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In recent communications from this laboratory (1, 2) it has been reported
that ascorbic acid appears to activate the liver tyrosine oxidase system at
two points, one early in the sequence of reactions and the other in the con-
version of homogentisic acid to acetoacetate and fumarate. In addition,
glutathione has been shown to activate at least one step in tyrosine oxida-
tion, and the indications were that still another labile cofactor for which
low concentrations of 2,6-dichlorophenol indophenol could substitute was
involved in the system. An extract of boiled fresh enzyme was also shown
to reactivate an aged enzyme preparation over and above the stimulation
by excess ascorbic acid and glutathione.

In the present paper we wish to report further studies on the réles of
ascorbic acid, glutathione, the indophenol-substituting cofactor, and the
enzyme extract factor in the reactivation of partially inactivated tyrosine
oxidase preparations. In these studies the effects of aging and dialysis on
the enzyme system and the restoration of activity by the various possible
cofactors have been investigated.

Several workers have indicated that folic acid may be involved as a co-
factor in the tyrosine oxidase system (3, 4). However, Gabuzda (5) has
observed that the Leuconostoc citrovorum factor has no effect on the exere-
tion of tyrosyl derivatives by scorbutic patients. We have reinvestigated
this problem in our system and the results are included in this paper.

EXPERIMENTAL

Comparison of Effects of Aging and Dialysis on Liver Tyrosine Oxidase—
Normal, adult male rats of the Sprague-Dawley strain were used as experi-
mental animals. The tyrosine oxidase enzyme preparations used in all of
the studies reported in this paper were obtained as previously outlined (1).
In brief, this consisted of making 16.7 per cent rat liver homogenates in
0.25 M sucrose, centrifuging at 0° (25,000 X ¢) for 30 minutes, and using
the supernatant fluid as the source of tyrosine oxidase. This system, in-

* Published with the approval of the Director of the Wisconsin Agricultural Ex-
periment Station.

1 Postdoctorate Fellow of the Rockefeller Foundation. Permanent address,
University Department of Chemical Technology, Bombay, India.

613

T102 ‘2T IMdy uo ‘1sanb Aq Bio agl mmm woly papeojumod


http://www.jbc.org/

614 TYROSINE OXIDASE SYSTEM

cluding the transaminase required for the first step in the sequence of reac-
tions, was found to be located entirely in the supernatant fluid.

The enzyme was divided into two portions. One portion was aged at 5°
in a stoppered flask and the other portion was dialyzed against distilled
water at 5° for various lengths of time, depending upon the experiment.
The normal system to test the activity of enzyme was measured mano-
metrically as follows. To the main compartment of Warburg vessels with
double side arms were added 1.0 ml. of Krebs-Ringer-phosphate buffer of
pH 7.4 (6), 0.7 ml. of water, and 0.5 ml. of the enzyme preparation. The
substrate (0.2 ml. of 0.15 M v-tyrosine suspension and 0.2 ml. of 0.15 M
sodium a-ketoglutarate) and 0.2 ml. of water were placed in one side arm.
For the control flask, 0.2 ml. more of water was substituted in place of
L-tyrosine. When the effect of other substances on the activity of the
enzyme was studied, they were introduced into the second side arm. Wa-
ter was added to the second side arm in all cases to bring the final volume
in the flask, exclusive of 0.2 ml. of 10 per cent potassium hydroxide in the
center well, to 3.9 ml. After a 10 minute temperature equilibration period,
the contents of the side arms were added to the main compartment and
the oxygen uptake was recorded for 1 hour. All the solutions were brought
to pH 7.4 before being added to the flasks. The results of a typical experi-
ment of this type are shown in Fig. 1. Here it can be seen that both aging
and dialysis markedly decrease activity of the system. At the end of 72
hours, however, the activity of the dialyzed system is somewhat lower than
that of the aged system. This difference is significant since, in every
experiment continued over 24 hours, the aged enzyme activity was higher
than that of the dialyzed enzyme. These results support previous experi-
ments (2) in which it was found that incubation of the enzyme for 1 hour
at 37° in the absence of substrate markedly decreased the activity.

If the lability of the enzyme system during aging is due to destruction of
labile cofactors, addition of these cofactors to the aged enzyme should
return some of the lost activity. Similarly, if the decrease in activity of
the dialyzed enzyme is due to removal of dialyzable cofactors, the activity
should be returned if the correet cofactors are added to the dialyzed sys-
tem, unless the loss in activity is due entirely to protein denaturation.
Therefore, in the next experiments the effects of adding ascorbic acid and
2,6-dichlorophenol indophenol (DCPP) to aged and dialyzed enzymes were
studied. In these experiments 1000 v of ascorbic acid or 50 v of DCPP
were added to the enzyme with the substrate and the resulting activity
was measured. The enzyme preparation had been aged or dialyzed for 56
hours. The results of these experiments, presented in Table I, indicate
that both ascorbie acid and DCPP stimulate the aged preparation but that
only ascorbic acid stimulates the dialyzed preparation. The stimulation
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by ascorbic acid is considerably greater in the aged preparation than in the
dialyzed preparation. This might be expected since dialysis would remove
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Fia. 1. A comparison of the effects of aging and dialysis at 5° on tyrosine oxidase
activity of rat enzyme preparations.

Tasre 1

Comparison of Aged and Dialyzed Tyrosine Oxidase Preparations with Respect to
Stimulation by DCPP and Ascorbic Acid

Tyrosine oxidase activity* per flask of
fresh enzyme and enzyme aged or
System dialyzed for 56 hrs.

Fresh After 56 hrs.

l ul. Oa per hr. ul. Oa per hr.
Dialyzed, control................... . ... L. ; 100 16
¢ “ S+ DCPP....................... 212 17
¢ “ 4 ascorbicacid................. 178 52
Aged, control..... .. ... L 100 28
¢ “ +DCPP...... ... 212 45
“ “  toascorbicacid..................... 178 86

* Average of four experiments.

other cofactors required for the complete conversion of tyrosine to aceto-
acetate and fumarate, while in the aged preparation at least small amounts
of the cofactors besides ascorbic acid would probably still be present.
Therefore, the addition of an excess of one of these cofactors, in this case
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ascorbic acid, would allow the total reaction to proceed at a higher rate
than in the dialyzed preparation. The lack of stimulation of the dialyzed
preparation by DCPP is also to be expected since previous work has shown
that stimulation by the dye occurred only if the dye was kept mainly in
the reduced form (1), or if the substrate was in contact with the enzyme
for some time before the dye was added (2). Since dialysis would remove
reducing substances, normally present in the enzyme preparation, which
could maintain the oxidized form of the dye at a low level, the DCPP would
no longer stimulate the system. It should be pointed out that stimulation
by DCPP might occur through its oxidized form and that the purpose of
reducing it first is to maintain the oxidized form at a very low level. Un-
doubtedly some oxidation of the reduced dye by air occurs even in the
presence of excess reducing agents.

Effects of Other Known Cofactors on Tyrosine Owxidase Sysiem—In the
next experiments various substances known to be required by certain oxi-
dative enzymes were studied for their effects on tyrosine oxidase. Diphos-
phopyridine nucleotide (DPN) has been reported (7) to be required for the
enzymatic conversion of phenylalanine to tyrosine. Flavin-adenine dinu-
cleotide (FAD) is known to be the prosthetic group of certain soluble
terminal oxidases of liver, e¢.g. xanthine oxidase and p-amino acid oxidase.
Folic acid has been reported to stimulate tyrosine oxidation ¢n vitro (3, 4).

The effect of DPN was studied by adding 2 mg. of the coenzyme to
tyrosine oxidase preparations partially inactivated by incubation for 1 hour
at 37°. The results of these experiments indicated that the aged enzyme
with added DPN gave the same activity as in its absence. Therefore,
DPN is probably not a cofactor of the system.

It has been shown that quinine markedly inhibits the activity of FAD-
activated enzymes (8, 9). Therefore, if FAD is one of the cofactors of the
tyrosine oxidase system, the addition of quinine to a normal system should
inhibit its activity. When 2240 v of quinine sulfate were added to the
system containing fresh enzyme, no effect was obtained.

Because of conflicting reports in the literature concerning a possible fune-
tion of folic acid in activating the tyrosine oxidase system (3-5), we have
investigated the ¢n vitro effect of folic acid and the L. citrovorum factor
(LCF) on the enzyme systems. Since LCF can be synthesized enzymati-
cally from ascorbic acid and folic acid, the effect of a combination of as-
corbic acid and folic acid was also studied. The levels of folic acid, as-
corbic acid, and synthetic LCF (leucovorin) added to the normal system,
with a fresh enzyme preparation, are presented with the results in Table
II. Here it can be seen that folic acid appears to stimulate the oxidation
of tyrosine. Whenever it was included, either with or without ascorbic
acid, the stimulation due to folic acid was the same. LCF had no demon-
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strable effect. In these experiments it was noted that the endogenous
respiration of the control flask (without substrate) was almost completely
inhibited by the added folic acid. This suggested the possibility that the
apparent stimulation by folic acid could be explained by its inhibitory
effect on endogenous respiration, which for some reason was inhibited to a
greater extent in the flasks without tyrosine substrate than in the flasks
containing the substrate. It is known that ordinary solutions of folic acid
are decomposed by light to give a photolytic product of the vitamin, 6-
formylpteridine (10-12). This product strongly inhibits liver xanthine
oxidase, which is a soluble enzyme and, therefore, is present in the tyrosine
oxidase preparations used in these experiments. If much of the endogen-
ous respiration of the enzyme preparation is due to oxidation of endogenous

Tasie II
Effects of Folic Acid, LCF, and 6-Formylpteridine on Tyrosine Oxidase

| . . ..
System ‘ Tyrosmt;> ::gi:.sie'actxvxty
I ul. Oz per 30 min.
ConbTOL. ... e et 41
“ 4+ 200y folicacid.......... ..o 5 71
“ 41000 v ascorbic acid. . .... ..ottt @ 182
“ -+ 200 ~ folic acid -+ 1000 v ascorbic acid........ ‘ 216
€ 200y LCF . . | 38
“ 4 2+ 6-formylpteridine.................co..L. 79

* Average of three to six experiments.

purine substrates via xanthine oxidase, folic acid would inhibit it because
of the presence of 6-formylpteridine in the vitamin. Therefore, this point
was checked by studying the effect of purified 6-formylpteridine on the
tyrosine oxidase system. The results of these experiments, also presented
in Table II, indicate that the same stimulation was given by 2 v of 6-
formylpteridine as by 200 v of folic acid. Therefore, it appears that the
“stimulation” of tyrosine oxidase by folic acid is an artifact and can be
explained on the basis of the inhibition of endogenous respiration rather
than by a positive stimulation of the system. Why there should be more
inhibition of endogenous respiration in the flasks without substrate than in
those with tyrosine added is still open to question, however.

Addition of Cofactors to Dialyzed Enzyme—Since dialysis may remove
cofactors from the tyrosine oxidase system, a means was offered for study-
ing the effects of various cofactors believed to be involved in the system.
Thus the positive effects of ascorbic acid, glutathione, and unknown co-
factors in an extract of boiled fresh enzyme could be studied. Since di-

T102 ‘2T IMdy uo ‘1sanb Aq Bio agl mmm woly papeojumod


http://www.jbc.org/

618 TYROSINE OXIDASE SYSTEM

alysis would remove pyridoxal phosphate, which is the coenzyme for the
transamination of tyrosine, this coenzyme was included to make the list as
complete as possible. To check the specificity of glutathione, the effect
of cysteine was also studied. In these experiments a fresh enzyme prepa-
ration was dialyzed against distilled water for 72 hours. The following
substances were then tested for their activity in the system: ascorbic acid
1000 v, glutathione 1560 v (equivalent to 500 y of ascorbic acid), cysteine
hydrochloride 890 v (equivalent to 500 v of ascorbie acid), pyridoxal phos-
phate 10 v, and 0.5 ml. of an extract of fresh enzyme prepared by heating
the fresh enzyme at 100° for 10 minutes and centrifuging at 25,000 X g for

TasLe III
Response of Dialyzed Tyrosine Oxidase to Various Possible Cofactors
System Tyrosin; eorxii@iasske activity

ul. Oz per hr.
Dialyzed enzyme control.................. ... ... ..... 5
Plus ascorbic acid (AA)........... ... ... ... ..... 32
“ glutathione (GSH)............................... 5
¢ extract of fresh enzyme (EE)........... ... ... .. .. 7
¢ pyridoxal phosphate (BePOL)............... ... .. 5
CCOAAFGSH. .. 53
L eySteIne. .. ... 28
¢« L GESH A4 BPOs. ... 75
“ GSH + BePOs.on o 0
“ AAH+GSHA+EE..................... ... 103
o e L BPO 99

* Average of six experiments.

30 minutes to remove coagulated protein. These substances were tested
in various combinations, as shown in Table III. The results of these ex-
periments show that ascorbic acid alone stimulated the system to some
extent, while glutathione, pyridoxal phosphate, and the enzyme extract
had no effect when added individually. However, a combination of ascor-
bic acid and glutathione gave an increased stimulation over ascorbic acid
alone which was further increased by pyridoxal phosphate. When cysteine
was added with ascorbic acid, no effect except that of ascorbic acid was
observed, indicating that the stimulation by glutathione is not due to a
non-specific sulfhydryl effect. The combination of glutathione and pyri-
doxal phosphate showed no activity over the dialyzed control. When
ascorbic acid, glutathione, and the fresh enzyme extract were added, the
maximal stimulation occurred which was not further increased by adding
pyridoxal phosphate. Tt should be emphasized that the levels of ascorbie
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acid and glutathione employed are in large excess in the system, so that
effects of other substances added with them should be indicative of dis-
tinctive effects of those substances. An interpretation of these results can
be summarized as follows. If the first oxidative step in the series of reac-
tions is activated by ascorbic acid, some stimulation of oxygen uptake by
ascorbic acid alone would be expected, although the complete oxidative
pathway to acetoacetate and fumarate would still not be opened. This
supports previous conclusions (1, 2) that one of the sites of action of ascor-
bic acid is an early step in tyrosine oxidation. If the activation by gluta-
thione occurred at a step later than that activated by ascorbic acid, no
effect of glutathione alone would be expected. Even a combination of
glutathione and pyridoxal phosphate would not increase oxidation if no
ascorbic acid were present to activate the first oxidative step. The results
of Table III support these conclusions. The observation that the enzyme
extract alone had no effect on the activity can probably be explained by
the destruction of ascorbic acid and glutathione during the heat extraction
of the enzyme. Reduced glutathione concentration was found by analysis
to be very low in the heated extract. Since the heated enzyme extract in
combination with excess ascorbic acid and glutathione, however, gave the
maximal stimulation in these experiments, it appears to contain a third
cofactor necessary for tyrosine oxidase activity. Undoubtedly the heated
extract contains pyridoxal phosphate, but since pyridoxal phosphate with
ascorbic acid and glutathione gave less activity than ascorbic acid, gluta-
thione, and the heated extract, the extract appears to contain both pyri-
doxal phosphate and a factor different from pyridoxal phosphate. This
conclusion is supported also by the fact that the addition of pyridoxal
phosphate to a combination of ascorbic acid, glutathione, and the heated
extract gave no more stimulation than if pyridoxal phosphate were omitted.

Similarity of Effects of Enzyme Extract Factor and DCPP—In these ex-
periments a combination of ascorbic acid (1000 v), glutathione (3120 v),
pyridoxal phosphate (10 v), and fresh enzyme extract (0.5 ml.) were added
to a dialyzed enzyme (72 hours) and the reactivation compared with the
effects of the same combination plus 50 y of DCPP. If the enzyme extract
factor acted in a manner similar to DCPP, no further stimulation by
DCPP would be observed over the complete combination of other factors.
The results of these experiments after 30 minutes of tyrosine oxidation were
as follows: (1) all the factors except DCPP, 33 ul. of Os; (2) all the factors
including DCPP, 34 ul. of O,. After 1 hour, all the factors except DCPP
gave 61 ul. of O, and with DCPP 69 pul. of O,. These results again sup-
port the conclusion that the enzyme extract factor is the same as the
DCPP-substituting factor. The observation that, after 1 hour, an ef-
fect of DCPP began to appear indicates that the enzyme extract factor
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is somewhat labile to incubation as reported previously (2) and that the
dye can begin to take over its function as the natural factor becomes in-
activated.

Ionic Nature of Heated Enzyme Extract Factor—In these experiments, the
heated enzyme extract was passed through an ion exchange column to see
whether it possessed enough ionic nature to be removed. An enzyme ex-
tract was made by heating a fresh enzyme preparation at 100° for 10 min-
utes as before. A portion of the extract was passed through a 100 mg.
Dowex 1 column and used in the following experiments. The flask com-
ponents were the same as those listed previously. A fresh tyrosine oxidase
preparation was dialyzed against distilled water at 5° for 56 hours and
used as the source of enzyme. The effects of 0.5 ml. of fresh enzyme ex-

TasLE IV

Effect of Passing Extract of Fresh Enzyme (EE) through Dowex 1 upon Its Ability to
Stimulate Dialyzed Enzyme

| Tyrosine oxidase

System {activity per flask*
ul. Op per hr.
Dialyzed enzyme control......... ... . ... ... .. i 28
¢ ¢ “ 4+ Dowex l-treated EE................... 15
“ “ “ + “ ¢ 4 agcorbic acid. .| 48
“ £ ¢ + untreated EE............. ... .. ..., ! 41
« « “ o+ “ “ 4 ascorbic acid......... 99

* Average of three experiments.

tract, treated with Dowex and. untreated, were studied in combination with
1000 v of ascorbic acid, since ascorbic acid is necessary for the initial
oxidative reaction of the system. The results of these experiments are
shown in Table IV. Here it can be observed that the extract treated with
Dowex alone has no stimulatory effect on the dialyzed enzyme preparation
but is slightly inhibitory. In combination with ascorbic acid some stimu-
lation is obtained, which is probably due mainly to the ascorbic acid. The
untreated extract alone gives some stimulation in contrast to the results of
Table III, although this can be explained by the shorter dialysis in the
present experiment in which all of the enzyme ascorbic acid may not have
been removed. This is substantiated by the higher activity of the dialyzed
enzyme control in Table IV as compared to Table III. When a combina-
tion of untreated extract and ascorbic acid was added, a marked stimulation
occurred which was much greater than when the treated with Dowex ex-
tract was employed. Therefore, these results indicate that the factor in
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the enzyme extract responsible for activating a step in the tyrosine oxidase
system is anionic in nature, since it can be completely removed by passing
through Dowex 1.

DISCUSSION

The results of this paper confirm and extend the results of previous
reports (1, 2) in that ascorbic acid appears to be entirely essential for
tyrosine oxidation and the activation by glutathione occurs at a step later
than the early activation by ascorbic acid. Ascorbic acid was also shown
earlier (2) to activate homogentisic acid oxidation, so that the vitamin
appears to act at two points in the reaction sequence, one at the first
oxidative step and the other after the formation of homogentisic acid. The
stimulation by low levels of 2,6-dichlorophenol indophenol has been ex-
plained on the basis that it substitutes for a labile cofactor which is differ-
ent from either ascorbic acid or glutathione. Experiments have also been
reported which indicate that the dye must be reduced before stimulation
can occur. The factor in the heated enzyme extract which gives activation
in addition to ascorbic acid, glutathione, and pyridoxal phosphate may be
identical with the DCPP-substituting factor. The anionic nature of the
heated enzyme extract factor may place it in the same category as other
anionic cofactors, but the evidence indicates that it is probably not DPN
or FAD.

A summary of the possible sites of action of the cofactors studied in this
and previous papers (1, 2) may be outlined as follows. Some of the inter-
mediates listed in the series are known, while others, indicated with an
asterisk, are surmised by the authors and remain to be definitely proved.
The general mechanism of action of glutathione as presented here is anal-
ogous to that suggested by Racker and Krimsky for the function of glu-
tathione in glyceraldehyde-3-phosphate dehydrogenation (13).

Transaminase
Pyridoxal phosphate
7 \—CH,—CH—COOH a-Ketoglutarate
/ N NH.
HO

30:

CH,—~C—COOH ——F7/
ascorbic acid

HO
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?H O (l)H OH
Glutathione (GSH) |
CH,—C—COOH CH,—C—COOH* —
SG
| |
OH OH
OH
I OH 10,
—CHg—(IJH—SG* Enzyme extract factor —C—SG* EO
DCPP- substltutmg
i + €O, factor (?) ‘
OH OH
(l)H COOH O
0, | I H,0
CH,COOH m—) CH C—CH,—CO0OH ——
- 1
+ GSH addd oy cm,
‘ N
OH ¢
[
CcOooH (o10]0) ;1
CH CH,
] + |
CH C=0
COOH CH,;
SUMMARY

1. Rat liver tyrosine oxidase is rapidly inactivated by aging and dialysis.

2. By using the dialyzed enzyme, the activity can be returned by adding
a combination of ascorbic acid, glutathione, and an extract of heated fresh
enzyme. In addition to furnishing pyridoxal phosphate for tyrosine trans-
amination, the enzyme extract contains a factor besides ascorbic acid and
glutathione necessary for maximal tyrosine oxidation. If low concentra-
tions of 2,6-dichlorophenol indophenol are reduced and kept mainly in the
reduced form, stimulation of the system occurs. The DCPP-substituting
factor and the enzyme extract factor are possibly identical. The unknown
factor has been shown to be anionic in nature.

3. The interrelationships of the various cofactors for tyrosine oxidase
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have been discussed, and their possible sites of action in the oxidation of
tyrosine to acetoacetate and fumarate have been tentatively indicated.

The authors wish to thank Dr. W. L. Williams and Dr. J. C. Van Meter
of the Lederle Laboratories Division, American Cyanamid Company, Pearl
River, New York, for generous samples of leucovorin and 6-formylpteridine,
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