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Interrelationship between Salvage Pathway and Synthesis de novo of
Adenine Nucleotides in Kidney Slices

By PETER MARKO, ECKEHART GERLACH*, HEINZ-GERD ZIMMER, [VAN PECHAN**, THOMAS CREMER

and CHRISTIAN TRENDELENBURG

Abteilung Physiologie, Medizinische Fakultéiit der Technischen Hochschule Aachen***
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Summary: In kidney slices adenine nucleotide syn-
thesis from adenine depends on the concentration
of adenine in the medium. The observed maximum
in the rate of nucleotide synthesis is regarded as
depending on the amount of available phospho-
ribosylpyrophosphate (P-P-ribose-P).

These results, as well as results of experiments in
which adenine nucleotide synthesis was studied
under normoxic conditions and during aerobic

post-anoxic recovery, indicate that the adenine-
induced reduction of purine nucleotide synthesis
de novo results from a competition for P-P-ribose-P
between salvage pathway and nucleotide synthesis
de novo.

General problems concerning the determination of
the true nucleotide synthesis via the salvage path-
way in vitro and in vivo are discussed.

Zusammenfassung: Synthese von Adenin-Nucleoti-
den in Nierenschnitten: Beziehungen zwischen der
De-novo-Synthese und der Synthese aus Adenin. Die
Adeninnucleotid-Synthese aus Adenin ist in Nie-
renschnitten abhidngig von der Adenin-Konzen-
tration im Inkubationsmedium. Die maximale
Syntheserate wird durch die Menge des verfiig-
baren Phosphoribosylpyrophosphats (P-P-Ribose-
P) bestimmt.

Die De-novo-Synthese von Adeninnucleotiden wird
unter normoxischen Bedingungen und in der

aeroben post-anoxischen Erholungsphase durch
zugesetztes Adenin konzentrationsabhidngig ge-
hemmt. Diese Befunde zeigen, daBl die jeweiligen
initialen Reaktionen des ,,Salvage Pathway* und
des De-novo-Syntheseweges um das verfiigbare
P-P-Ribose-P konkurrieren.

Probleme im Zusammenhang mit der In-vitro- und
In-vivo-Bestimmung der tatsidchlichen Nucleotid-
Synthese aus priformierten Basen werden disku-
tiert.

* Supported by a grant from the DEUTSCHE FORSCHUNGSGEMEINSCHAFT.

** Present address: Biochemical Institute, Comenius University, Bratislava, Czechoslovakia.

*** Present address: Prof. Dr. E. GERLACH, D-51 Aachen, Alter Maastrichter Weg 1.

Enzymes:

Adenine phosphoribosyltransferase, AMP: pyrophosphate phosphoribosyltransferase (EC 2.4.2.7)
Hypoxanthine phosphoribosyltransferase, IMP(GMP): pyrophosphate phosphoribosyltransferase (EC 2.4.2.8)
Phosphoribosylpyrophosphate amidotransferase, ribosylamine-5-phosphate: pyrophosphate phosphoribosyltrans-

ferase (glutamate-amidating) (EC 2.4.2.14)

Abbreviations: PPO = 2.5-diphenyloxazole; POPOP == [,4-bis[5-phenyl-2-oxazolyl]benzene.
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Though it is well established that nucleotides can
be synthesized either de novo or from preformed
bases and nucleosides (salvage pathway)! it is still
unknown whether and to what extent each of these
pathways contribute to the maintainance of nu-
cleotide levels in mammalian organs under normal
conditions2-5. It was demonstrated some years ago
that the synthesis de novo of adenine nucleotides
becomes reduced in the presence of free adenine
both in vivo®7 and in vitro®. This effect is regarded?
as resulting from a feedback inhibition of the first
enzyme of purine nucleotide synthesis de novo,
phosphoribosylpyrophosphate amidotransferase by
adenine nucleotides, the concentration of which
should increase when adenine is converted into
adenine nucleotides by the action of adenine phos-
phoribosyltransferase. On the other hand Gorts as
well as WYNGAARDEN, SILBERMAN and SADLER1O
considered the adenine-induced reduction of the
purine nucleotide synthesis de novo to be due to a
competition of both transferase reactions for phos-
phoribosylpyrophosphate (P-P-ribose-P).

In the course of studies on the biosynthesis of
adenine nucleotides in different tissues during post-
anoxic recovery!l12, results were obtained which
strongly support the latter explanation, and which,
moreover, emphasize the importance of special ex-
perimental conditions in studies concerning the
salvage pathway.
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Materials and Methods

Preparation of slices and incubation

Kidneys were obtained from female Sprague-Dawley
rats (160— 200 g) maintained on a diet of Altromin and
water ad libitum. The animals were fasted for 12 h
prior to anesthesia with Inactin (Promonta, Hamburg),
used intraperitoneally at 100 mg/kg. The kidneys were
rapidly removed, decapsulated and transferred to Locke
solution (4°C).

Slices (0.2 mm thickness) were prepared at 49C using a
Stadie-Riggs apparatus. Eight kidneys provided a suffi-
cient number of pooled slices for 6—8 samples. The
slices were stored during preparation for about 20 min
in cold oxygenated (95% Os, 5% CO2) KREBS-RINGER-
hydrogencarbonate medium with added acetate (3mm),
2-oxoglutarate (3mm), malate (3mm), glucose (5.5mMm),
glutamine (0.08mm) and glycine (0.25mm). They were
then transferred to fresh medium of the same composi-
tion for a preincubation period of 20 min at 379C. The
ratio slices/medium was 1:24 (w/v), except when other-
wise stated. The slices were further incubated under
aerobic conditions for 30 min in fresh medium. In spe-
cial experiments some of them were incubated for the
same time under anaerobic conditions (95% Na, 5%
COs»). In both cases, the slices were again transferred to
fresh oxygenated medium containing 14C-labelled gly-
cine or adenine and incubated for 20, 40 and 60 min,
respectively.Finally the slices were washed three times
(KREBs-RINGER-hydrogencarbonate, 209C) and, after
sucking off the bulk of the remaining fluid, frozen in
liquid nitrogen.

Analytical procedures

Extracts of the frozen slices were prepared with 0.3N
HCIO4 and subsequently neutralized with 38 KOH13,
The concentrations of ATP, ADP, and AMP were deter-
mined according to methods already described!3. The
L4C-activity of adenine nucleotides, derived from the
incorporation of labelled glycine or adenine, was
measured after purification as follows: a portion of the
neutralized extract was placed on a column (0.5 X 7.0cm)
Dowex 50 H® WX8 (200—400 mesh), from which all
nucleotides were quantitatively eluted with 60 m/ of
distilled water. After vacuum evaporation, the nucleo-
tide fraction was hydrolyzed in IN HCI (60 min, 100°C)
to liberate purine bases, and the hydrolysate was rechro-
matographed on another Dowex 50 H® column. After
washing the column with 65 m/ of 1.5N HCI, adenine
was eluted with 25 m/ of 6N HCL. The adenine-contain-
ing eluate was evaporated to dryness, chromatographed
on Whatman No. 1 paper, using a solvent which con-
sisted of methanol (160 m/), n-butanol (40 m/), ethanol

13 E. GERLACH, B. Deuticke and R. H. DREISBACH,
Pfliigers Arch. ges. Physiol. Menschen Tiere 278, 296
11963].
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(100 m/), 32% HCI (25 m/) and water (75 m/). Finally,
adenine was eluted from the paper (0.IN HCI) and ali-
quots were taken for the determination of its concen-
tration in the eluate (spectrophotometer Zeiss PMQ 11,
millimolar extinction coefficient of adenine at 262 nm =
13.1) and of its radioactivity (Packard Tricarb liquid
scintillation spectrometer, Model 3003), using 10 m/ of
scintillator (4 g PPO, 0.1 POPOP, 80 g naphthalene,
600 m/ toluene and 400 m/ methanol) for each sample.
In experiments with 14C-labelled adenine ([8-1*Clade-
nine, specific activity 27.7 mC/mmole, Radiochemical
Centre Amersham, England) the amount and radio-
activity of adenine in the incubation medium and in the
extracts were measured in a similar manner, except that
the first column chromatography and the hydrolysis
were omitted.

In experiments with 14C-labelled glycine ([2-14C]glycine,
specific activity 21.5 mC/mmole, Radiochemical Centre
Amersham, England) the concentrations of glycine in
the medium and in the tissue extracts were determined
according to the method of ALEXANDER, LANDWEHR and
SELIGMANI4 15 [n an aliquot of the distillate, the origi-
nal activity of [2-14C]glycine is present in formaldehyde,
which was precipitated in the presence of traces of Tri-
ton X-100 with dimedon'®. The precipitate, after drying,
was directly dissolved in the scintillator for counting
radioactivity.

Calculations

The total activity of adenine nucleotides (cpm/g of
tissue) was obtained from the specific activity of adenine
from adenine nucleotides (cpm/pwmole) times the con-
centration of ATP, ADP, and AMP (umole/g). The
rate of synthesis of adenine nucleotides de novo or via
the salvage pathway (nmole/g) was calculated from the
total activity of adenine nucleotides divided by the
tissue specific activity of the precursor (cpm/pmole),
i. e. glycine or adenine, respectively. The calculations
were based on a dry weight adjusted to 209,.

Results

In kidney slices the rate of adenine conversion to
adenine nucleotides proved to be dependent on the
concentration of adenine in the medium (Table 1).
Increasing the external concentration of adenine
above 0.18mmMm, however, did not result in a further
rise in nucleotide formation.

14 B. ALEXANDER, G. LANDWEHR and A. M. SELIGMAN,
J. biol. Chemistry 160, 51 [1945].

15 H. N. CHRISTENSEN, M. K. CUSHING and J. A. STREI-
CHER, Arch. Biochem. Biophysics 23, 106 [1949].

16 E. HEUSER, in E. MULLER, Method. d. org. Chemie
(HouBEN-WEYL), Vol. Il, p. 434, Georg Thieme, Stutt-
gart 1953.
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Table 1. Synthesis of adenine nucleotides from adenine
in kidney slices at various external concentrations of
adenine. 40 min incubation at 37°C.

Amount of nucleotides
synthesized
[nmoles/g of tissue]

Adenine in medium

[mmoles//]

0.009 90
0.018 137
0.18 345
0.45 360
500
400 _

—

=)

s W /]

g ]
20 40 60

t [ min | —=—
Figure. Adenine nucleotide synthesis from adenine in
kidney slices as a function of time. Concentrations of
adenine in the incubation medium: e—e, 0.18mM;
0——o0, 0.009mMm. In the experiment with 0.009mm
adenine the ratio slices/medium was 1:200.
Ordinate: Adenine nucleotides in nmole/g tissue.

It was found that the rate of adenine nucleotide
synthesis from adenine was not linear with time
(Fig.), either at an external adenine concentration
of 0.009mm or at a concentration of 0.18mm, when
the synthesis was maximal. There was practically
no change in the amount and the specific activity
of adenine in the incubation medium. From the
observed non-linearity of adenine nucleotide syn-
thesis from adenine with time, which is in agree-
ment with the results of some other authors!?19,

17 B. ELus and P. G. ScHoLEFIELD, Canad. J. Biochem.
40, 343 [1962].

18 J. F. HENDERSON and M. K.Y.KHoo, J. biol. Chem-
istry 240, 2349 [1965].

19 S. FREDERIKSEN, A. O. JORGENSEN, A. H. RASMUSSEN
and T. TeNNESSEN, Molecular Pharmacol. 4, 358 [1968].
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it follows that a comparison of the rates of nucleo-
tide synthesis measured under various experimental
conditions in vitro is only reasonable if the incuba-
tion time in the presence of the labelled purine base
is stated.

When kidney slices were incubated in the presence
of adenine the biosynthesis de novo of adenine nu-
cleotides was reduced (Table 2). The extent of this
reduction was found to increase with increasing
external concentration of adenine: at an adenine
concentration of 0.18mM, where the conversion of
adenine into adenine nucleotides was highest, the
synthesis de novo was negligible.

Table 2. Inhibition of adenine nucleotide synthesis de
novo in kidney slices by increasing concentrations of
external adenine. 60 min incubation at 37°C.

Adenine in  Rate of adenine nucleotide  Inhibition
medium synthesis de novo
[mmoles//] [nmoles - (g of tissue)~1 - h=1] [%]

— 167 —
0.009 99 41
0.018 42 75
0.18 3 98

Essentially the same results were obtained in ex-
periments in which the biosynthesis of adenine
nucleotides was studied during post-anoxic recov-
ery of kidney slices incubated without and with
adenine (Table 3). In the absence of adenine the
post-anoxic rate of adenine nucleotide synthesis
de novo was markedly increased. This effect is prob-
ably due to a release of the feedback inhibition of
the first enzyme of purine biosynthesis de novo by
adenine nucleotides20, since the concentration of
these compounds becomes considerably reduced
during anoxia. At a low medium concentration of
adenine (0.018mm) there was still a remarkable in-
crease in the post-anoxic formation of nucleotide

de novo, however this was on a reduced scale (57
and 105 nmoles - (g of tissue)~1 - h~1, respectively).
Under these conditions the greater part of adenine
nucleotides was synthesized from the external
adenine (256 and 196 nmoles - g1 -hl, respec-
tively). In the presence of 0.18mm adenine the in-
creased post-anoxic synthesis de novo was as strong-
ly reduced as was the normoxic synthesis de novo.

20 J, F. HENDERsON and M. K. Y. KHoo, J. biol. Chem-
istry 240, 3104 [1965].

This occurred, although the concentration of
adenine nucleotides in the slices recovering from
anoxia was diminished as much as it was with low
external adenine concentration or in the absence
of adenine.

Discussion

Adenine phosphoribosyltransferase, the enzyme of
the salvage pathway of adenine nucleotide synthe-
sis, has two substrates, adenine and P-P-ribose-P.
According to our results (Table 1) the rate of ade-
nine nucleotide synthesis from adenine depends on
the extracellular concentration of adenine, below
that value at which maximal synthesis is reached.
The maximal rate of synthesis depends neither on
the permeability of the cell membrane to ade-
nine21-23 nor on the saturation of the enzyme with
adenine, but is limited by the amount of the other
substrate, P-P-ribose-P.

These conclusions are based on the following: P-P-
ribose-P is a common substrate for both the purine
synthesis from purine bases and for the purine syn-
thesis de novol. Adenine phosphoribosyltransferase
has a greater affinity for P-P-ribose-P than P-P-
ribose-P amidotransferase24:25, the first enzyme of
purine synthesis de novo. The data in Tables 2
and 3 demonstrate that at an adenine concentra-
tion of 0.018mwm, adenine nucieotide synthesis de
novo is markedly reduced. At an adenine concen-
tration of 0.18mm, when adenine nucleotide syn-
thesis via the salvage pathway proved to be maxi-
mal (Table 1), the synthesis de novo is essentially
abolished. This result can be explained by the
assumption that all of the P-P-ribose-P is utilized
for adenine nucleotide synthesis via the salvage
pathway and thus it is not available for the synthe-
sis de novo. Accordingly no further increase of
adenine nucleotide synthesis via the salvage path-
way can be obtained when the external adenine
concentration is raised above 0.18mm.

There are indications that the concentration de-
pendency?? and the adenine concentration at which

21 W. O. BernNDT, Biochem. Pharmacol. 17, 605 [1968].
22 R. D. BerLiN and R. A. HAwkiNs, Amer. J. Physiol.
215, 932 [1968].

23 R. A. Hawkins and R. D. BerLIN, Biochim. bio-
physica Acta [Amsterdam] 173, 324 [1969].

24 J. F. HENDERSON and M. K. Y. KHoo, J. biol. Chem-
istry 240, 2358 [1965].

25 F. M. RosenBLooMm, Federat. Proc. 27, 1063 [1968].
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Table 3. Biosynthesis of adenine nucleotides in kidney slices under aerobic conditions and during aerobic recovery

following 30 min anoxia. 60 min incubation at 37°C.

Incubation medium

Concentration Synthesis of adenine

Glycine Adenine of adenine nucleotides
nucleotides De novo Salvage
Concen-  Activity Concen-  Activity pathway
tration tration [nmoles - (gof  [nmoles - (g of
[mmoles//] [wC] [mmoles//] [uC] [umoles/g of tissue] tissue)~1 - h=1]  tissue)~1- h=1]
Control 0.25 8 - — 1.65 177 —
Recovery 0.25 8 — — 1.42 356 —
Control 0.25 8 0.018 - 1.65 57 -
Recovery 0.25 8 0.018 — 1.24 105 —
Control 0.25 — 0.018 0.2 1.86 — 256
Recovery 0.25 — 0.018 0.2 1.36 — 196
Control 0.25 8 0.180 — 1.72 4 —
Recovery 0.25 8 0.180 — 1.51 4 —
Control 0.25 — 0.180 2.0 1.74 — 382
Recovery 0.25 — 0.180 2.0 1.50 — 444

maximal adenine nucleotide synthesis occurs22,24,26,
are not the same in different tissues.

The adenine-induced reduction of nucleotide syn-
thesis de novo has been explained as resulting from
an increase of the feedback inhibition of P-P-
ribose-P amidotransferase by the adenine nucleo-
tides, additionally synthesized via the salvage path-
way?. The data in Table 3, however, strongly sup-
port an explanation which points to the key role of
P-P-ribose-P10. Anoxia causes a decrease in the
concentration of adenine nucleotides, which is still
apparent after 60 min of post-anoxic recovery. As a
consequence of this decrease, feedback inhibition
was released? and the synthesis of adenine nucleo-
tides de novo became approximately doubled during
the post-anoxic recovery (Table 3). A similar degree
of release of feedback inhibition was observed even
in the presence of 0.018mm adenine, although at
this adenine concentration most of the adenine
nucleotides were synthesized via the salvage path-
way (see last column of Table 3). In the presence of
0.18mm adenine there was virtually no nucleotide
synthesis de novo, neither in the controls nor in the
slices recovering from anoxia, although in the latter
case the conditions for the release of feedback in-
hibition existed.

On the basis of these considerations it can be con-

26 F. M. RosenNBLooM, J. F. HENDERSON, 1. C. CALD-
weLL, W.N. KEeLLEy and J. E. SEEGMILLER, J. biol.
Chemistry 243, 1166 [1968].

cluded that the primary action of adenine in sup-
pressing nucleotide synthesis de novo is through a
diminution of the pool of available24 P-P-ribose-P,
a conclusion which is in accordance with that of
other authorsl0, An adenine-induced reduction of
the available P-P-ribose-P can also be held respon-
sible for the transitory suppression of adenine
nucleotide synthesis de novo after administration of
a low dose of adenine in vivo®? and for the toxic
effect of high doses of adenine?8. In the latter case
one can assume that, as a consequence of the lack
of available P-P-ribose-P, the P-P-ribose-P-de-
pendent synthesis of other nucleotides becomes in-
efficient. As was already observed in vitro adenine
strongly suppresses the synthesis of pyridine
nucleotides29. Actually the symptoms after the
application of high amounts of adenine resemble
those of nicotinamide deficiency?8. Therefore the
possible use of adenine to reduce de novo synthesis
of purine nucleotides in man3® should be approa-
ched with caution.

The relative contribution of the two pathways of

27 G. A. LePaGe and M. Jones, Cancer Res. 21, 642
[1961].

28 S. B. RaAska, Science [Washington] 105, 126 [1947].
29 J. Prexss and P. HANDLER, J. biol. Chemistry 225, 759
[1957].

30 W. N. KELLEY, M. L. GReeNE, F. M. ROSENBLOOM,
J. F. HeNpersoN and J. E. SEEGMILLER, Ann. intern.
Med. 70, 155 [1969].
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purine nucleotide synthesis is of general biochemi-
cal significance. Special attention was recently
drawn to this problem, when the LeESCH-NYHAN-
syndrome, a neurological disorder, was demon-
strated3! as being accompanied by a deficiency of
hypoxanthine (guanine) phosphoribosyltransferase
and by an enhanced purine nucleotide synthesis de
novo. However, it must be emphasized, that at
present the actual amount of nucleotides formed
via the salvage pathway cannot be determined. This
is mainly due to four facts:

1. The use of labelled bases permits only the meas-
urement of nucleotide synthesis via the salvage path-
way at the experimentally applied concentration of
the bases and the determination of the maximal ca-
pacity of the salvage pathway.

2. The actual intracellular concentrations of purine
and pyrimidine bases are beyond the sensitivity of
common analytical methods.

3. In the case of adenine the high affinity of adenine
phosphoribosyltransferase for the base24.25 could
allow a remarkable formation of nucleotides via
the salvage pathway. As a result of this, the level of
free adenine could always be maintained near zero.
4. In vivo there are two additional sources of bases:
those derived from the diet and those originating in
other organs. Whether or to what extent these bases

31 J, E. SEEGMILLER, F. M. RoseNsLoom and W. N.
KEeLLEY, Science [Washington] 155, 1682 [1967].
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contribute to the nucleotide formation via the sal-
vage pathway has not yet been revealed32-35,
Recently an attempt has been made® to determine
the ratio of nucleotide synthesis de novo to the syn-
thesis via the salvage pathway by measuring the
distribution of 4C- and 3H-activity in RNA 12 h
after the simultaneous administration of carrier-
free [14Clglycine and [3HJadenine. The conclusion
drawn by the authors would only be valid if the cell
membranes were equally permeable to glycine and
adenine and if the pools of both precursors undergo
the same metabolic reactions. Such conditions,
however, are very unlikely?21,23,35,

From our results and the above considerations it is
evident that the determination of the contribution
of the salvage pathway to the total nucleotide syn-
thesis requires new approaches.
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