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SUMMARY

The level of tryptophan pyrrolase (L-tryptophan: 0, oxidoreductase, EC 1.13.1.
12) is regulated by hormones as well as by its substrate, tryptophan. Recently it
has been proposed that this enzyme may also be regulated by feedback inhibition
by NAD (ref. 7). We have investigated the validity of this hypothesis for tryptophan
pyrrolase operating iz vivo. The activity of tryptophan pyrrolase ¢ vivo was measured
by determining the rate of conversion of injected [7ing-2-12Cltryptophan to 1Co,in the
rat. The level of hepatic NAD was elevated by injection of nicotinamide. In normal
animals injection of nicotinamide evoked a sharp rise in tryptophan pyrrolase activity
which was apparently hormone mediated since hypophysectomized animals did not
show this increase. In hypophysectomized rats the rate of 14CO, release from tryp-
tophan varied inversely with the hepatic NAD concentration. This finding strongly
suggests that NAD may be functioning as a feedback inhibitor of tryptophan pyr-
rolase 11 v1v0.

INTRODUCTION

The enzyme tryptophan pyrrolase (L-tryptophan:O, oxidoreductase, EC 1.13.
1.12)1 catalyzes the first step in the series of reactions which leads ultimately to both
the conversion of the benzene ring of tryptophan to CO, via the “glutarate” path-
way2—* and to its conversion to the nicotonyl moiety of the pyridine nucleotides
via the NAD pathway?..

Recently, WAGNER? suggested that the level of hepatic NAD may regulate
the conversion of tryptophan to NAD through feedback inhibition of tryptophan
pyrrolase activity (Reaction a). This hypothesis seemed open to question on the
following grounds: (a) the level of NAD required to show inhibition of tryptophan
pyrrolase i vitro was higher (5-10-3 M) than reported hepatic NAD concentrations
(e.g. refs. 8, g); (b) inhibition of tryptophan pyrrolase would depress conversion of

* Present address: Department of Medical Chemistry, Osaka Medical College, Osaka,
Japan.
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tryptophan by both the NAD and glutarate pathways. 4 priors one would expect con-
trol of NAD synthesis to operate at or beyond the branch point of these two pathways;
(c) considerable evidence has been educed to show that the conversion of tryptophan
to NAD is regulated by the level of picolinic carboxylase (Reaction b)!0-12, an enzyme
located at the branch point of the glutarate and NAD pathways and (d) tryptophan
pyrrolase is known to be very sensitive to regulation by substrate and hormones
(e.g. ref. 13).

METHODS

DL-[ring-2-1C]tryptophan was purchased from Tracerlab Inc., L-tryptophan
from Sigma Chemical Company, hydrocortisone acetate from Mann Research Labora-
tories and hematin from Calbiochem, Inc. Normal male rats were purchased from
Holtzman and adrenalectomized and hypophysectomized rats from Hormone Assay
Laboratories, Inc., Chicago, Ill. Rats were not used until at least 5 days after oper-
ation and were maintained on laboratory chow with drinking water replaced by
0.85%, NaCl for the adrenalectomized and 59, glucose solution for the hypophysec-
tomized animals. DL-[ring-2-14CJtryptophan, 1.0 ug (0.65 uC) plus varying amounts
of L-tryptophan were dissolved in 1 M NaOH and injected intraperitoneally. 4CQO,
was collected and the radioactivity determined as previously described4.

Tryptophan pyrrolase was assayed by the method of KNox aND MEHLER! as
modified by FEIGELSON AND GREENGARD by the addition of hematin!®, For the
determination of hepatic NAD concentration rats were killed by cervical dislocation
and the livers immediately perfused with ice-cold 0.85% NaCl. Subsequent steps
in the determination of NAD were carried out as described by GREENGARD, GUINN
AND REIDS.

RESULTS

Measurement of tryptophan pyrrolase activity in vivo
The rate of oxidation of a dose of a-[1C]tryptophan or §-[1C]tryptophan has
been previously used as an index of the activity of tryptophan pyrrolase ¢n vivol.
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Conversion of these compounds to 1¥CO, requires the participation of several other
enzymes of tryptophan catabolism'® as well as the enzymes of the tricarboxylic acid
cycle!®. Therefore, this assay would only be valid if tryptophan pyrrolase is the
rate-limiting step in an extensive metabolic sequence, and it might be difficult to
establish whether a particular treatment was affecting tryptophan pyrrolase activity
or a later step in this sequence. The conversion of |ring-2-14Cltryptophan to 14C0O,
involves fewer reactions than does the oxidation of side chain labeled tryptophan.
Tryptophan pyrrolase should be the rate-limiting enzyme in the conversion of
[ring-2-14Cltryptophan to #CQ, since formyl kynurenine formylase is known to be
present in very great excess over tryptophan pyrrolase in rat liver'.!® and since
injected [MClformate is converted to 1#CO, much more rapidly than is ring-2-14C|-
tryptophan {40-609%, in 1 ). Therefore, {ring-2-13C tryptophan was used for assay
of tryptophan pyrrolase activity in vrvo.

The well-known principle that quantitative assays for enzyme activity should
be carried out if possible at saturating levels of substrate should also apply to assays
in vivo. Therefore, various levels of L-tryptophan were injected with constant levels
of DL-[ring-2-14C Jtryptophan (0.05 uC) and the rate of 1#CO, excretion was deter-
mined. The data in Fig. 1 demonstrate that the per cent of a given dose of tryptophan
which is oxidized to CO, depends on the dose level and suggest that at the higher
levels used the system is approaching saturation with substrate. Increasing the dose
from 0.51 to 0.75 mg/g resulted in very little change in the absolute rate of 1CO,
formation in the first 5h following injection while increasing the dose to 1.5 mg/g
resulted in a decrease in CO, formation during this time. These measurements are
complicated by the fact that tryptophan itself causes an increase in total tryptophan
pyrrolase??. However, 4 h are required for the approximate doubling of tryptophan
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Fig. 1. Time course of 1*CO, excretion following injection of [rmg-z—“C]‘tryptophem as a fur%c}ti(m
of dose level, Each curve represents an average of two or more animals. Experimental conditions
are described in the text. The levels of 1-tryptophan injected in mg per g body weight are as
follows: 0.075, (-~ 0.15, @—@; 0.30, A~ -A; 0.51, [ ~[1; 0.75, A—A; 1.5 B—R.

Iig. 2. Rate of conversion of [ring-2-13Cltryptophan to BCO, in control and hydrocortisonce-
treated rats. Control rats, (—-C). Rats injected intraperitoneally with 2.5 mg/1o0 g hydr(?—
cortisone acetate 3 h before tryptophan injection, @—@. All animals were injected intraperi-
toneally with 0.75 mg/g 'ving-2-"Cltryptophan at zero time. Each point on the curve for C(‘mtrol
rats represents the average of data from four animals. Each point on the curve for hydrocortisonc-

treated rats represents the average data from three animals. The bars represent the S I
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pyrrolase activity in response to injection of 1.0 mg/g L-tryptophan'®. Therefore, the
rate of 1#CO, release in the early portion of the curve should be due largely to trypto-
phan pyrrolase activity already present at the time of tryptophan injection. On the
basis of the results shown in Fig. 1, a dose level of 0.75 mg tryptophan per g body
weight was chosen for further experiments. At this dose level approx. 35% of injected
tryptophan was excreted as CO, in 8 h.

Injection of adrenocorticoid hormones increases the level of rat-liver tryptophan
pyrrolase by 4-To-fold in 4—5 h?., If the assay for tryptophan pyrrolase ¢n vivo has
any validity, pre-treatment of rats with hydrocortisone should cause an increase in
the rate of conversion of [ring-2-1*Citryptophan to 14CO,. The data presented in
Fig. 2 show that hydrocortisone administration increased 4CO, formation. Control
experiments demonstrated that this effect cannot be due to any influence by hydro-
cortisone on the rate of formate oxidation. The increased rate of 4CO, excretion
therefore may be interpreted as an actual measurement, » vivo, of increased trypto-
phan pyrrolase activity.

Injection of g-methyltryptophan is also known to increase the level of rat-liver
tryptophan pyrrolasel”. When o0.755 mg/g a-methyltryptophan was injected into rats
4 h prior to [ring-2-1*Cltryptophan (0.075 mg/g) administration, the amount of 4CO,
excreted after 1 h was 609/, greater than in the control animals receiving to a-methyl-
tryptophan. This finding further supports the validity of the tryptophan pyrrolase
assay 4% vivo.

Effect of hepatic NAD concentration on tryptophan pyrrolase

The results presented above suggest that it is possible to measure changes in
tryptophan pyrrolase activity in vivo and thus to determine the effects, if any, of
changes in hepatic NAD levels on tryptophan pyrrolase activity. Several groups of
workers!$.22,.23 demonstrated that injection of nicotinamide into mice and rats causes
a several fold increase in the concentration of hepatic NAD. The influence of elevated
hepatic NAD levels on the oxidation of [ring-2-14C]tryptophan was tested by injecting
50 mg nicotinamide per 100 g body weight intraperitoneally into rats and 4 h later,
when hepatic NAD concentration should be at a maximum!$.2, injecting the test
dose of [ring-2-14C]tryptophan. The results of these experiments are shown in Fig. 3.
In the animals pretreated with nicotinamide the initial rate of 1#CO, formation was
greater than in the controls but decreased to less than control values after 34 h.
These results were unexpected and suggest an initial stimulation and subsequent
inhibition of tryptophan pyrrolase activity caused by nicotinamide administration.
This phenomenon was investigated more closely by determining the time course of
tryptophan pyrrolase activity as measured in witro following administration of
nicotinamide. The data presented in Fig. 4 show that nicotinamide administration
causes a sharp increase in tryptophan pyrrolase activity. This activity decays faster
than the elevated NAD level also elicited by nicotinamide administration. The
results shown in Fig. 3 may be explained on the basis of the changing levels of
tryptophan pyrrolase and NAD presented in Fig. 4. [ring-2-24C]Tryptophin was
administered 4 h after nicotinamide at a time when tryptophan pyrrolase activity
has reached a maximum. This could explain the more rapid initial evolution of 14CO,
in the nicotinamide-treated animals. The level of tryptophan pyrrolase decreased
rapidly while the level of hepatic NAD remained elevated. Therefore, the decrease
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Fig. 3. Effect of pre-injection with nicotinamide on the rate of information of UCO, from |ring-2-
LCltryptophan in normal rats. Curves represent average values for four animals. Controls, (-,
Rats injected intraperitoneally with nicotinamide (5 mg per 100 g body weight) 4 h prior to
tryptophan administration, @—@. All animals were injected intraperitoncally with 0.75 mg/g
[ring-2-11Cltryptophan at zero time. The bars represent the S.E.

Fig. 4. Response of hepatic NAD concentration and tryptophan pyrrolase activity following
intraperitoneal injection of nicotinamide. At zero time 24 rats were injected intraperitoneally
with 50 mg per 100 g body weight nicotinamide. At zero, 2, and 4 h after injection six rats were
sacrificed and hepatic NAD concentration (O -- O) and tryptophan pyrrolase activity determined
(enzyme, @—@) as described in the text. At the 6- and r2-h intervals three animals were used
for these determinations. The bars represent the S.E.

in the rate of evolution of *CO, in the nicotinamide-treated animals, which occurred
3 h after tryptophan administration, could be explained if NAD is inhibiting trypto-
phan pyrrolase.

While these studies were in progress, it was brought to our attention that
ParLLini, VascoNETTO aND Picsi® had reported that intraperitoneal injection of

TABLE 1

TRYPTOPHAN PYRROLASE ACTIVITY FOLLOWING NICOTINAMIDE INJECTION OF NORMAL, ADRENAL-
ECTOMIZED AND HYPOPHYSECTOMIZED RATS

Tryptophan pyrrolase activity as measured in vitro at various time intervals following intra-
peritoneal injection of 500 mg/kg nicotinamide. Results are expressed as mpgmoles kynurenine/h
per mg protein. Values are averages +S.12. Numbers in parentheses refer to number of animals
assayed in each group. Control rats injected with 3 ml of saline showed no significant response
in tryptophan pyrrolase activity.

Time after Novmal (6) Advenalec-  Hypophysec-
nicotinamide tomized (3) tomized (3)
injection (h)

o 5.4 + 1.2 7o Iy LE.2 - 1.2
2 8.5 £ 1.1 7.7+ 1.4 9.0 + 0.7
4 16.0 1 2.4 5.0 + 0.3 9.6 -k 2.0
o 11.0 £ 3.2 6.1 -£ 1.8 8.2 4+ 0.3
12 5.2 &+ IL.I 5.7 42 0.4 7.9 -+ 1.0
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nicotinamide “induces” tryptophan pyrrolase in the livers of normal but not adrena-
lectomized rats. This action of nicotinamide in elevating the level of tryptophan
pyrrolase is reminiscent of the non-specific stimulation of tyrosine-a-ketoglutarate
transaminase by the injection of a variety of substances?5:%6, a phenomenon known
to be mediated through adrenal hormones. Therefore, the effect of nicotinamide
administration on tryptophan pyrrolase was tested in adrenalectomized and hypo-
physectomized rats with the results shown in Table I. In these animals there was
no increase in the activity of tryptophan pyrrolase as measured ¢n wvitro following
intraperitoneal injection of 500 mg/kg nicotinamide. These findings suggest that the
intact pituitary as well as adrenals are necessary for the nicotinamide evoked increase
in tryptophan activity observed in normal animals.

Nicotinic acid is an even more potent inducer of tryptophan pyrrolase than is
nicotinamide as shown by the data in Table II. An intraperitoneal injection of

TABLE II

TIME RESPONSE OF TRYPTOPHAN PYRROLASE ACTIVITY TO INJECTION OF 500 MG/KG NICOTINIC ACID
OR NICOTINAMIDE

Values for nicotinamide injection are averages of 5 animals and for nicotinic acid of 2—4 animals.
Experimental details in the text.

Time after Tryptophan pyrrolase
nicotinamide activity (mumoles
injection (h) Rynuvewine[h pev mg

protein)
Nicotinic Nicotin-
acid amide
o 5-4 54
2 12.3 8.5
4 28.0 16.0
6 36.8 11.0
8 32.0 5.2
12 20.6 —
24 19.0 —

500 mg/kg of nicotinic acid produced a higher and more prolonged rise in tryptophan
pyrrolase activity than did an equal amount of nicotinamide. Nicotinic acid is also
more effective than nicotinamide at lower dose levels as shown by the dose response
data in Table III. As in the case of nicotinamide, induction of tryptophan pyrrolase
by nicotinic acid did not occur in hypophysectomized animals.

Adrenalectomized rats exhibit a more prolonged rise in hepatic NAD levels
following nicotinamide administration than do normal animals but the maximum
NAD levels reached are approximately the same as in normal rats?’. However, the
NAD levels attained in the livers of hypophysectomized rats in response to nicotin-
amide are about twice those of the normal animal's. Therefore, if hepatic NAD
inhibits tryptophan pyrrolase iz vivo, this effect should be particularly pronounced
in hypophysectomized rats injected with nicotinamide. The results presented in
Fig. 5 show that conversion of [#ing-2-14C]tryptophan to 4CO, in hypophysectomized
rats is greatly inhibited by prior injection of nicotinamide. There was no indication

Biockim. Biophys. Acta, 146 (1967) 102—110
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TABLE III
TRYPTOPHAN PYRROLASE ACTIVITY 4 H AFTER ADMINISTRATION OF DIFFERENT LEVILS OF NICO-
TINAMIDE AND NICOTINIC ACID

Values for nicotinamide injection are averages of 5 animals and for nicotinic acid injection of
2 animals. Experimental details in the text.

Compound Dosage (mglkg)
administered
0 100 200 500 750  IOGU

mumoles kynuveninelh per mg protein

Nicotinamide 5.4 - 1.6 21.5 3I.2 288
Nicotinic acid - 11.I 27.2  27.0 29.0

of an increase in tryptophan pyrrolase activity as seen in normal animals (Fig. 3).
Control experiments demonstrated that nicotinamide injection had only a slight
inhibitory effect on the oxidation of sodium formate to CO, in hypophysectomized rats.

The results presented in Fig. 5 strongly suggest that prior administration of
nicotinamide exerts an inhibitory effect upon the activity of tryptophan pyrrolase
in vivo. However, they do not establish whether this inhibition is due to increased
concentrations of NAD or to some other effect of nicotinamide administration. If
NAD is acting to regulate tryptophan pyrrolase activity iz wivo then one might
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¥ig. 5. Effect of pre-injection with nicotinamide on the rate of formation of *CO, from {ring-2-
1C]tryptophan in hypophysectomized rats. Curves represent average values for four normal and
hypophysectomized animals. Control rats, O—O. Hypophysectomized rats, @—@. Hypo-
physectomized rats injected intraperitoneally with nicotinamide (50 mg per 100 g body weight)
4 h prior to tryptophan administration, @—¢). All animals were injected intraperitoneally with
0.75 mg/g [ring-2-14C]tryptophan at zero time. The bars represent the S.E.

Fig. 6. Correlation of hepatic NAD concentration and tryptophan pyrrolase activity in vivo in
hypophysectomized rats. Hypophysectomized rats were injected with 50 mg per g body weight
of nicotinamide and at zero time, 30 min, 6 h, 12 h and 24 h, three animals were injected intra-
peritoneally with 0.75 mg/g [ring-2-1*Cltryptophan and expired 4CO, collected for 3 h. The 'animavls
were then sacrificed and hepatic NAD concentrations determined énv itro for 1 or 2z animals in
cach group. The values for each group were averaged. %, of ¥CO, released from [ring-2-“Cjtrypto-
phan in 3h, O—C. Tryptophan pyrrolase activity of the same group of animals as measured
in vitro, @—@.
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expect an inverse relationship between the hepatic level of NAD and the rate of
1CQO, production from [ring-2-1%CJtryptophan. Since the concentration of hepatic
NAD in hypophysectomized rats injected with nicotinamide changes slowly over a
wide range of valuest® it is possible to obtain animals with relatively constant hepatic
NAD concentrations which differ from each other by as much as 300%,. When the
amount of CO, excreted in 3 h after injection of [ring-2-14CO,]tryptophan was
plotted against the hepatic NAD concentrations of hypophysectomized rats at the
end of the same 3-h period, the results shown in Fig. 6 were obtained.

When the concentration of hepatic NAD was approx. 3 mg/g 5-79% of the
injected [ring-2-14Cltryptophan was excreted as *CO, in 3 h, when the level of NAD
was about 2 mg/g 8-109, of the MC was excreted as “CO, in 3h and when the
concentration of NAD was below 1 mg/g about 189, of the injected tryptophan was
converted to 14CO, in the 3-h period. Prior injection of nicotinic acid into hypo-
physectomized rats also caused a marked inhibition of the conversion of [ring-2-14C]-
tryptophan to CO, with a concomittant increase in hepatic NAD concentration.
In contrast to the assay in vivo the hepatic tryptophan pyrrolase activity as deter-
mined ¢n vitro on the same liver samples (solid circles in Fig. 6) showed no appreciable
changes with NAD concentration. These results suggest that at the levels of NAD
concentration investigated tryptophan pyrrolase activity ¢n vivo bears an inverse
relationship to hepatic NAD concentration. It would therefore appear that NAD
is acting as a feedback inhibitor of tryptophan pyrrolase in vivo.

DISCUSSION

The results presented in this paper strongly support the proposal of WAGNER?
that NAD may be a feedback inhibitor of tryptophan pyrrolase. Tryptophan pyrrolase
initiates the sequence of reactions leading to the complete oxidation of the benzene
ring of tryptophan, as well as the pathway leading to NAD (ref. 18). However,
under conditions of high NAD levels it may be necessary for the animal to reduce
the flow of tryptophan through both pathways in order to decrease NAD formation.
It would be more logically satisfying to regulate the formation of NAD by feedback
inhibition, at, or past, the branch point; however, the rat does not appear to have
developed regulatory enzymes at these steps.

The previous suggestion that NAD may be a feedback inhibitor of the enzyme
which converts quinolinic acid to nicotinic acid mononucleotide® has been found to
be erroneous. The inhibition of this enzyme by NAD observed in crude preparations
is due to competition for 5-phosphoribosyl 1-pyrophosphate by degradation products
of NAD",

Induction of tryptophan pyrrolase by tryptophan?® would operate in an inverse
sense to the inhibition exerted by NAD. The combined operation of these opposing
mechanisms may insure a regulated flow of tryptophan to NAD. Regulation of
conversion of tryptophan to NAD by control of the level of picolinic carboxylase
appears to be a long-term hormonally mediated effect!®12 in contrast to the rapid
control provided by feedback inhibition. Therefore, both mechanisms may be es-
sential in controlling the rate of NAD synthesis.

* M. SuiMovama anD R. K. GHoLsoN, unpublished observations.
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The data presented above are also consistent with the hypothesis that nicotin-
amide and nicotinic acid “induce” tryptophan pyrrolase by causing increased se-
cretion of adrenal cortical hormones. Since hypophysectomized animals do not show
this “induction’’, this response is probably mediated through the pituitary. This
effect is probably due to free nicotinamide or nicotinic acid rather than to an indirect
effect on NAD biosynthesis because, at high dose levels, injected nicotinamide is
much more potent than nicotinic acid in causing increased NAD biosynthesis?3,28.29
but nicotinic acid is more active than nicotinamide in inducing tryptophan pyrrolase
activity. In fact, the tryptophan pyrrolase inducing activity of nicotinamide may be
due to its conversion 2 vivo to nicotinic acid by the enzyme nicotinamide deamidase®®,

ACKNOWLEDGEMENTS

This investigation was supported in part by research grants from the National
Institutes of Health (GM-10666) and from the National Science Foundation (GB-1659)
and (GB-4695).

REFERENCES

1 W. E. Knox aNnp A. H. MEHLER, J. Biol. Chem., 186 (1950) 419.
2 R. K. Guorson, Y. Nisuizuka, A. IcHivama, H. Kawal, S. NAkaMUrA aND O. HavaisHr,
J. Biol. Chem., 237 (1962) PC 2043.
3 Y. NisH1zuka, A. [caivama, R. K. GHoLsoN AND O. Havartsui, J. Biol. Chem., 240 (1905) 733.
4 A IcHivama, S. NakaMmura, H. Kawal, T. Honjo, Y. N1sH1zuKA, O. HAYAISHI AND 8. SENOH,
J. Biol. Chem., 240 (1905) 740.
5 Y. NISHIZUKA aND O. Havarsui, J. Biol. Chem., 238 (1963) 3309.
6 R. K. Guoison, I. Uena, N. Ogasawara axD L. M. HENDERSON, [. Biol. Chem., 239 (1904)
1208.
7 C. WAGNER, Biochem. Biophys. Res. Commun., 17 (1904) 008,
8 G.S. CHrisTIE AND R. N. LE PaGE, Biochem. J., 84 (1962) 25.
9 F. N. Mixarp anp C. H. Haux, J. Biol. Chem., 238 (1963) 2474.
10 A, H. MEHLER, E. G. McDaNI1eL AND . M. HUNDLEY, [. Biol. Chem., 232 (1958) 323 and 331.
11 A. H. MeHLER, K. Yano aNp E. L. May, Science, 145 (1904) 817.
12 M. IkEDA, H. Tsuji, S. NakamMura, A IcHivama, Y. NIsHIZUKA AND O. Havaisur, /. Biol.
Chem., 240 (1965) 1395.
13 R.T. Scuivke, E. W. SweENEY aND C. M. BerLN, J. Biol. Chem., 240 (1905) 322.
14 R. K. Guoisox, D. R. Rao, L. M. HenpERsoN, R. J. HiLL anD R. E. Kozrrg, [. Biol. Chem.,
230 (1958) 179.
15 P. FEIGELSON AND O. GREENGARD, ]. Biol. Chem., 236 (1901) 153.
16 P. GREENGARD, G. P. GuinN aAND M. B. REID, J. Biol. Chem., 239 (1904) 1837.
17 J. F. MoraN anp T. L. SOURKES, . Biol. Chem., 238 (1903) 3000.
18 .. M. HENDERSON, R. K. GuorLson anNDp C. E. DaLGLiEsCH, in M. FLorRKIN aND H. 5. Masox,
Comparative Biochemistry, Vol. IV, Academic Press, New York, 1962, p. 245.
19 R. K. Guoirsox, L.. M. HexDERSON, G. A. MourkipEs, R. J. HiLL AND R. E. Kokrry, /. Biol.
Chem., 234 (1959) 96,
20 W. E. KNox aND A. W. MEHLER, Science, 113 (I951) 237.
21 W. E. Knox, Brit. [. IExptl. Pathol., 32 (1951} 462.
22 A, BonsigNORE anD C. Ricel, Boll. Soc. Ital. Biol. Sper., 25 (1949) 710.
23 N. O. Karran, A. GoLpix, S. R. HumpurEYS, M. M. Cror11 AND F. E. StoLzenpacH, J. Biol.
Chem., 219 (19506) 287.
24 V. ParLiNg G. Vascoxerro anD C. Picst, léal. [. Biochem., 14 (1965) 439.
25 G. Litwack aND T. L. DIAMONDSTONE, [. Biol. Chem., 237 (1962) 469.
26 F. T. KEnnuy aAND R. M. FLoRA, J. Biol. Chem., 236 (1961) 2699.
27 P. GREENGARD, G. P. Quinn axDp M. B, REp, J. Biol. Chem., 240 (1905) 430.
28 P. GREENGARD, G. I’. GUINN AND M. B. REIb, J. Biol. Chem., 239 (1964) 1887.
29 H. IjicHI, A. IcHIvaMa aND O. Havaisuy, J. Biol. Chem., 241 (1966) 3701.
30 B. PETRACK, P. GREENGARD, A. CRANSTON AND F. SHEPPY, [. Biol. Chem., 240 (1905) 472

Biochim. Biophys. Acta, 146 (1907) 102-110



