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SIMMA IIY

Using different analytical muuethods, it was possible to confirm the observation of Ritter
[Mel. Pharinacol. 2, 125 (1966)1 that within the first few hours after injection of free testos-

terone into castrated rats there occurs a large yet transient fall in the total level of ATP
in the ventral prostate gland. In contrast to Ritter’s findings, however, only marginal
changes in the total levels of NAD and NADH in the prostate occurred over the first few

hours after androgen administration. The findings presented do not support Ritter’s con-
clusion that an increased biosynthesis of NAD represents a lulajor early biochemical event
in the action of androgens on the prostate of orchiectomized rats. Observations on the

properties of prostatic nuclear nicotinamide mnononucleotide adenylylt ransferase (EC 2.7.7.1)
and chaiiges in the activity of this enzyme due to androgen deprival and admninistration are

documented. An NMN-dependent polymerization of the adenylate moiety of ‘4C-ATP by

prostatie (cli nuclei is also described.

IN’rllom)UC’rIoN

In a recent publication, Ritter (1) re-

ported that within the first few hours after

administration of testosterone to orchiec-

tonuizeci mats, there occurred transient
fluctuations in the total ATP and pyridine
nucleotide levels in the ventral prostate

gland. T�vo w’eeks after removal of the
testes, the comucentrations of these co-

enzymuues in the prostate were essentially

in the normal ramuge. Following intra-
muscular injection of free testosterone into
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the castrates, there was a dm-amatic de-
crease in total ATP levels, which attained

a nuinimum value equivalent to about 25%
of thue castrate control at 1 hr. There was
some concomitant increase in total prostatic
ADP, but this could only account for about
20% of tue loss in ATP. Over the following

10 hr, the ATP concemutration gradually re-
turned toward the control value. Ritter

also observed oscillations in the levels of
NAD, NADH, amid NADPH during the
first 10 hr after the amudrogen was adminis-
tem-ed. Thus was characterized by an ele-
vation of 143% imu the combined content

of NAD amud NADH in the first huour; this
high level of NAD(H) was maintained for
a further 5 hr before gradually subsiding

to the norm. From the results of parallel
measurements of prostatic NADP and
NADPT{ levels, Ritter (1) concluded that
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within the first few hours after testosterone
administration there was no great enhance-
ment of pyridine nucleotide transhydrogen-

ase reactions in the gland. Since the testos-

terone-induced fluctuations in NAD were

also observed in animals poisoned with
puromycin or actinomycin D, it appeared

that new RNA or protein biosynthesis was
not required for these actions of the andro-
gen to be manifest. Ritter (1) suggested

that an increased biosynthesis of NAD
might constitute an important early phase
in the action of androgens on the prostate,

and may reflect “a redirection of energy
metabolism toward the more efficient pro-
duction of ATP” (1).

Another contribution by Ritter and

Paddle (2) records that addition of testos-
terone to explants of prostates of castrated
rats in organ culture media containing
0.1% glucose was followed 40-60 nun later

by a gradual increase in fluorescence that
was presumed to be clue to reduced pyridine
nucleotides. Oscillations of this fluorescence
were often superimposed on the increasing
steady-state fluorescence, which imucreased

on the average by 8.5%. In the presence of
lower levels of glucose (0.05%), the total
increase in fluorescence was only 2%.

Hydrocortisone and testosterone appeared

to have synergistic effects on prostatic re-

duced pyridine nucleotide fluorescence.
Ritter and Paddle (2) conjectured that the
testosterone-induced increase in fluores-
cence due to reduced pyridine nucleotides

“seems to be the result of an increase in
the state of cytoplasmic reduction follow-
ing an increase in the rate and amount of
glycolysis, for it proceeds through a series
of oscillations similar to those which occur

when glucose is added to starved yeast

cells” (cf. ref. 3).
The actions of testosterone on prostatic

pyridine nucleotides described by Ritter
(1, 2) are considerably more rapid than

many previously described effects of andro-
gen treatment on respiratory and glyco-
hytic mechanisms in male genital glands

of orchiectomized mammals. In 1944,
Barron and Huggins (4) first demonstrated
that orchiectomy or estrogen treatment re-
suited in a decline in the respiration (hut

not the glycolysis) of dog prostate tissue
slices. Later it was repeatedly demonstrated

that adnuinistration of androgens to cas-
trates enhanced the oxygen consumption

(5-9) and respiration-coupled synthuetic
reactions (5) of slices of various male ac-

cessory glands of reproduction, as well as

the activity of certain respiratory enzymes

in these organs (9-12) . Yet these effects of
testosterone, which could not be mimicked
significantly by addition of the hormone
to suitable tissue preparations in vitro,

were manifest only after a lag period of
some 15-30 hr. It was concluded (cf. refs.

13, 14) that such actions of androgens on

prostatic respiratory processes were con-

tingent on prior increases in tue synthesis

of respiratory enzymes and possibly of
carriers such as cytochrome c. Thue much

swifter changes in pyridine nucleotides and
adenosine polyphosphates that Ritter (1, 2)

found in the prostate of castrates after

androgen administration are therefore of
considerable interest. It is noteworthy in

this connection that changes in the pulse-
labeling of RNA (15-17) and of nuclear

RNA polymerase activities (18-20) in male
accessory glands of orchiectomized rodents
have been reported to occur within 1 hr

after tue injection of testosterone.

The experiments described in this paper
confirm, with the aid of different analytical

methods, the swift yet transient androgen-
induced decline in prostatic total ATP lev-

els described by Ritter (1). An examination
of the levels of total prostatic NAD con-
centrations, however, revealed only mar-

ginal changes in this coenzyme under the
same conditions. Attention was also given

to certain enzynuic processes which may be
involved in NAD biosynthesis in relation
to androgen-induced prostatic growth. Sev-
eral groups of investigators (21-23) have
concluded that a low NAD content is

characteristic of many rapidly growing
normal and malignant tissues. Further

studies (24-26) itudicated that these low
tissue concentrations of NAD could be cor-
related with the activity of the nuclear
enzyme nicotinamide mononucleotide ade-
nylyltransferase (EC 2.7.7.1). Preiss and

Handler (27) suggested that the latter
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emuzymne also catalyzes the transforiuuation
of nicotinic acid nuonomiucleotide to

deanuido-NAD. While there is evidence
that reactions involving both NMN and
nicotimuate mononucleotide may be imuvolved
in th(� h)iosynthuesis of NAD (28-30) , the

exact �)athuways amud regulatomy mechamuisnus

responsible for nuaintemuamuce of NAD levels
in various tissues are still unclear, as is
evident from the excellent recent dis-

cussions l)y Chaykin (31) and Greenbaunu
and Pinder (32). Although NMN adenylyl-
tramusferase is involved only imu the terminal
steps of the complex pathways of pyridine
nucleotide biosynthesis, its apparently

unique nuclear localization, and the re-
ported association of the enzyme with
chromatimu-hike material (33) and intra-

nuclear structures rich in RNA (23), sug-
gest that nuclear regulatory mechuanisms

are important imu the control of NAD for-
matiomm. Accordingly, we iiuvcstigated the
properties of NMN adenylyltransferase in

the prostates of normal and orchiectomized
rats durimug the early responses of this organ

to testosterone adnuinistration. In the
course of thiese studies, it became desirable
also to exanuine the NMN-dependent

polymerization of labeled ATP to acid-
insoluble products, which appeared to re-
flect the synthesis by prostatic nuclei of

poly AI)P-ribose from NAD, a reaction
recemutly reported to occur in a number of

other mammalian tissues (34-38).

MATERIALS AND METHODS

Animals. Adult male albino rats of the

Sprague-Dawley strain (250-350 g) were

purchased from Huntingdon Farms. They

were maintained on a diet of Purina lab-

oratory chuow and water ad hibitum tinder
a constant 12-hur-light-12-hr-dark lighting

schedule. Orchiectomy was perfornued via
the scrotal route 2 weeks l)efOre the intra-

muscular injection of 0.1 ml of water con-

taining a suspension of 150 � of free
testosteromue (Testryl, Squibb). Control
rats received iniections of 0.1 nil of water.

Rapid freezing of tissues. Animals were
anesthetized with an imutmaperitoneal in-
jection of 200 mg of urethane in 1 ml of

0.15% NaCI. Laparotonuies were performed

in amu environmental chamber at constant

tenuperature, 37#{176},with 100% humidity.

1jentral prostates were rapidly dissected
free from fat and connective tissue. With
the glamuds in situ, the tissue was rapidly
fmozemi by grasping it with aluminum

Wohienberger tongs which had been cooled

with liquid iuitrogen. The solidly frozen
prostate tissue was broken free and placed

in liquid nitrogen. This technique, described
by Burch, Lowry, and Von Dippe (39), huas
beemu demonstrated to nuinimize thue rapi(h
postmortem chamuges in tissue nucheotide
levels. Tissue from three to five rats were
pooled amid pulverized in a mortar to a fine

powder while being maintained under liquid
nitrogen. The tissue for extraction was
weighed at -20#{176} in a desiccated balance

and assayed inunuediately.
Assay of ATP. The powdered tissue

(25 mg) was homogenized in 1 nil of cold
0.75 N perchloric acid. The systenu was
neutralized to pH 7.4 with cold K2CO3 and

cleared by centrifugation at 10,000 X g for
10 mm. The pellet was extracted with 1 ml

of cold water, and the combined super-
natant fluids were assayed for ATP by the
specific luciferin-lueiferase reaction (40)

by recording the light emission with a
Farranci fluorometer. One-half nuillihiter of

the extract was assayed at 25#{176}in a final

volume of 2.0 ml at pH 7.4 contaiiuing 53
mM glycine, 10 m�r MgSO4, 10 mM

Na2HAsO1, and 0.2 ml of luciferin-lucifer-

ase solution prepared as described by

Strehler and Totter (40). Internal stand-
ards were run with each preparation and

indicated recoveries varying between 93
and 100%.

Assay of NAD. Frozen powdered pros-
tate (25 nug) was rapidly plunged into
1.0 ml of 0.1 N HC1 in a boiling water bath.

After 5 mm, the solution was rapidly
cooled to 4#{176}and the system was neutralized

with cold NaOH. The system was cleared
by centrifugation at 10,000 X q for 5 mm.
The pellet was re-extracted with 1 ml of
cold water, and the NAD was assayed in
the conuhined supernatant fluids by the
fluoronuetmic technique described by Lowry
et a!. (41), involving conversion to NADH

by the action of ethanol and yeast alcohol
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dehydrogenase. The recovery of internal

standards varied between 89 and 95%.
Determination of NADH. The frozen

tissue (25 mg) was extracted with 1.0 ml
of 0.1 N NaHCO3, containing 1 mg of

cysteine hydrochloride, in a boiling water
bath for 5 mm. After neutralization and re-
extraction, the NADH was determined with
the technique of Lowry et al. (41) by
measurement of decrease in fluorescence
after addition of yeast alcohol dehydro-
genase and acetaldehyde. The recovery of
internal standards varied between 91 and

99%.
Preparation of cell nuclei. Prostatic cell

nuclei were isolated by a modification of
the procedure of Chaveau et a!. (42). Fresh
ventral prostate tissue was placed in an

iced vessel and minced thoroughly with
scissors. The mince was homogenized at

2#{176}with 10 volumes of 2.2 r�r sucrose con-
taining 1 mM MgSO4 and 5 iuu�i �-mercap-
toethanol in a glass homogenizer equipped

with a Teflon pestle. After filtration of thue
homogenate through silk cloth, the material
was centrifuged for 1 hr at 50,000 X g in

a swinging bucket rotor of a Spinco model
L-2 ultracentrifuge at 2#{176}.Tlue cell nuclei,

recovered in the pellet at the bottonu of the

tube, contained 58-72% of the total cellular
DNA of the homogenate in various experi-

ments (the rest of the total cellular DNA
was recovered quantitatively in the original
supernatant fluid obtained after ultra-
centrifugation of the homogenate, largely
as a result of sonic fragmentation of the
cell nuclei during homogenizatiomu). The

RNA:DNA ratio of thie isolated nuclei
varied between 0.23 and 0.28. The material

in the pellet was suspended in 0.25 M

sucrose containing 1 mM MgSO4. Light
microscopy of these preparations revealed
well-preserved cell nuclei with conspicuous

nucleoli.
Determination of NMN adenylyltransfer-

ase activity. The nuclear suspension (0.2
ml, equivalent to 50 �g of nuclear DNA)
was added to a 0.5-nil assay system con-

taming a final concentration of 2 m�r
NMN, 2 m� ATP, 8 m�i MgSO4, 100 nu�r
nicotinamide, and 20 m�i Tris-HC1 of 1)11

7.7 (37#{176}).The reaction was terminated by

dilution with 1.0 ml of a cold solution
containing 1.5 isi ethanol, 50 nu�i sodium
pyrophosphuate, and 200 nmm Tris-HCI, pH

10.1. The system was centrifuged at 4#{176}for

5 mm at 10,000 X g, and 1.0 nil of the

supernatant was removed and comuibined
withu 0.1 nul of a solution comutaimuing 0.1 mg

of crystalline yeast alcohol dehiydrogenase.

After 10 mm at room temperature, the
NADH was determined fluorometrically.
The reaction rate was linear with respect

to time and enzyme concentration over
the ranges reported.

NMN-dependent polymerization of

ATP-’4C. Purified prostatic nuclei were

lysed by suspension for 30 mimi in 0.05 M

Tris, pH 7.5. After homogenization, each

0.1-mi ahiquot contained 1 mg of nuclear
protein, which was assayed for NMN-
dependent ATP polymerase activity by a
modification of the method of Chuanibon

et al. (34) in a 0.5-ml system contaimuing

0.1 M Tris-HCh (pH 7.5), 10 m�i MgCl2,
60 m�t KC1, 2 m�i NMN, I DiM f3-mer-
captoethanol, 20 niM KF, amid 2 nw (1 �C/

1tmole) ATP-8-14C (Schwarz BioResearchi).

The reactions were allowed to Proceed for
30 mm at 37#{176}and were termumuateci by ad-

dition of 5 ml of ice-cold 6% trichloracetic
acid containing 0.01% (w/v) ATP. After

thorough mixing, the acid-insoluble mate-
rial was separated by centrifugation at

10,000)( g for 15 mm. Three cycles of re-
clissolvimug the precipitate in 2 ml of 0.05 N

NaOH were performed, followed by im-
nuediate reprecipitation with 5 miii of tn-
chuloracetic acid-ATP solution. The final,

washed, acid-insoluble residue was dis-

solved at room temperature in 0.5 ml of
97% (w/v) formic acid. To this were
added 15 ml of a scintillation medium of
the following composition: xylene-.dioxane-
absolute ethanol (1.0:1.0:1.0, by volume)
containing 7.5% (w/v) naphthialene, 0.45%

(w/v) 2,5-diphenyloxazole (Pilot Chemi-
cals), and 0.0045% w/v) 1,4-bis(5-phenyl-
oxazol-2-yl) benzene (Pilot Chemicals).

Radioactivity was assayed with a
Nuclear-Chicago Unilux I liquid scintil-
lation system. The background counts
were in the range of 30-40 cpm. The aver-
age of two 10-mm counts minus a back-
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ground was obtained for each sample.

Other methods. RNA was determined

by the orcinol reaction with purified yeast

RNA as standard; DNA was measured by

the diphenylamine method with calf thy-
mus DNA as the reference material (43).

All pH measurements were made with a

glass electrode and refer strictly to the

stated temperatures. Protein was deter-

mined by the biuret method (44).

RESULTS

Effects of testosterone on ATP, NAD,

and NADH levels of rat ventral prostate.

In agreement with Ritter (1), it was ob-

served that the concentration of total ATP,

NAD, and NADH in the ventral prostate

was within the normal range in rats that

had been castrated 7 days previously

(Table 1). Our values for the absolute
levels of ATP and NADH are in good
agreement with those reported by Ritter

(1). However, the values shown in Table 1
for normal prostatic NAD contents are
only about 60% of those found by Ritter
(1). Since in our experiments the recov-

eries of internal standards for ATP, NAD,
and NADH (added in suitable amounts to

the extraction media just prior to addition
of the powdered frozen tissue) were in-
variably greater than 89% (see above),

the reason for the discrepancy between our

TABLE 1
Ear!y effects of testosterone on A TP, NAD, and NADH levels in rat ventra! prostate

Each value represents the average of a duplicate determination on pooled tissue from three to five rats.

V entral prostate tissue coiucentration

m�moles/g tissue, wet wt

ATP NAD

Expt. Expt. Expt.

NADH

Expt.Expt. Expt. Expt.

Animals 1 2 3 Mean 1 2 Mean 1 2 Mean

Normal 873 860 1006 54 47 11 7

914 710

920

41 52 48

880

12 14

13 11

Castrate 910 905 965 58 40 12 7

1190 952 840

495

48 38

893 53 47

5 10

12 9

Castrates + 150kg testosterone

1 hr postinjection 651 640 476 44 34 13 14
420 755 474

251

52 36
524 35 40

6 8
11 10

3 hr postinjection 682 805 740 63 59 20 9

737 640 584

633

75 79
689 67 69

12 9
15 13

8 hr postinjection 726 915 893 51 46 11 10

811 802 915

747

43 51

830 39 46

16 7

8 10

Castrates + control injectionsa

1 hr postinjection 1012

915 963

8 hr postinjection 920 56 19

861 890 52 54 14 16

Intramuscular injection of 0.1 ml of water.
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values for prostatic NAD levels and those

of Ritter (1) is not apparent. Two differ-
ences between the procedures of Ritter (1)
and this paper could conceivably be of sig-
nificance in this regard: (a) urethane was

used as an anesthetic in our experiments,
whereas Ritter employed C02-02 mixtures
for this purpose ; (b) we used Sprague-
Dawley rats of relatively greater age and
body weight.

One hour after injection of 150 �tg of free
testosterone into the castrates, theme oc-
curred an average decrease of 42% in the

total ATP levels, as determined by the
luciferin-luciferase luminescence method.
This large decrease of about 370 m�tmoles

of ATP per gram of prostate, wet weight,
was slowly restored to nearly normal levels

within 8 hr. These findings confirm those of
Ritter (1), who estinuated ATP by different
enzymic procedures. However, we did not
observe any large changes in NAD and
NADH levels at 1, 3, and 8 hr after injec-

tion of the hormone. Table 1 shows that
the only significant change over this period
was a small and transient rise in NAD

content at 3 hr. This average increase of
22 m�moles of NAD per gram of prostate,
wet weight, was considerably smaller than

the corresponding earlier maximal alter-
ation of ATP levels. Ritter (1) observed
much larger changes in prostatic NAD
content at 3 and 5 hr and in NADH levels

at 1 and 2 hr after administration of testos-
terone. It is worth noting that in our exper-
iments, the prostates were frozen very
rapidly in situ by a procedure similar to

that employed by Ritter (1) in order to
diminish artifactual postmortem changes
in the tissue content of various acid-soluble

nucleotides.
Nuclear NMN adenylyltransf erase. Table

2 illustrates the properties of an NMN
adenylyltransferase associated with isolated
rat ventral prostate cell nuclei which cata-
lyzes the synthesis of NAD from ATP and

NMN. The enzyme is fairly stable; less
than 6% of the activity was lost wluen the
nuclei were frozen, or kept at 4#{176},for 3
days in 0.25 M sucrose containing 1 niM

MgCl..

NMN adenylyltramisferase is firmly bound

to prostatic cell nuclei, and less than 10%

of the total enzyme activity could be re-
moved by washing the nuclei three times

with 0.01 M Tris-HC1 of pH 7.4. However,
increasingly higher salt concentrations ex-

tracted the enzynue in “soluble” form from
prostatic cell nuclei (Fig. 1) in a manner

comparable to that previously reported for
liver nuclei by Traub, Kaufman, and
Ginzburg-Teitz (23), who concluded that

the NMN adenylyltransferase is associated

TABLE 2

Properties of NMN adenylyltransferase

in prortatie nuclei

Systenu Relative ratea

Complete” 100

-MgSO4 11
-ATP 0
-NMN 0

+ATP, 6 m�m 97

+NMN, 6 m� 51

+Nicotinamide, 100 mM 98

±fl-�Iercaptoethanol, 20 m�i 123

+NaCl, 0.5 :�i 109

+KC1, 0.5 M 100

+Testosterone, 10 �a 96

a 100 = 52 m�inuoles of NAD formed per 100 j�g of

nuclear DNA per hour.
ATP, 2 m�i; MgSO4, 8 m�s; NMN, 2 mM;

20 m�i Tris-HC1, pH 7.7 (370); and nuclei equivalent

to 100 �g of DNA.

with nuclear particles rich in RNA. Nunuer-

ous efforts to demonstrate an association of
prostatic nuclear NMN adenylyltransferase

with nuclear ribonucleoprotein particles
were unsuccessful; however, extraction of

the enzyme with solutions of fairly high

ionic strength resulted in a concomitant
solubihization of nuclear RNA but not of
nuclear DNA (Fig. 1). Although the en-
zyme was released together with RNA, it
did not appear to remain associated with
RNA in the salt solutions. When the pros-

tatic nuclear material solubilized in 0.5 M

NaC1 solutions was passed through a
column of Bio-Gel P-300 (previously

equilibrated against 0.5 rsr NaCl), the NMN
adenylyltransferase activity behaved as if

the enzynue had a molecular weight in the
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Fic. 1. Association of nuclear RNA extraction

with solubilization of NMN adenylyltransferase

Purified prostatic nuclei equivalent to 100 �g

of DNA per milliliter were subjected to the stated

NaCl concentrations at 0#{176}for 1 hr. The extracts

were centrifuged at 22,000 X g for 10 mm, and

the soluble fractions were assayed for DNA, RNA,

and NMN adenylyltransferase. The results are ex-

pressed as the percentage of the original nuclear

content solubilized. Assays of extract and nuclear

pellet indicated greater than 90% recovery of all

components.

vicinity of 200,000, assuming a roughly
spherical shape of the protein.

Effects of castration and androgen

treatment on prostatic NMN adenylyltrans-

ferase. It is evident from Table 3 that 7

days after orchiectomy there is a substan-
tial decrease in prostatic nuclear NMN

adenylyltransferase activity, even though
the tissue NAD, NADH, and ATP levels
(Table 1) are essentially normal under

these conditiomus. The rapid changes in
prostatic total ATP levels 1 hr after in-

jection of testosterone into the castrates,
and the small changes in NAD content
observed at 3 hr (Table 1), are not accom-
panied at these early intervals by any sig-
nificant alteration in nuclear NMN adenyl-
yltransferase activity (Table 3). At 3 and 6
hr after testosterone administration, the
NMN adenylyltransferase activities were
not enhanced, but they were significantly

increased within 24 hr. Daily injection of
testosterone for 6 days restored the pros-
tatic NMN adenylyltransferase activities of
the castrates to normal values.

NMN-dependent polymerization of

ATP-14C by prostatic nuclei. The assay

system used for measurement of NMN

adenylyltransferase involved the enzymic
determination of NAD formed from the
precursors NMN and ATP. If the pros-

tatic nuclear extracts transformed the

TABLE 3

Effects of castration and testosterone treatment

on ventral prostate NMN
adenyly!transf erase activity

Each value represents the average of a duplicate

determination on a pooled nuclear preparation
obtained from three to five rats.

Condition

Nuclear NMN

adenylyl-

transferasea

Relative

activity

(mean value)

Normal 56

47

59

100”

Castrate 31

34

28

57

Castrate + 150 Mg

testosterone

daily (time post-

injection)

3hr 30

33

26

59

6hr 31

34

30

61

iday 37 72

39

41

2 days 50 89

45
46

6 days 60 104

53

55

am�,moles NAD formed/100 �g nuclear DNA/hr.

Equivalent to 1.18 Mmoles of NAD formed per

gram of tissue, wet weight, per hour.

NAD so produced into other products dur-
ing the course of the reaction, then artifi-

cially low values for NMN adenylyltrans-
ferase activity might be obtained.

Chambon and his co-workers (34) dis-
covered an enzymic process associated with

liver nuclei which promoted the incorpo-
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ration of the adenylate moiety of ATP into

acid-insoluble products which exhibited a

complete requirement for NMN. The ribose
portion and the ester phosphate groups of
NMN and ATP were incorporated into the
products in equimolar amounts, and it was

shown that NAD was an obligatory inter-
mediate in the formation of the acid-

insoluble reaction product. The over-all
reaction was shown to involve (a) the

synthesis of NAD from NMN and ATP,

catalyzed by NMN adenylyltransf erase, and
(b) a transglycosidation reaction, in which

linkages were formed between the C-i
carbon atoms of the ribose moieties adja-

cent to the nicotinamide group and the C-2
of the adenosine ribose, with the siinul-
taneous elimination of free nicotinamide,

so that the acid-insoluble product was a
poly ADP-ribose (34, 37). This polymeri-

zation reaction was later shown to occur
in the nuclei of a number of mammalian

tissues (35-38) and appears to be catalyzed
by an NAD glycohydrolase (EC 3.2.2.5)
associated with the nuclei (38).

Evidence was obtained that isolated

prostatic nuclei catalyze the incorporation
of ATP-14C into acid-insoluble products

by an NMN-dependent reaction which
appears to involve the aforementioned re-

TABLE 4
NMN-dependent polynwrization of A TP-’4C

by prostatic nuclei

Incorporation
System of ATP�l4C0

MMmoles/mfl
protein/SO mm

Complete” 399

-NMN 22

+Nicotinamide, 10 mM 39

+NAD,lOmM 1

+Pancreatic RNase, 100 �g 517

+(NH4),S04, 150 mr�s 13

+(NH4),S04, 300 mrs 5

a One milligram of nuclear protein is equivalent to

265 �g of nuclear DNA.

“Nuclear protein, 1mg; 100 m�i Tris-HC1, pH 7.5;

MgC1,, 10 mM; KC1, 60 mM; KF, 20 mM; $-mer-

captoethanol, 1 mM; NMN, 2 mM; and ATP-8-’4C,
2 mrs (1 MC/Mmole).

action sequence in which NAD is an inter-
mediate. Table 4 shows that the NMN-

dependent polymerization of ATP-14C by
prostatic nuclei occurs at a slower rate

than with liver nuclei, but that the proper-

ties of this multienzyme systenu are in full
accord with the data obtained with liver
nuclei by Chambon et al. (34). As expected,

addition of unlabeled NAD to the reaction
mixture diminished the N1\IN-dependent

incorporation of labeled ATP into the acid-
insoluble product. Nicotinamide also inhi-
bited the reaction. It is noteworthy that

0
LU1

0
a:

0
U
z

a:

if)
LU
-J
0

Fic. 2. The extent of the NMN-dependent

ATPUC polymerization reaction with time and

with the amount of nuclear protein in the assay

system

although the entry of radioisotope from

ATP-’4C into the reaction product was
proportional to the amount of nuclear ex-

tract protein added to the reaction mix-
tures, the incorporations were not linear
with respect to time over prolonged periods
(Fig. 2). The extent of this polymerization

reaction by the prostatic nuclear extracts
was not sufficient to cause significant inter-

ference with the NMN adenylyltransferase
assays. Moreover, the presence of large

concentrations of nicotinamide in the

NMN adenylyltransferase assay system
would diminish markedly any loss of NAD
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formed as a result of further polymuieriza-

tion to fornu l)0l�T ADP-ribose.

DISCUSSION

The foregoing experimemits confirnu Rit-

ter’s (1) findings that (a) the total ATP
level of the regressed ventral prostate
glands of adult orchiectomized rats is
within the normal range, and (b) 1 hr after
injection of testosterone into the castrates,

there occurs a precipitous fall in prostatic
total ATP levels, which later rise again
toward normal values. This transitory

androgen-induced decline in prostatic ATP
is similar to the marked lowering of uterine
ATP levels which Aaronson et at. (45)

observed 1 hr after treatment of o#{246}phorec-
tomized rats with estrogen. In both in-

stances, the decline in tissue ATP levels
during the early phases of action of these

gonadal hormones represented a very con-
siderable loss (20-50%) of the total cellu-

lar ATP. Ritter (1) hias stated that the
early testosterone-induced fall in prostatic
ATP levels can by no means be accounted
for by a stoichiometric increase in ADP
levels. The swift diminution of ATP
therefore raises the question as to path-
ways which may be involved in the utiliza-
tion of this nucleotide. The data presented
in this paper make it clear that the con-
comitant changes in NAD(H) content of
the prostate are very small in conuparison
with alterations in the ATP levels.

One of the earliest known consequences
of the actions of androgens and estrogens

on the prostate gland and uterus, respec-
tively, is an enhancement of nuclear RNA

synthesis (15-20, 46-50). The extent to
which the hormone-dependent early decline
in ATP levels in these organs reflects the
synthesis of ribonucleic acids (or other

macromolecules) and their precursors can-
not be estimated even roughly from the
very limited experimental evidence pres-

ently available. Other possible pathways
for utilization of ATP, such as the forma-

tion of cyclic 3’,5’-adenylate, would also
merit study in this connection.

Our findings do not support the hy-
pothesis of Ritter (1) that an increased
biosynthesis of NAD represents a major

early b:oehieniical event followimug stimu-

lation of the prostate of castrated rats by
exogenous and rogen . Thue fluctuations in
prostatic NAD (H) levels we observed over
the first few hours after administration of

testosterone are smaller thuan those reported
by Ritter ( 1 ) , and even the largest changes

in the content of these nucleotides we
found at 3 hur after injection of the hor-
mone are of nuarginal significance. More-

over, during these early phases of the action

of the androgen, there was no change in

the activity of nuclear NMN adenylyltrans-
ferase (cf. refs. 32, 51). It is noteworthy

thiat the values we obtained for the content
of NAD and NADH in the ventral prostate

before and at various intervals after ad-
ministration of testosterone to castrated
rats (cf. Table 1) were subject to consider-

ably less variation from one experiment to

another than those reported by Ritter (1).
For example, Ritter reported that the
prostatic NADH content rose 7-fold dur-

ing the first hour after testosterone treat-
ment in four experiments, in which the
means of duplicate analyses were 175.8,

23.8, 26.4, and 53.6 rn�moles per gram of
freslu tissue.

Much further work will have to be per-
fornued to evaluate Ritter’s (1) conclusion

that within the first few hours after ad-
nuinistration of androgen to orchiectomized
rats there occurs a redirection of prostatic
energy metabolism toward a more efficient
production of ATP as a result of activation

of respiratory rather than glycolytic proc-
esses, and at a time when the over-all res-

piration of the tissue and the levels of
various respiratory enzymes have not yet
changed. It may be worthwhile emphasiz-

ing that measurements of the total
levels of ATP and pyridine nucleotides in
tissues may not be very enliglutening in
this regard. The distribution of these nu-
cleotides between various cell compartments
is well known to be very uneven, and esti-
mations of nucleotide levels of the type re-

ported by Ritter (1) and in this paper do
not differentiate between free and protein-
bound nucleotides within any region of the
cell. Indeed, as Krebs (52) has pointed out
so incisively, calculations of tissue levels of
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the ratio of oxidized to reduced free pym�i-

dine nucleotides in various cell compart-

ments (made on the basis of measurements

of various oxidized and reduced substrates
for enzymes that are localized in discrete
regions of the cell) may give values whichu
are vastly different from those obtained
from “direct” estimations of NAD : NADH
and NADP:NADPH ratios. It may also
be pointed out that increases in tissue pyri-

dine nucleotides may not omuly reflect an
enhanced rate of synthesis of the coen-
zymes, but also may result from a decrease
in their rate of degradation. Finally, the

relative increase in the fibromuscular

stroma of the rat ventral prostate which

occurs after orchiectomy (53) further
complicates interpretation of the type of
measurements of total tissue contemut of
various nucleotides discussed by Ritter

(1) and in this paper.
It is shown in this paper that isolated

prostatic cell nuclei catalyze an NMN-

dependent incorporation of 14C-ATP into
acid-insoluble products which probably re-
sult from polymerization of the adenosine

diphosphate ribose moiety of NAD, formed
from ATP and NMN by the action of an

NMN adenylyltransferase in the nuclear
preparations. After these experiments were

completed, Nishizuka et at. (54) reported

that the polymerization of the ADP-ribose
moiety of NAD by liver cell nuclei involves

an initial transfer of ADP-ribose to nuclear
histone, with the simultaneous release of
nicotinamide. A successive transfer of the

ADP-ribose moiety results in formation
and elongation of a homopolymer with re-

petitive ADP-ribose units; both the poly-
mer and the monomer ADP-ribose appear
to be joined to histone (s) by covalent

linkages. Further examination of this re-
action may be of considerable interest from
the standpoint of the possible regulation by

histones of the control of RNA transcrip-
tion in prostatic cell nuclei (14).
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