct conflict with the data
presented by Scarborough (ll) showing that vascularity was éreater 16
patients over 50 years of age. Vail and Ascher (10) have pointed out
that there is a normal pericorneal plexus of vascular arcades whose
final loops under slit lamé illumination seem to be in the cornea but

which are actually in the conjunctivoscleral wedge. This is more clearly
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seen in figwes 2 end 3. The overlapping of the cornea by the sclera
creates a semi-opaque transition zone which mekes the location of the
true limbus difficulte. vVascularization in this corneo-scleral trans-
ition zone although actually not within the cornea proper has been con-
sidered pathological by Kruse et al. and has been used as a basis for
other nutrition surveys and our own. However, the data in this study
are still valid, for if a difference in corneal vascularity has existed,
a different distribution would have been found between the experimental
and the control groups regardless of the point of reference. For ex-
ample, if the measurements in table IV are decreased by 1 mme which is
the average width of the transition zone, there is still no difference
in the distribution of arcades longer than 1 mme. between the two groups.
Similarly in table II the number of arcades i3 ~ ' decreased if the true
limbus " /5 : used as the reference point, but the distribution remains

the same.
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FIGURE 3

Influence of Type of Lighting on the Positlion of the Limbus
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DISCUSSION

In eny examination for mild vitamin deficiency the very lack of
corroborative symptoms places a greater demand on the specificity of the
method employed.

In the original study of Kruse et al (5) all the subjects presented
a definite ariboflavinosis syndrome. Since corneal vascularity was found
in these subjects and regressed on treatment with riboflavin, it was
tacitly assumed that all corneal vascularity was due to riboflavin de-
ficiency. This conclusion waéfﬁorne out by subsequent investigation.
Many other conditions have been described that give rise to the same
signe

Bessey and Wolback (4) have reported that vitamin A deficient rats
show a vascularization of the cornee, and a similar condition has been
reported in tryptophane deficient rats by Totter and Day (12) and by
Albaneée and -Buxchke (13). Corneal lesions have been observed in zine
deficiency (14) and in sodium deficiency.(14). They have been observed
in poisoning by thallium and on exposure to chemical vapor (9). Sandstead
(15) believes that capillary invasion of the cornes may be more commonly
the result of exanthenatous diseases as measles. On the other hand, Me-
Creary, Nicholls and Tisdall (16) believe that ordinary irritants found
in every day life - glare, smoke, dust, eyestrain - may be sufficient to
maintein a state of vescularity. These authors present photographs which
dramatically illustrate the marked engorgment of previously invisible
vessels five minutes after irritation by a weak soap solution. Gregory
found that the injection of 200 mgs. of nicotinic acid caused a marked

circumcorneal injection. The findings of Youmans (17) that vascularity
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decreased in winter and increased in summer and that'negroes show one
tenth the wvasculerity of whites, point to the possible influence of
light on vascularization.

Confirming this lack of specificity is the absence of improvement
on therapy which in our present state of knowledge is still the best
criterion for determining whether a given sign is typical of a vitamin
deficiency. Sandstead found a 80-20% deficiency in 336 persons as judged
by the slit lamp technique, but in a controlled experiment on 17 subjects
no change was observed on giving 15 mgs. of riboflevin daily for sixty
dayse. 34% of a group of 204 patients studied by Scarborough showed
evidence of corneal vascularity. However, 8 patients who were given
riboflavin exhibited no change after one month of this therapy. In a
study on 41 individuals, McCreary, Nicholls, and Tisdall (16) found no
consistent changes in corneal vascularity in either the placebo group
or the group given 2.9 mgs. of riboflevin daily for three months. Cn
the other hand a decrease in corneal vascularity on riboflavin therapy
has been reported only where subjects showing a definite ariboflavinosis
syndrome have been selected for study (5, 6, 11, 18). In these cases
regression occurred within a few weeks.

It may be true as Kruse has stated that the reversal of a chronic
deficiency state is a very slow process, but if the time required to
significantly change the degree of corneal vascularity is beyond the
period of one year of therapy employed in this survey, it is doubtful
whether that change could be related only to the therapy employed es-
pecially in view of the lack of specificity of this sign. At least a

slight trend should have been apparent if there were any relation between
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common corneal vascularity and ariboflavinosis, or if only a fraction of
the cases were due to ariboflavinosis. The date presented show no change
whatever,?:§} all corneal vascularity had been brought about by a previous
riboflavin deficiency and had remained as scars, this sign would be of

no velue in the diagnosis of an existing deficiency. In such a case g
better relationship might then be established between corneal vascularity
and diet, but agein no correlation has been found (10, 15, 19, 20}«

Some workers (10, 21) believe that there is never any true prolifer-
ation of capillaries except in corneal disease, and that the only changes
that can be observed are the emptying or filling of preformed vessels
with some increase in size as a result of engorgment. Changes of this
type can hardly be expected to reflect a specific pathology but rather
a non specific irritation or inflamatory condition of which ariboflavin-
osis is but one case. Conditions that may bring about such a hyperemia
have already been presented. The suggestion that everyday irritants as
glare, smoke, dust, and eyestrain may meintain a constant state of engarg-
ment of normally present capilleries is more in keeping with the widespread
occurrence of this state among normal populations receiving adequate
-amounts of riboflavine

Normally the respiratory gases of the normally avascular cornea move
by simple diffusion. The vascularization found in riboflevin deficiency
has been explained (3; 4) as & response to asphxia brought about by the
lack 6f the oxidative catalyst, riboflavine. That this explanation may
not be tenable, even in those cases of vasculgrity due to ariboflavinosis,
is suggested by the work of Philpot and Pirie (22). These workers

analyzed the different parts of the eye and found the following average
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riboflavin contents in micrograms per gram wet weight of tissue:

corneal epithelium 2.0
substantia propria 0.2
conjunctivea 2.0
aqueous humor 1.0
iris 1.5
lens 0.1
vitréous humor 0.8
meibomian glands 4.0
meibomian secretion 345
lachrymal glands 65
tears _ 1345

These figures indicate that the source of riboflavin in the corneal
epithelium is not the pericorneal blood vessels but the meibomian end
lachrymal glands. It is suggested that the primary eye lesion is in

the eye glands and that secondarily the cornea suffers because of a
diminution in the source of flavine The increassed vascularization is
assumed to represent an attempt to provide an additional source of ribo-
flavin. More likely, it is merely a response to injury.of the epithelial

cellse
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CONCLUSIONS

Corneal vascularity cannot be considered of any value for the
diagnosis of mild riboflavin deficiency since

(1) It is far too extensive in a large population receiving a
relatively adequate diet.

(2) There is no correlation between dietary intake and degree of
vascularity.

(3) There is no correlation with other symptoms characteristic
of riboflavin deficiency.

(4) There is no change on therapy in unsélected groups.

(5) The decrease with age is not indicative of & cumulative
chronic processe.

(6) It may arise from many other causess
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SUNMARY

Six hundred and seventeen white male workers at the Lockheed Air-
craft Corporation were examined for corneal vascularity with the bio-
microscope and slit lamp. There was no difference in the degree of
corneal vascularity between the control subjects and those who had re-
ceived 10 mg. of riboflavin and other vitamins daily for one year. It
was concluded from this and other work that ordinary corneal vascularity
is not necessarily due to ribéflavin deficiency and is of no value és 8

diagnostic sign.
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TABIE I
TCTAL NUMBER OF HCURS CF ARCADES
(both eyes
e FIRST EXAMINATION SECOND EXAL
hours o o 'ND EXAMINATION
Experimental|Control sXperimenta] Control
Nos» of' [per cent| No.of |per cent| No. ol [per cent [No.oF per cent
cases |of total| cases |of totel| cases [of total |cases |of total

0

1

2 L 6

3

4 2 1.2 2 1.0

5 i o6 1 o5

6 L e5 0 3 1.5

7 1 o6 0 0. 2 1.2 2 1.0

8 1 o6 2 1.0 3 1.7 1 «5

9 2 1.2 5 2e5 2 1.2 3 1.5
10 1 o6 3 1.5 4 243 3 1.5
11 2 1.2 4 2.0 5 2.9 5 2.5
12 2 1.2 3 1.5 3 1.7 12 6.0
13 2 1.2 3 1.5 5 2.9 10 5.0
14 4 243 10 5.0 9 5.2 3 1.5
15 8 4.7 7 365 7 4.0 2 1.0
16 v 4.1 4 2.0 8 4.6 9 4.5
17 11 6e4 10 5.0 14 8.1 14 740
18 9 5.2 11 565 9 5.2 16 8.0
1¢ 11 6e4 14 7.0 9 52 10 5.0
20 13 76 12 6.0 13 75 15 Ted
2l 18 105 18 9¢5 14 8ol 14 740
22 31 18.0 25 12.6 10 5.8 25 12.5
23 28 163 35 1746 26 15.0 21 10.5
24 21 12.2 32 16.1 27 15.6 28 14,1
Total] 173 100.3 199 100.5 173 100.0 159 99.6
Mean | 19.8 19.6 18.6 1844
Sigmal 3.5 367 4.9 5.0




TABLE II

MAXIMUM NUMBER OF ARCADES COMMON TO BOTH EYES

96

First Examination Second'Examination
srandes [pumver | Bony | mumber |25, | mumber |20, | number | 2T,
Experimental Control kxperimental Control
0 0 0 0] 0 0 0] 0 0
1 2 1 11 6 7 4 8 4
2 48 29 58 29 64 39 85 43
3 89 54 91 46 65 39 73 37
4 23 14 36 18 20 12 28 14
5 3 2 2 1 5 3 3 2
6 i 1 0 0 5 3 1 1
Total 166 101 198 100 166 100 198 .lOl
Mean 2.9 2.8 2.8 267
Sigma 077 0693 1.07 0.88
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TABLE V

TOTAL NUMBER OF HOURS OF STREAMER TYPE

(both eyes)

Experimental Control

Hours Number | Per cent Number | Per cent
0- 4 45 49 59 55

5- 9 27 29 32 i 31
10-14 12 13 10 9
15-19 8 7 3 3
20-24 3 3 3 3
Total 93 101 107 101

99



TABLE VI

TCTAL EXTENSION OF STREAMER TYPE ARCADES

100

Extension Experimental Control
1 mm = 15 units
Noe. of cases| Per cent No. of cases|Per cent
of total of total
0- 4 44 47 59 55
5- 9 28 30 32 30
10-14 12 13 10 9
15-19 6 7 3 3
20-24 3 3 3 3
Total 93 100 107 100
Mean 6e3 5.4
Sigma 4.4 4.6
TABLE VII
EXTENSION OF LAST ARCADE OF STREAMER TYPE
Extension Experimental Control
1l m.= 15 units —
No. of cases | Per cent | No. of cases |Per cent
of total of total
0- 4 29 37 50 58
5- 9 4] 53 27 31
10-14 7 9 9 11
15-19 1 1 0 0
Total 78 100 86 100
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TABLE VIII

PER CENT OF ARCADES OF STREAMER TYPE

Experimental Control

Percentage No. of cases Per cent No. of cases | Per cent

Group of total of total
0-10 - 8 18 8 15
11-20 10 22 10 18
21-30 2 4 8 15
31-40 8 18 4 7
41-50 4 9 7 13
51=-60 2 4 3 5
61=-70 6 13 7 13
71-80 1 2 3 5
81-90 1 2 1 2
91-100 3 7 4 7
Total cases 45 99 55 100

Mean 37% 40%
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TABLE IX

TOTAL NUMBER OF STREANMERS
(both eyes)

Experimental Control
Number of Noe. of cases| Per cent No. of cases | Per cent
Streamers .| of total of total
0 56 64 64 62
1 5 6 10 | 10
2 10 12 8 8
3 5 6 0 0
4 1 1 8 8
5 3 3 7 7
6 5 6 1 1
7 0 0 3 3
8 1 1 1 1
9 1 1
10
11 L
Total 87 100 103 101
Mean - 1e2 1.3




TABLE X

WHITE STREAMERS
(Total of both eyes)

. 103

Number of cases

“Per cent of total

Number of
Streamers Experimental| Control Experimental | Control
0- 4 58 54 62 50
5- 9 24 33 26 31
10-14 8 8 9 8
15-19 4 6 4 6
20-24 4 4
25-29 1 1
30-34 0 0
35-39 L 1
Total 93 107 101 101
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TABLE XI

TRUNKS
(Total hours both eyes)

Number of cases Per cent of total

TNo. of Experimental | Control Experimental { Control
‘P-Eggks 355 45 39 i a1
1 : 18 19 20 17
2 13 12 14 11
3 4 9 4 8
4 55 9 6 8
5 5 5 6 5
6 6 6 7 5
7 1 3 1 3
8 1 0 1 0
9 1 0} 1 0
10 0 0 0] 0]
11 0 1 0 1
12 1 0 1 0
13 0 0 0 0
14 00 1 0 1
Total 90 110 100 100

Mean 1.9 1.9
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ITI ROCT BLEEDING



110

The Candidate wishes to thank Dr. F. W. Went
for his direction and guidance in this stimulating

problem.



1]

The force within the root which causes an uptake of water from the
soil and exudation from the cut stem is known as "root pressure'. Many
theories have been proposed to explain the mechanism of this uptake of
water. The passive forces of osmosis and imbibition are not sufficient
to completely account for this phenomenon and there is growing evidence
that water upteke is directly controlled by the living cell.

According to Priestly (1920) the nature of‘the Casparian strip
which is formed around the endodermal cells to force the passage of
water from the cortical cells to the xylem through protoplasm points
to the role of living cells in water transference. The effect of de-
privation of oxygen and change of temperature on water uptake led Black-
men (1921) to the belief that vital forces were involved. The need for
oxygen for bleeding has also been shown by Brewig (1936) and by
Grossenbacher (1938). The depression of water uptake by narcotics
(Heyl, 1933) and by cyanide (Rosene, 1941 and Van Overbeek, 1941) also
emphasizes th? relationship of bleeding to respiration. Henderson
(1938) has shgwn that respiration and absorption of water in corn roots
run parallel and that energy is expended. The ability to express sap
under pressure from a cut stem is decreased when the root is killed.
(Kramers, 1932). A definite gradient>is established in a living
section of Sycamore root with water uptake by the morphologically lower
end and exudation at the upper end (James and Baker, 1933). A similar
gradient is maintained by the living onion root (Rosene, 1941). These
gradients disappear with the death of the root.

Clearly sufficient evidence has been accumulated to indicate that

energy provided by respiration is involved in bleeding and that the
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rate may be expected to depend on the amount of respiratory metabolite
present. It was suggested that the extent of translocation of sucrose
from oth;r parts of the plant to the root might be measured by the rate
of bleedinge (Went, 1944). This paper is a report of attempts to estab-

lish the conditions under which bleeding might be dependent on the sucrose

supplye.
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EXPERIMENTAL

Tomato plants of the San Jose Canner variebty which have been ex-
tensively studied by Went (1944) were used in this study. These plants
were grown in flats in sand, and after three to four weeks were trans-
planted to four inch pots. They were watered daily with nutrient sol-
utione.

The activity of the roots is reflected in the amount of water taken
up from the culture solution, in the pressure developed in a manometer
attached to the top of the root, or in the rate of exudation of sap from
the cut stem. Although these measurements are manifestation of the same
phenomena, they are not necessarily proportionale. In this study the
total amount of exudate in a given period was measured. The stems
were cut about two inches above the sand just above the first node,
comnected to an inverted U tube filled with water by means of a short
piece of rubber tubing, and the exudate collected in a vial or grad-
uated tube as shown in figure l. In all cases the bleeding was con-=
ducted at 25° C. and 60-80% humidity.

Sugar was fed to the tomato plants by inserting a leaf top first
into sucrose solutions contained in 30 ml. vials supported by small
stakes as described by Went and Bonner (1943).

Sucrose was analyzed by the method of Hassid (1938).

The effect of feeding varying amounts of sucrose is recorded in

Table 1.
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TABLE 1
Plants approximately 24 inches tall; all leaves and stem above
second leaf cut off; plants placed in dark room at 18° C. for 24 houfs
with leaves in sugar as shown in table.

Average exudation of 10 plants in ml.

Treatment 24 hrs. next 48 hrs.
control 15.8 10.3
1% sucrose 1 leaf 15.1 9.1
1% sucrose 2 leaves 1646 9.3
2% sucrose 1 leaf 16.1 10.3

2% sucrose 2 leaves 16.1 8e7
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There is no significant difference between the groups probably be-
cause the sucrose was not limiting. In spite of this the rate of
bleeding dropped off rapidly with time.

In the experiments described in teble 2, an attempt was made to
deplete the amount of stored carbohydrate in the plants by increasing
the dark period. Although the rate of bleeding dropped rapidly with
the length of the dark period, the increase in bleeding in plants fed

sugar over the controls was small.

TABLE 2
Plants 20 inches tall.e Average of ten plants in each group.
5% sucrose fed during entire dark period.

Exudation in ml. per 24 hours after varying dark periods

Dark period control one leaf in 5% sucrose
O hrs. 14.8 14.4
24 hrs. 5.1 67
48 hrse. 362 3e7

In the following experiment (table 3) it was found that removing
all but one leaf decreased the bleeding rate over plants that had all
leaves during the dark period, but this decrease could not be overcome
by feeding sucrose. Lowering the temperature during the dark period
apparently decreased respiration of carbohydrate and increased translo-
cation of this materiai so that plants bled'as well with one leaf in

this period as the controls at 18° C. with all leaves intacts
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TABIE 3

Average of ten plants 15 inches tall., 24 hours dark periode

Effect of temperature and presence of lesves

Control one leaf in 5% sucrose
All leaves intact 7.2 ml./24 hrs. 7.4 ml./24 hrs.
Temperature 18° s
1 leaf remaining 4.4 5.5
Temperature 18° C.
1 leaf remaining 7e5 8.8

Temperature 7° C.

Further experiments were carried out in an attempt to decrease
storage material and lower the bleeding of control plants. The most
effective method was to expose small plants to high temperature, high

humidity, and diffuse light (table 4).

TABLE 4
Plants about 8 inches tall placed in greenhouse at 26.5° C. and 80%
humidity for periods shown; then 24 hours in dark room while sucrose
was fed. Nine plants in each group.

The effect of light

Control 5% sucrose
Sunlight 48 hrse 1.3 262
indirect light 48 hrs 0.8 1.7

Analysis for sucrose showed that plants under normal light had
adequate amounts of sucrose which could not be greatly increased by the

procedure used (table 5).
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TABLE 5

Increase of sucrose of roots by feeding leaves

Control 5% sucrose
Bleeding per root 17.5 mle 2442 ml.
Bleeding per gram of root 42.7 mle 45,1 ml.
Sucrose per gram of root 5.8 mge 6.6 mge

In this experiment it was shown that the amount of bleeding was
roughly proportional to the weight of the root (figure 8). However,
this relationship did not always hold.

Smaller plants in which the stored material was reduced by high
temperature and humidity showed little or no sucrose within the limits
of the analytical method although the stems of the fed plants did show

a slight increase (table 6).

TABLE 6
Tomato plants 7-8 inches talle. 2 days at 26.5° C., 80% humidity

Sucrose content of depleted plants

Control 5% sucrose
Bleeding per root 241 ml./24 hr. 2.4 ml./24 hr.
Bleeding per gram of root 13+5 ml./24 hr. 1543 ml./24 hr.
Sucrose in roots 0.0 mg/gm 0.0 mg./gm.
Sucrose in stems 0.0 mg/gm 1.5 mg./em.

Since it was clear that the roots were not getting sufficient
sucrose by the procedure employed, an attempt was made to increase the
concentration in the roots by infiltrating the leaves in vacuo with the

apparatus shown in figure 3. The leaf was placed in a vial in the
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usual mannere. A split rubber stopper was slipped over the petiole and
pushed into the vial. Suction was applied and released. (When properly
infiltrated the .leaves appeared dark green.) The stopper was then re-
moved and the leaf left in the vial for 24 hours. The data in table 7
show that although the sugar reaching the roots was greatly increased
the amount of bleeding was only slightly increased. This infiltration
procedure was employed in all subsequent experiments where sucrose was
suppliede.

It was now evident that sucrose was no longer limiting under these
conditions. The finding of Skoog et al (1938) that auxin influences the
periodic exudation of Pisum sativum suggested that this substance might
now be the limiting factor in these éxperiments. The data in table 8
show that this is the case. It is seen that the sucrose concentration
of the roots is lower when auxin is applied possibly because of increased

utilization in the presence of auxin.

TABLIE 7
12 inch plants 3 days in darkness. Sucrose treatment during last day.

Average of nine plants for bleeding. Average of three roots for sucrose

determinatione.
Increased bleeding by infiltration
Control 5% sucrose 5% sucrose infiltrated
Average bleeding 345 3¢2 4.3
per root ml./24 hrs.
Average bleeding 13 15 18

per gram of root
ml./24 hrs.



119

Increase in sucrose concentration by infiltration

Control 5% sucrose 5% sucrose infiltrated
Sucrose in stem mg./gm 4 3 40
Sucrose in root mg./gm 2 12 31
TABLE 8

12 to 20 inch plants 4 days at 25° C. and 80% humidity. Leaves in-
filtrated and auxin applied to roots during a 24-hour dark period.

Effect of auxin on bleeding

Bleeding
first 24 hrs. second 24 hrs. DMgs. sucrose per root
Control 1.5 1.2 0.08
Indole acetic acid 2.1 1.9 0.01
10 mgs./ liter '
Sucrose 5% 2s8 1% 0.87
Indole acetic acid 4.2 3.1 0.38

plus sucrose

However, the following experiment (table 9) did not show this
difference, nor was there any difference in concentration whether auxin
was applied during the period that sucrose was fed or just at the time

of bleedinge.
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TABLE 9
10 inch plants 48 hours at 26.5° C. and 80% humidity. In experiment 4
auxin applied to roots while sugar was being absorbed. Bleeding average
of 6 plantse

Bleeding Bleeding Sucrose
first 24 hrs. next 6 days mg./100 mg. of root

Control 1.7 242 0.04
Auxin 10 mg./liter 245 540 0.12
Sucrose 27 242 022
Sucrose plus auxin 4.7 74 024
Sucrose; auxin 362 6.0 22

applied at bleeding time
Normal plants; 769 5.8 «55
no pretreatment
Normal plants of the same lot gave a larger exudate in the first 24
hours than the pretreated plants which had been given auxin and sucrose.
This may have been due to the fact that more sucrose was present in the
normal plants or to the action of other unknown factors. However, the
bleeding of the sucrose plus auxin plants was significantly higher in
the second period than the normal plants. From the amounts of bleeding
in the second period in both table 8 and 9 it is evident that auxin is
more quickly depleted than sucrose and is more likely to become limiting
under these conditionse In table 9, for instance, the bleeding of plants
given only sucrose was not greater than the controls during the second
period, while the bleeding of plants given auxin alone approached the
bleeding of élants given both auxin and sucrosee.

Van Overbeek (1941) has shown that the a ctive component producing

root pressure is reversibly inhibited by cyanide. As determined in this



121

manner the active compoﬁent produces about 25 - 50% of the total root
pressure. In the present study.a more severe poison, sodium arsenite,
was employed (table 10) and the inhibition of bleeding was much greater;
Since né attempt was made to reverse the inhibition the possibility of
destructive changes in the cells or loss of semi-permeability is not
ruled out. The fact that small starved plants approximate the low
values of exudation in large arsenite treated plants suggest that this

low value may be the true measure of the non-active bleeding.

TABLE 10
Tomato plants 125 - 15 inches high. 24 hrs. in darkness before bleed-~
inge Average of 12 plants. Sodium arsenite applied to rootse.

Effect of M/500 Sodium Arsenite on Bleeding

Pre treatment Control Arsenite
None 24.2 ml./24 hrs. 1.9 ml./24 hrs.
8 days

Temp  26°C Humidity ~so /s 1e3 - o 0.6
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DISCUSSION

The problem of the utilization of the rate of exudation for study-
ing translocation has necessitated a study of the factors involved in
bleeding. The results obtained so far show that at least two factors
ere required - a food factor, sucrose, and a hormone factor, auxin. A
similar situation holds for the growth of the Avena coleopfile. The
region of rapid growth receives auxin from the apical region and the
food factor from the basal region (Went, 1928, 1936). Under the con-
ditions of the present study both factors are produced in the leaves

under conditions of light and must be translocated to the rootsl.

Footnote: Van Overbeek (1939) has reported that auxin is produced in
isolated tomato roots, but our results indicate that the amounts must

be too small to be non-limiting in bleeding experimentss

This depletion may be brought about by placing plants under conditions
producing a high rate of respiration, by placing plants in the dark with
a resulting decrease in formation of these substances, or finally by
topping the plant and thus removing their source. A simultaneous limit
ation of growth by both auxin and sucrose has also been found by

Bonner (1934) and by Schneider (1938) in the Avena colesoptile, and by
Fliry (1932) in Helianthus. WNormaelly auxin is not limiting in the growth
of tomato plant stems but removal of the tops increases the need for this

factor (Went and Bonner, 1943).
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It has not yet been possible in our experiments to raise the sucrose
concentration of depleted roots to that of untreated controls. This may
be the reason that sucrose plus auxin did not increase the rate of bleed-
ing to that of untreated controls. This ma;tge due to a decrease in
other components necessary to bleeding or to irreversible changes brought
on by the temporary deficiency. This is again reminiscent of the
studies on Avena coeoptiles by Schneider (1938), who showed that a
coeoptile section depleted of one factor for any length of time never
completely recovered even after the addition of that factor.

The role of salt has not been investigated in this study, but it
may be an additional factor involved in bleeding. Its probable impor=-
tance is suggested in the data presented by Grossenbacher (1938) who
showed that the addition of full strength nutrient solution temporarily
depressed the pressure developed by Helianthus roots but soon brought
about a markéd increase in pressure over the low salt control plants.
Further studies by Skoog, Broyer, and Grossenbacher (1938) also show a
marked influence of salt in the presence of auxin on exudation.

The role of salt in the uptake of water by plant cells is still in
dispute. Commoner, Fogel, and Mueller (1943) have shown a marked effect
of added potassium in the presence of auxin on the water uptake of
potato sections from hypertonic sucrose solutions,and they believe that
water uptake may be incidental to auxin directed salt uptake. These
experimental results are in agreement with the data of Steward, Stout,
ana Preston (1940) on potassium induced uptake in potato disks, and
Hoagland and Broyer (1942) on water uptake in barley. On the other

hand Reinders (1938) and Van Overbeek (1944) have claimed that water is
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taken up under the influence of auxin from distilled water alone. The
increase in wet weight reported by the latter author was only about 10%
and could not be increased by adding salt to the medium. The reason
for the discrepency is not clear, but the necessity for salt for any
extensive water uptake is not entirely excluded by the distilled water
experiments, for it is probable that there was an initial loss of salt
from the slices into the distilled water at the beginning of the experi-
ment (Steward, 1932, 1933).

The relationship between salt upteke and water uptake is not clear.
It has been stated (Commoner et al, 1943) that the driving force of
weter uptake.is the osmotic pressure of the actively absorbed salt. If
this were so, the osmotic pressure of the expressed sap of potato slices
should be somewhat greater in the presence of auxin. Van Cverbeek (1944)
has claimed that this is not the case. -The converse view that salt is
necessary to maintain the osmotic pressure within the cell after the
active uptake of water is also unlikely. The specific role of potassium
which stimulates water uptakg as compared with calcium which depresses
water uptake (Stewart, Stout, and Preston; 1940) argues for a more direct
role of potassium than the mere maintainence of osmotic equilibrium.
It seems more likely that water absorption and potassium accumulation
are to some extent independent of eéoh other but are both reflections
of the same respiratory process (Stewart, 1932). The results of Skoog
et al. (1¢38) clearly support this view for the salt concentration in
the exudate of auxin treated plants may be greater of smaller than in
the controls. It must, nevertheless, be realized that salt concentra-

tion in the xylem is not necessarily a measure of the actual amount of
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accumulated.(Hoagland and Broyer, 1942).

That auxin gotivity is influenced by potassium is evidenced in the
findings of Kogl, Haagen-Smit, and Erxleben {1933) that activity of
auxin decreased sharply on purification and that activity was restored
by the addition of KCl. The stimulation of auxin activity by potassium
in the growth of the Avena coleoptile has been reported by Alban and
Commoner (1941). Still, there remains the possibility that the action
of potassium is simply physico-chemical. For instance, it has been

ofauxin
shown that potassium shifts the distribution equilibrium,between water
and agar (Thimenn and Schneider, 1938).

It is interesting to speculate on the mechanism through which a
single substance like auxin can play a role in such complex and ap-
parently diverse phenomena as growth, water uptake, protoplasmic stream-
ing, etc. Evidence for the relation between respiration and water up-
take has already been presented. A similar relation exists between
respiration and growth (Bonner, 1936) and between respiration and pro-
toplasmic streaming (Thimenn and Sweeney, 1937). The specific respira-
tory process affected by auxin in growth (Thimann end Commoner, 1942),
protoplasmic streaming (Sweeny, 1941), root number and root length
(Sweeney and Thimann, 1942), and salt uptake (Machlis, 1944) is said
to be the four carbon acid respiratory system. Recently, Berger and
Avery (1943) have presented evidence that it is the alcohol dehydro-
genase system that is involved. Further experiments may relate root
bleeding to this same respiratory system, and thus further correlate
the diverse roles of auxin in plant metsbolism with a single energy

producing system.
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It is very likely that the influence of auxin on growth is through
the mechanism of water uptake. Since water can be actively absorbed
even by flaccid cells in the presence of auxin (Commoner and Mazia,
1942), no osmotic forces need be postulated for growth. It is not
unreasonable to assume that the excess pressure developed by active
water (and salt) uptake may extend the cell until the secondary wall
is laid down, and by its rigidity prevents further growth. In this
connection it has been found that low temperature, by preventing the
d¥position of secondary walls, allows growth to continue longer than
at room temperature (Heyn and Van Overbeek, 1931) (Bonner, 1934). In
the light of recent evidence it may be unnecessary to postulate an
influence of auxin on wall placticity (Heyn, 1940) or on the lowering
of the wall pressure (Van Overbeek, 1944).

Auxin through the control of water movement may #ct nots only in
growth but also in non-growing tissue. It has been shown, for example,
that auxin applied to the pulvinus of Mimosa will initiate turgor
movements (Burkholder and Pratt, 1936).

It has been suggested thatryﬁ %&;§2r; part in refilling the.xylem
vessels which may become partly blocked with air. If this is so, the
value of root pressure to the plant is not in the amount of water moved,
.which is relatively very small compared to the amount moved by transpir-
ation, but in mainteining a continuous water column which is the very
basis for movement by transpiration.

Thus, bleeding is but one example of auxin controlled water re-

lations in the plant.
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SUMMARY

The application of root bleeding to the determination of the
amount of translocation of sugar has led to a study of the factors
limiting this phenomenon.

It has been shown that a respiratory substrate and auxin are
involved.

It was possible to deplete tomato plant roots of both of these
factors by growing the plants in darkness or at high temperature and
humidity. Under these conditions both factors became limiting.

The sucrose concentration of the roots could be ra;sed by in-
filtrating the leaves, but the values did not reach those of unde-
pleted plants. This may be the reason that roots from treated
plants did not bleed as well as roots from normal plants.

The possible relation of salt to water uptake and tﬁe role of

water uptake to cell elongation is discussed.



Figure 1

Setup for lleasurement of Bleeding



Figure 2

Stopper for Infiltration
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