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Abstract-A single injection of 1.13 mM folic acid/kg body wt. causes au increase in 
the protein content of the rat kidney accompanied by changes in the protein synthesis 
rate. 

The in v&m [14C]phenylalanine incorporating activity per kidney ribosome is 
decreased during the first 6 hr after folic acid injection and increased from the 12th to 
the 24th hr to twice the control activity, this level being maintained till the 96th hr. 
The decreased and increased amino acid incorporating activity occurs in the presence of 
endogeuous or exogenous mRNA (polyuridylic acid). 

Since the RNA content in the kidney homogenate increases by two and a half times 
that of controls while the protein/RNA mass ratio in the DOC treated kidney micro- 
somes remains constant during the first 96 hr after folic acid there may be an increase 
in the number of ribosomes due to increased synthesis of ribosames. The incorporation 
of 5-T-orotic acid into the qtoplasmic rRNA was three times that of controls 20 hr 
after foiic acid. 

Dissociation of the kindey ribosomes in free and membrane bound ribosomes by 
sucrose gradient centrifugation shows that the free kidney ribosomes from folic acid 
treated rats were labelled very strongly and earlier than the membrane~~und ribosomes 
using 5-T-erotic acid as RNA precursor. The results suggest that after folic acid first 
a st~ulated synthesis of free kidney ribosomes occurs and later some of them associate 
with ~dopl~mic memb~nous steers. The association of kidney ribosomes to 
endopl~~c memb~nes seems to be of shorter duration than the half life of newly 
synthesized ribosomes. 

As SHOWH in earlier .~tudies~-~ the application of certain pteridines causes hyper- 
trophy in rat kindey. This kidney pro~fe~tion results in an increase in the nucleic 
acid and protein content. The total protein content per kidney is increased by 35 per 
cent 4 days after the injection of 1.13 mM folic acid/kg body wt.2 

The early increase in protein synthesis seems to play a special role in the initiation 
of proliferation. 

On kidney cell cultures Kishimoto and Lieberman showed by experiments with 
actinomycin D and puromycin that mitosis is dependent on protein synthesis in the 
late interphase which itself depends on some RNA synthesis, Recent resub9 show 
that this early stimulation of RNA synthesis is mainly a synthesis of rRNA precursors 
or rRNA. Before the stimulation of rRNA synthesis a 4 to 5-fold increase in the 
amino acid incorporation occurs, accompanied by an increase of the activities of 
glnco~-6-phosphat~dehydro~enase, lactate dehydrogenase, and hexokinase,g*7 
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The inductive increases of activities of the glucose-6-phosphate-dehydrogenase and 
~phosphogluconate-dehydrogena~’ in the rat kidney after folic acid possibly 
influence the synthesis of precursors of RNA and DNA by a regulation of the flow 
through the oxidative pentosephosphate pathway. Threlfall and Taylori*g who dealt 
with the interrelationships between changes in the rates of protein and RNA synthesis 
and the rise in DNA synthesis on the folic acid induced kidney proliferation came to 
the conclusion that a continuous need for protein synthesis exists both before and 
during the period of increased DNA synthesis. 

In order to characterize the protein synthesis in the folic acid-induced kidney pro- 
liferation itself we have studied the in vitro amino acid incorporating activity of kidney 
microsomes and the synthesis of kidney ribo- and polysomes and their distribution in 
membrane bound and free ribo- and polysomes. 

MATERIALS AND METHODS 

Animai~ 

Male Wistar rats weighing 140-160 g were fed on Altromin R and tap water ad 
lib. until 15 hr before removal of the kidneys. The kidneys were removed at the same 
time in all experiments, at 9 a.m. 

Chemicals 

Folic acid (E. Merck, Darmstadt) was dissolved in O-3 M NaHC03 solution and 
injected in a dose of 1.13 mM/kg body wt. i.v. 

5-T-erotic acid (Radiochemical Centre Amersham), sp. act. lc/m-mole was used for 
labelling cytoplasmic rRNA. 

[14C]Phenylalanine (u), (Radiochemical Centre Amersham), sp. act. 369 me/m-mole 
was used in the amino acid incorporating system. 

Preparation of kidney microsomes 

All work was done at 4”. After decapitation of rats the kidneys were decapsulated, 
sliced and thrown into ice cold medium A (O-25 M sucrose, 0.01 m MgC&, 0.08 M 
KCl, O-05 M tris-HCl, pH 7.8 at 4”)‘O and homogenised in a Potter-Elvehjem homo- 
genizer. The nuclei and mitochondria were sedimented by centrifugation of the 
homogenate at 13,000 g for 15 min. The postmitochondrial supernatant was centri- 
fuged at 105,000 g in a fixed angle Spinco-rotor type 50.1, for 2 hr. The microsomal 
pellet was resuspended in medium A and frozen by liquid nitrogen and stored at 
- 35” until further use. 

Deoxycholate (DOC) was added to the microsomal suspension in medium A to 
give a final concentration of 1 per cent, thoroughly mixed, layered over medium B 
(1-O M sucrose, 0.01 M MgC12, O-08 M KCl, 0.05 M tris-HCl, pH 78 at 4”), centri- 
fuged at 100,000 g for 2 hr. After thorough removal of the DOC solution the pellet 
was resuspended in medium A, frozen by liquid nitrogen and stored at -35” until 
further use. 

Extraction and determination of the total RNA from kidney homogenates and from 
the microsomal fraction was done by a modified method of Ogur and Rosen.” We 
repeated the extraction with cold 1-O M PCA ~~hloric acid) over 20 hr twice 
because a single extraction yields only 60-70 per cent of the total RNA content. 
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RNA was determined by the method of Mejbaum12 with soluble yeast RNA as 
standard. 

After the extraction from the microsomal pellet by the phenol methodi in the 
presence of 05% SDS the ribosomal RNA species were differentiated by centrifu- 
gation over a 8-20 per cent sucrose gradient. As a measure of the RNA content of each 
gradient fraction the extinction at 260 nm was used; 60 pg RNA/ml give at 260 nm an 
E - 1.1. This relation was directly proportional from 5 to 60 pg RNA/ml. For the 1 cm - 

radioactivity determination 0.5 resp. 1.0 ml of the neutralized RNA extract was mixed 
with 10 ml scintillation fluid (4 g PPO, 0.2 g POPOP, 20 ml ethylene glycol, 10 ml 
ethanol, 60 g naphthalene and 1000 ml dioxane) and counted in a Packard Liquid 
Scintillation Spectrometer type 3375. The counts were corrected for background and 
quenching. 

Extraction and determination of protein 

The total microsomal protein was extracted by a modified method of Schmidt and 
Tannhauser.14 To the microsomal pellet 1.0 M PCA was added in the cold and the 
PCA insoluble fraction was washed twice with the same PCA. After extraction of the 
nucleic acids with l-0 M PCA over 15 min at 75” the pellet was washed once with 
ethanol, twice with e~anol~ther~hlorofo~ (2: 1: 1, by vol.) once with ether, then 
dried and dissolved in 0.1 N NaOH by incubation over 2 hr at 60”. From this solution 
aliquots were taken for the determination of protein by the method of Lowry” with 
bovine serum albumin as standard. 

Amino acid incorporating system 

This was based on the method of Wool and Cavichi.16 In preliminary experiments 
we optimized the system for incubation time, Mg2+- and K+-concentration. The 
incubation assay contains in a final volume of 1.1 ml 55 pmoles tris-HCl, pH 7.8 at 
37”, 88 ,umoles KCl, 11 pmoles MgC12, 2.75 pmoles ATP, 0.88 pmoles GTP, 11.0 
pmoles phosphoenolpyruvate, 0.25 mg tRNA (as soluble yeast RNA from Boeh- 
ringer, Mannheim), 0.1 mg pyruvate kinase, O-35 ~1 mer~ptoethanol, 300 i*_g RNA 
microsomal suspension, 1.0 mg protein 105,000 g supernatant derived from the 
brain of untreated rats, 05 pc [~4C]phenylala~ne(u). The ~crosom~ suspension 
served as a starter. After 30 min incubation at 37” lOO-~1 aliquots were dropped on 
Whatman 3 MM paper discs (25 cm dia.). The paper discs were thrown into ice cold 
10 % TCA (trichlor acetic acid) with 5 mM unlabelled carrier phenylalanine, washed 
three times with the same TCA, three times with ether-ethanol--chloroform (2:2: 1, 
by vol.), once with ether, dried, given in scintillation fluid (4 g PPO, 50 mg POPOP 
and 1000 ml toluene) and counted in the above mentioned scintillation counter. 

Dissociation of membrane bound andfree ribo- andpolysomes 

This was based on the methods of Henshawl’ and Talali8 The microsomal pellet 
prepared as described above was layered on a 24-ml linear gradient of 15-40 per cent 
sucrose in 0.01 M tris-HQ, pH 7.6 at 4”, 0.01 M KCl, 0.015 M MgC12, prepared over 
a Zml cushion of 68 per cent sucrose in the same solution. The gradients were centri- 
fuged for 90 min at 24,000 rev/mm in a SW 25.1 Spinco-rotor, fractionated in 35 
fractions and their extinctions at 260 nm measured in a PMQ-Zeiss spectrophoto- 
meter after appropriate dilution. The first peak of the E,60-curve refers to the fast 



sediment&g membrane bound r&o- and polysomes and shows an average pro- 
tein/RNA rate of 4.8 for the controls. The second peak of the slow sedimenting ribo- 
and poIysomes shows an E&E 26,, of 0.9 and an E260/E2sa of 1.68. 

The radioactivity recovered in the bound or free ribo- and polysomes was assayed 
as follows: After injection of 200 PC .5-T-erotic acid/kg body wt. at different times and 
preparation of the above described sucrose gradients an aliquot of 100 ~1 of each 
gradient fraction was pipetted on Whatman 3 MM paper discs (2.5 cm dia.), which 
were dropped into ice cold 5 % PCA with 5 mM unlabelled erotic acid, stored for 10 
min in the cold, washed three times with the same PCA, then with ethanol-ether 
(1: 1, v/v) and ether. After being dried the discs were transferred into bottles with 
scintillation fluid and the radioactivity determined as described above. 

RESULTS AND DfSCUSSION 

The folio acid induced changes in the amino acid i~~corporation by kidney micro- 
somes (Fig. 1) were studied by a system in which only the microsomes were derived 
from the folic acid treated rats. The other components of the system are exogenous 
and of the same quantity and quality. Therefore it can be deduced from the disin- 
tegrations per minutes per milligram of RNA that the amino acid incorporating 
activity per ribasome will be first diminished and then stimulated after folic acid 
application. During the first 6 hr the incorporation of [‘“C]phenylaIanine is inhibited, 
followed by a gradual, later constant increase which is 92 per cent above the control 
after 96 hr. The decrease and increase in the amino acid in~rporat~ng activity occurred 
in the presence of endogenous mRNA (Fig. 1) and synthetic exogenous mRNA, 
polyuridylic acid. I9 Therefore the increased inherent capability for amino acid incor- 
poration of the kidney microsomes from folic acid treated rats may be due to changes 
in the association of mRNA, to changes in the aggregation of ribosomes, their altered 
a&& to tRNA, possibly as observed by Nicholls20 in the aminonucleosid-nephrotic 

3 6 12 18 24 36 46 72 96 

Hours after applicajion of folic acid 

Fm 1. Ita u&o in~rpo~~on of r14~~p~~~y~~a~~n~ by kidney microsomes at different times after 
l-13 mM folic acid/kg body wt. Incubation assay as given in Methods, Each cohmm is representative 
for 12 kidneys which were pooled and served for eight incubation assays Vertical lines are the 

standard errors of the incubatian assays. 
0 mierosomes of control rats. 
gi microsomes of rats treated with folic acid. 
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rat kidney or to changes of the ribosomal proteins themselves some of which are 
essential for function, assembly or fidelity of translation.21 

In preliminary experiments (Vetter, Brade, 1970, unpublished) the amino acid 
incorporation by kidney microsomes from control and folic acid treated rats was 
examined in the presence of the 105,000 g kidney supernatant from control and folic 
acid treated rats. The experiments indicate that the 105,000 g kidney supernatant 
derived from rat kidneys 24 hr after 1.13 mM folic acid/kg body wt. has an additional 
stimulating effect on the increased amino acid incorporation after folic acid. In this 
connection further experiments on the binding of aminoacyl-tRNA to ribosomes and 
determinations of the ribonuclease activity in the kidney hyaloplasm of folic acid 
treated rats are required. 

The diminished amino acid incorporation in the first hours after folic acid resembles 
the decreased synthesis by liver of excreted proteins which occur 3 hr after CCL 
ad~~stration when rough endopIasmic reticulum dilatation is established.22 Since 
both control and treated rats were without food during the decreased amino acid 
incorporation, fasting cannot account for the diminished amino acid incorporation as 
claimed by SurkP for the decreased amino acid incorporation in the liver of fasting 
rats. Vetter and Bradelg were able to demonstrate that the inhibition of the [““Cl- 
phenylalanine incorporation by kidney microsomes 3 and 6 hr after a combined 
application of 400 pg actinomycin D and 500 mg folic acid per kg body wt. equals that 
found after a single injection of actinomycin D. This nonadditive inhibition suggests a 
similar i~bito~ mechanism for actinomycin D and folic acid. Under the assumption 
that the only effect of actinomycin D consists of an i~ibition of the DNA dependent 
RNA synthesis the inhibition of the incorporation of amino acids by microsomes in 
the first 6 hr after folic acid might be mainly due to an inhibition of rRNA and 
mRNA synthesis. Experiments about direct inhibiting effects of actinomycin D on the 
protein synthesis23-25 restrict this conclusion. 

Increase in the number of ribosomes 

The RNA content in the kidney homogenate increases from 3324 to 8488 ,ug 
RNA/kidney2 4 days after l-13 mM folic acidJkg body wt. Since 85 per cent of the 
increase of the total RNA refer to the rRNA26 an increase of the number of ribosomes 
is assumed. This is supported by the constancy of the protein/RNA ratio in the DOC 
treated microsomal fraction (Table 1) which is independent of the time of folic acid 
injection. The microsomal preparation from which the data in Table 1 were derived 
includes membrane bound and free ribo- and polysomes. The decrease of the pro- 
tein/RNA ratio of kidney microsomes after fohc acid (TabIe 1) might therefore 
mainly be due to an increase of the number of free ribo- and polysomes or to the 
slower increase of membrane protein of the endoplasmic reticulum or to both. An 
augmentation of free kidney polysomes lying in groups, chains or arcs after folic acid 
treatment was demonstrated in our earlier electron microscopic studies.3 The parti- 
cipation of bound and free ribosomes in the increased synthesis of kidney ribosomes 
after folic acid will be discussed later. 

An increase of the ribosome number connected with an increased aggregation to 
polysomes is characteristic for many proliferative systems and present after temporary 
renal ischemia,27 after unilateral nephrectomy,2* in the nephrotic kidney,2o and after 
partial hepatectomy. 2g*30 The reason for the augmentation of ribosomes and their 
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TABLE 1 .Commm~ OF THEPROTEIN~RNA RATIOOFKIDNEYMICROSOMESFROMRATSTREATEDWITH 
FOLIC ACID BEFORE AND AFTER DOC TREATMENT 

Time after application of 1.13 mM folic acid Protein/RNA 
per kg body wt. Kidney microsomes DOC-treated kidney microsomes 

(hr) 

0 4.680 1.085 
12 3.535 0901 
24 2.608 1.090 
36 2,373 0.990 
48 2640 1.010 
72 3.003 0974 
96 2.634 - 

Each figure is the mean of two undependent experiments. Each experiment includes a pool of 
eight to ten kidneys. 

aggregation to polysomes is still hypothetical. Changes in the intracellular amino 
acid ~001,~~ in the energy supply or in certain dissociation or initiation factors32 may 
be involved. 

Increased synthesis of ribosomes 

The increase of the RNA content in the rat kidney after folic acid is connected with 
an increased labelling rate of the cytoplasmic rRNA. Table 2 shows that the specific 
activities in the whole RNA and in the 28-S and 18-S-RNA species from kidney 
microsomes 20 hr after injection of folic acid and the radioactive precursor are two 
to three and a half times higher than that of control rats. Though, at present, changes 
in the endogenous precursor pools of cytoplasmic rRNA could not be taken into 
account, a stimulated formation of cytoplasmic rRNA after folic acid seems very 
likely. Thereby it remains unknown whether the increase of store of ribosomes is 
effected either by processing more intermediaries at one time or by accelerating the 
rate of synthesis of mature rRNA. Table 2 shows that the labelling of the 28-S- and 
18-S-RNA extracted from the microsomal fraction of kidneys from folic acid treated 
rats is equivalent. The same effect, a parallel and equivalent incorporation of protein 

TABLE 2. SPECIFIC ACTIVITIES (dis./min/rg RNA) IN THE RNA OF KIDNEY MICROSOMES FROM RATS 
TREATED WITH FOLK ACID 

RNA extracted by the 
method of Ogur and 

Rosen” 
(dis./min/rg RNA) 

RNA extracted by the phenol methodI 
(dis./min/pg RNA) 

28-S-RNA 18-S-RNA 

I *I 3 mM folic acid per kg 
body wt. 20 hr before 

10 ml 0.3 M NaHCOj per 
body wt. 20 hr before 

1082 1675 1640 

362 490 412 

Pulse labelling with 1 mc 5-T-erotic acid/kg body wt. over 20 hr. RNA extraction as given in 
methods. The data are expressed as the arithmetic mean of two undependent experiments. 
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and RNA precursors into both the 30-S and 50-S subunit was observed by Hanoune 
and Feigelson33 under comparable conditions of a stimulated synthesis of liver ribo- 
somes after cortisone application. Because of our knowledge about dissociation and 
reassociation of animal ribosomal subunits between each round of translation of 
mRNA34*35 it seems probable that the newly built ribosomal particles are involved in 
the stimulated protein synthesis after folic acid. 

distribution of newly s~t~es~~~d membrane bound and free ribosomes 

The decrease of the protein/RNA ratio in the kidney microsomes from folic acid 
treated rats leads to the assumption that an increase of the number of ribosomes is 
connected with changes in the proportion of free to bound ribosomes. In order to 
study this question we dissociated the membrane bound and free kidney ribosomes by 
centrifugation of the microsomal pellet over a sucrose gradient as given in Methods. 
The radioactivity recovered in the PCA insoluble, lipid free gradient fraction after a 
pulse labelling for at least 24 hr with 5-T-erotic acid serves as a measure for the 
synthesis of ribosomes. In Fig. 2 the fast sedimenting peaks of the extinction curves 
at 260 nm (first fractions) represent the membrane bound ribosomes. The slow sedi- 
menting peaks represent the free ribo- and polysomes. 

0 10 20 30 10 20 30 IO 2.0 30 
Fraction No. 

FIG. 2. Sedimentation profiles of the 105,000 g pellet from rat kidneys over a 1540 per cent linear 
gradient of sucrose centrifuged for 90 min at 24,000 rev/mm in a SW 25.1 Spinco-rotor. The Ieft 
peak refers to the bound the right peak to the free ribo-, polysomes. PCA insoluble, Iipid free radio- 
activity (dis.~min/~ difuted gradient fraction) recovered in kidney ribo-, polysomes from rats treated 
with fohc acid +---0 and control rats 0 -0 after different labefling times with S-T-erotic acid. 
Injection of 200 @ J-T-erotic acid/kg body wt. and l-13 mM fohc acid/kg body wt. at the same time 
24 hr, 96 hr, 12 days before removal of the kidneys. Control rats received 0.3 M NaHCO,-solution 
and 5-T-erotic acid at equal amounts and times. Extinction at 260 nm (E& of ribo-, poiysomes 
from folic acid treated rats A -A and control rats n---A. Extinction refers to the same dilution 

of gradient fraction as radioactivity. 

Twenty-four and 48 hr (not shown) after folic acid the protein/RNA ratio in the 
fast sedimenting bound ribo- and polysomes is decreased from 7-S (controls) to 4.6. 
This confirms the assump~on made from Table 3 that the augmentation rate of 
ribosomes in the bound ribosome fraction is greater than the proliferation rate of 
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membranous structures and that membranous structures were possibly partly dis- 
solved at that time. Similar findings after toxic agents as CC1436 and after partial 
hepatectomy37*38 consisting of fragmentation and dilatation of rough surfaced 
cisternae with fewer attached ribosomes were observed. On the other hand experiments 
on the formation of liver ribosomes and endoplasmic membranes during hormone- 
induced tadpole metamorphosis3g showed that the aggregation of polysomes is 
connected with a stimulated synthesis of phospholipids in the smooth and rough 
membranes of the endoplasmic reticulum. In this connection the exact half life of 
endoplasmic membranes and ribosomes has to be studied in order to decide whether 
the turnover of certain membrane components and ribosomes in the folic acid induced 
kidney proliferation shows the same rate as stated for the normal and proliferation 
liver.40*41 

Figures 2 and 3 show that the labelling patterns of free and bound ribosomes 24 and 
96 hr after injection of the RNA precursor were nearly the same. This agrees with the 
finings of Malt et al.42 for mouse kidney ribosomes. Figure 2 further shows that the 
recovered radioactivity in the slow sedimenting free ribosomes 24 and 96 hr after 
folic acid is markedly higher than the radioactivity in the control ribosomes. The 
increased labelling of the free kidney ribosomes 96 hr after folic acid is very probably 
due to the long lasting half life of the previously synthesized ribosomes because there 
is no increased incorporation of 5-T-erotic acid with a 24-hr pulse labelling at 96 hr 
after folic acid, as could be seen in Fig. 3. The stronger labelling of the free kidney 
ribosomes after folic acid makes a difference to the labelling pattern in the renoprival 
kidney42.43 where an equal labelling of the free and bound ribosomes and an un- 
changed proportion of membrane bound ribosomes and their aggregates were 
observed. This may be due mainly to the difference between the two experimental 
systems employed, namely the compensatory hypertrophy after unilateral nephrec- 
tomy and the regenerative proliferation after tubular damage by folic acid which is 
probably accompanied by a changed ribosome-membrane interaction. The role of the 
ribosome association to endoplasmic membranes still remains unexplained. Stabilizing 
of mRNA, restriction of free exchange of certain ribosome populations, facilitating 
the formation of certain proteins by comp~mentalization** are under discussion, 

Figure 2 shows that there is no increased labelling of the fast sedimenting membrane 
bound kidney ribosomes 24 hr after folic acid, at a time when the free kidney ribosomes 
are strongly labelled 96 hr after folic acid the bound ribosomes are more strongly labelled 
than the controls, This could mean that newly synthesized free ribosomes are layered on 
the endoplasmic membranes, possibly by an exchange mechanism, at a later time or that 
different precursor pools for bound and free ribosomes exist, of which that for the bound 
ribosomes supplies the radioactive material at a later time. The assump~on that first 
the synthesis of free kidney ribosomes is stimulated and later some of the free ribo- 
somes associate with the endoplasmic membranes is supported by Fig. 3 which shows 
that after a 24-hr pulse labelling, no radioactivity was recovered in the membrane 
bound kidney ribosomes 96 hr after folic acid. This would also be in keeping with the 
following facts: Free kidney ribosomes were always labelled with [14C]orotic acid 
earlier than the membrane bound ribosomes. 45 In the developing kidney no ribosomes 
are bound to membranes until 2 days after birth when the proportion rises to 20 per 
centP6 Similar findings and conclusions for free and bound liver ribosomes were made 
by Halliman and MunroP’ 
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FIO. 3. Sedimentation profile of the 105,000 g pellet from rat kidneys. See Fig. 2 for details. 
Recovered radioactivity in ribo-, polysomes from rats treated with folic acid 0-O and control 
rats O-O after labelling with 5-T-erotic acid. Injection of 1.13 mM folic acid/kg body wt. 96 hr 
and injection of 200 w 5-T-erotic acid 24 hr before removal of the kidneys. Extinction at 260 nm 

(Ezeo) of ribo-, polysomes from folic acid treated rats A-A and control rats A-A. 

The duration of association of newly synthesized ribosomes to membranes seems to 
be shorter than the half life of newly synthesized ribosomes : 12 days after injection of 
the RNA precursor, the slow sedimenting free kidney ribosomes from control and 
treated rats are still labelled while the fast sedimenting bound ribosomes are not, as 
shown in Fig. 2. This statement is restricted by a possible different reiterated use of 
radioactivity by bound and free ribosomes. 
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