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The Turnover of Polynucleotides and Proteins in Regene-
rating Rat Liver, Studied with Glycine-'"N *
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An investigation of polynucleotide and protein turnover in re-
generating rat liver has been made using “N-luxi)eled glycine. Ten time
stages, between 10 and 80 h after operation, have been studied, and
particular attention has been paid to the incorporation pattern durmg
the ea.rly period after hepatectomy.

. The maximum of total cell PNA purine incorporation occurred
at 14 h, considerably ahead of any other maximum. There was a
smaller, broader peak of uptake into PNA around 26 to 56 h.

2. Incorporation into DNA purines was less than into those of PNA
but of the same order of magnitude; the exact ratio between the two
nucleic acids varied at different times. The peaks of incorporation in-
to the DNA purines occurred at 26 — 32 and at 56 h.

3. In both PNA and DNA the two purine bases were not identical
either in absolute uptake of 5N or in time changes of incorporation.
Guanine consistently showed a greater uptake of isotope than did
adenine, but the ratio bétween the bases varied with time.

4. Total protein and its glycine constituent both showed two peaks
of incorporation, at 20 — 26 and at 44 h, respectively, considerably later
than the initial PNA maximum.

5. Cytological studies located the peak of mitosis frequency around
32 h; this coincided rather well wn;lIu) the major peak of isotope in-
corporation into DNA. Estimations of the relative size of the various
cell parts revealed that the nucleolus showed maximum size earlier
than did the nucleus and cytoplasm.

* Part of this work was presented at the Ciba Foundation conference on Isotopes in Bio-
chemistry, London, 1951. The work was aided by grants from Statens Medicinska Forskningsrdd.
** Research fellow of the American Association of University Women and the American
Scandinavian Foundation; present address, National Institutes of Health, Bethesda, Maryland.
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Previous work from this laboratory ! undertook an investigation of poly-
nucleotide and protein turnover in regenerating rat liver, as revealed by the
incorporation of ®N-glycine. Protein turnover was judged by the uptake of
isotope into the glycine constituent of the total protein, and nucleic acid
turnover by the incorporation of tracer into the purine bases, which have been
shown to be specifically labeled by this precursor 2. This work showed that
the maxima of turnover of these substances, particularly the polynucleotides,
occurred soon after hepatectomy, rather than in the later stages of regeneration
which have been studied in certain other investigations 8-19, Further work
was therefore undertaken to examine the time curve more closely during this
early period, under more carefully controlled experimental conditions but
similar conditions of isotope administration.

EXPERIMENTAL

The animals used were adult albino rats weighing 180—200 g. The investigation
included eleven groups of animals, each comprising five to ten rats; one group of non-
hepatectomized rats represented the normal base line of no regeneration, while the other
groups represented various time points of regeneration — 10, 12, 14, 17, 20, 26, 32, 44,
56 and 80 h, respectively (time from hepatectomy to death).

Partial hepatectomy was performed as described in previous work 3. The wet weight
of the extirpated portion of liver was recorded in each case and the weight of the remaining
portiggd calculated, as in earlier work !. The weight of the total original liver was thus
recorded.

Since the voluntary consumption of food by the hepatectomized animals is con-
siderably below normal, especially at early stages after operation, all rats were fed a
definite amount of food by means of stomach tube. The diet 1* * was made up as a water
suspension containing 10 g per 24 ml, and each rat was given 4 ml of this suspension per
200 g (weight at the beginning of the experiment) every 4 h. Feedings of the hepatectomized
rats were begun 4 h after operation. The non-hepatectomized animals were fed in this
manner for 32 h, with the last feeding being given 4 h before death.

Labeled glycine (32.9 atom per cent excess 1*N) was injected subcutaneously in aqueous
solution. The total dosage was 200 mg per 200 g (weight at the time of first injection)
divided in half and given in two injections, 5 and 4 h, respectively, before death.

The livers from all animals were removed and weighed. From these figures and the
calculated weights of the total original liver, the extent of regeneration was determined
(weight of regenerated liver as per cent of weight of total original liver).

Samples of each liver were taken for determination of water content and for cytological
examination. In the cytological studies the relative size of the nucleus, nucleolus, and
cytoplasm areas (optical cross-section areas), were determined as described previously?’;
the mitosis frequency was also measured 1.

The livers from each group of animals were pooled in alcohol, homogenized, and
dried. The material was then disintegrated by vibration with glass beads 1* and extracted
with boiling alcohol-ether to remove lipids. Mixed polynucleotides were extracted by the
method of Hammarsten 12, hydrolyzed in alkali, and separated into pentose nucleic acid
{(PNA) and desoxypentose nucleic acid (DNA) with lanthanum nitrate.

The PNA mononucleotides were purified by precipitation with mercuric nitrate and
decomposition with hydrogen sulfide, and the purine bases were split off by hydrolysis in

* This synthetic amino acid diet was originally set up as a basis for further investigation on the
effect of single amino acid deficiencies on liver regeneration. However, preliminary experiments
indicated that a deficiency of one of the essential amino acids produced no decrease in this liver
growth or in the incorporation of glycine, and in later work this diet was replaced by a less elabo-
rate one containing 18 9%, casein instead of the synthetic amino acids. The authors are grateful
to Dr. Arvid Wretlind for advice on the composition of the diet and for assistance with the animal
experiments. .
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acid and precipitated with silver, according to established methods %14, The silver
purines were decomposed with hydrochloric acid 3, excess hydrochloric acid removed in
vacuo, and the free bases isolated and purified by starch chromatograpliy, using a solvent
system of butanol-water 5, The pyrimidine bases were not analyzed.

The lanthanum precipitate OF DNA was decomposed with potassium carbonate and
the DNA precipitated with acid alcohol and dried 1%. The DNA was then hydrolyzed with
dry hydrochloric acid in methanol ?. The purine hydrochlorides were dissolved in water,
the excess hydrochloric acid removed, and the pure bases again separated on starch.

All purine bases from both PNA and DNA were analyzed for 1*N content in the mass

ctrometer, nitrogen being determined by a semi-micro Kjeldahl procedure. Purity was.
checked in each case by determination of the ultraviolet light absorption and the ratio
Emax[ug N per ml.

The protein residue from the polynucleotide extraction was treated twice with hot
6 9% trichloroacetic acid, according to Schneider !%, to remove any remaining traces
ogjaolynucleotides. It was then dried, hydrolyzed with 6 N hydrochloric acid, and separa-
ted into the constituent amino acids by starch chromatography, according to Aqvist 9.
Both the total unhydrolyzed protein and the isolated glycine constituent were analyzed
for excess 1°N. |

RESULTS

The average extents of regeneration found for these various time stages
are shown in Fig. 1. It can be seen that after a slight initial drop the liver
weight increased to 63 9, of the original weight by 80 h. The differences in
extent of regeneration at the earlier time stages are within the limits of bio-
logical variation and probably do not indicate significant deviation from the
curve of steady increase.

Table 1 shows the figures for the atom per cent excess 15N found in the PNA
and DNA purines as well as in the total protein and its glycine constituent.
The figures are calculated on the basis of 100 9, 15N in the administered glycine.

From these figures it can be seen that when the turnover picture is examined
with time intervals so close together in the period soon after hepatectomy, the
trends appear to be more complicated than could be seen from previous work
with regeneration stages farther apart. The highest peak of PNA incorporation
occurred as early as 14 h after operation, considerably ahead of any other
maximum. In agreement with earlier work in this laboratory on glycine-*N
incorporation ¢n vivo 1,320, the uptake into guanine was considerably greater
than that into adenine, but the ratio between the two bases varied at different
regeneration times. The time changes for the PNA purines showed that after
14 h guanine incorporation fell off rapidly to increase again around 26 h, while
adenine incorporation decreased somewhat more slowly and then rose to a
broader maximum between 26 and 56 h.

- The incorporation into DNA was lower than that into PNA, although the
figures for both nucleic acids had the same order of magnitude. The exact
ratio between PNA and DNA varied with time, as did that between the two
purine bases. As in the case of PNA, the DNA guanine showed a greater
uptake of tracer than did adenine, but again the two purines did not show the
same changes with time, both exhibiting considerable variation with both in-
creases and decreases during the total time range. The highest incorporation
was found at 26—32 and at 56 h.

From Table 1 it can also be seen that the total protein and the protein
glycine both showed two peaks of isotope incorporation, also in the later stages,
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at 20—26 and 44 h, respectively. This is in agreement with previous work 1.
It should be emphasized that this maximum is considerably later than the
initial high peak of PNA incorporation.

The results of the cytological studies also showed considerably more varia-
tion than previously observed for regeneration stages farther apart in time 1,21,
The nucleolus was the first cell part to increase in size (optical cross-section
area), reaching a maximum as early as 10—20 h. Both nucleus and cytoplasm
approached maximum size around 26 h. The peak of mitotic activity came
rather late in this series, based on the average of results for all livers within
each group; the mitosis frequency remained at the normal low level through
20 h of regeneration and then increased to a maximum of about 10 %, (per cent
of cells counted which were undergoing mitosis) by 32 h. With such close time

Table 1.
Hours of 15N excess *
regenera- PNA ** DNA Protein **
tion Adenine  Guanine Adenine Guanine Total Glycine
0 0.122 0.191 0.067 0.134 0.503 3.88

10 0.661 0.762 0.092 0.184 0.731 3.99
12 0.572 0.796 0.116 0.375 0.721 4.06
14 0.754 1.54 0.102 0.415 0.791 4.53
17 0.410 1.10 — — 0.796 —
20 0.298 1.28 0.113 0.222 0.960 5.43
26 0.517 1.35 0.182 0.771 0.943 6.11
32 0.441 1.15 0.276 0.569 0.926 5.63
44 0.498 0.858 0.110 0.264 1.03 6.14
56 0.491 0.517 0.309 0.519 0.870 5.52
80 0.173 0.434 0.060 0.093 0.819 4.93

* The values are calculated on the basis of 100 % 15N in the administered glycine.
** The curves for the time changes of 15N content in the PNA purines and in the protein have
been previously published 23,
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intervals it was observed that mitotic activity increased very sharply at a
particular time point for each liver, but examination of the individual livers
indicated considerable variation among animals in the time point at which
this began. Thus, around 26 to 44 h, each liver showed either great mitotic
activity or very little mitosis, and the composite figure for each time interval
could only be obtained by averaging the extremes for each group.

If the cytological findings are compared with the findings on isotope in-
corporation, it can be seen that the maximum of mitosis frequency correlated
rather well with the major peak of isotope incorporation into DNA. Such
correlation has also been emphasized in earlier work 1,22, By and large, how-
ever, the appearance of the cell parts, as expressed in the other cytological
magnitudes, does not seem to have a direct relationship to the chemical events
reflected in the pattern of isotope incorporation.

DISCUSSION

As pointed out in previous work 1,2, an ideal precursor for isotope experi-
ments would be incorporated directly, or by identical pathways, into all of
the materials being analyzed. This situation can almost never be realized for
a variety of substances, but a direct incorporation is approached in the uptake
of glycine by protein?. In this case, therefore, the turnover indicated by glycine
incorporation might be assumed to approximate that of the protein itself,
with time changes being indicative of actual changes in the protein turnover
rather than simply variations in biosynthetic patterns associated with this
particular precursor. Explanation of the double maximum in the protein
uptake of isotope could, then, be sought in the protein itself. Such a double
maximum has been observed previously in this laboratory in a study similar
to this * as well as in an investigation of the incorporation of '5N-glycine into
all the constituents of protein 24, The double peak has been discussed in this
earlier work in connection with heterogeneity of the protein fraction; since the
fraction is a composite of cell proteins, the figures for isotope incorporation
would be affected by variations in the composition of the total fraction.

Although the incorporation of glycine into polynucleotide purines has also
been shown to be specific %47, the pathway is a complex one 25-2® and the
uptake of this amino acid into the purine molecule might be expected to be
somewhat more complicated than that into protein; the results in the present
study would support this idea. The differences between the two purine bases,
not only in extent of incorporation but also in pattern of time changes, indicate
non-identical patterns of incorporation in the two cases - 30-33,  Studies on
differences in the pattern of nucleic acid turnover revealed by the incorporation
of various precursors #-%® have served to emphasize the complexity of this
problem. Thus, it is known that parts of the pattern found in these results,
such as the high guanine to adenine ratios and the comparatively low PNA to
DNA ratios, are typical of glycine incorporation and are not as evident with
certain other nucleic acid precursors 3,4,9,16,20,23,34,36-44 T4, j5 also apparent that
these ratios reflect incorporation by purine bases themselves and are not
due only to differences in uptake by the pyrimidine or carbohydrate portions
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" of the nucleic acid molecule ¢ 3. Possible factors contributing to differences
between dissimilar precursors include the availability of any particular one for
biosynthesis in a specific tissue, dilution by unlabeled pools of intermediates,
and. the metabolic effects of enzyme distribution and activity. Moreover, the
incorporation pattern for any one precursor could be affected by independent
turnover of specific parts of the molecule being synthesized, so that the problem
is the extent to which the incorporation is representative of overall nucleic
acid turnover. In the light of the known differences in turnover results, it
would seem highly probable that there are different paths of biosynthesis of
nucleic acid components and that these paths may coexist in one tissue. Since
we know very little about how such paths may vary in importance during
function, data with various precursors must be correlated before the incorpo-
ration of any particular one can be fully evaluated as an accurate reflection of
total nucleic acid turnover during liver regeneration. In addition to reflecting
any such effects of a particular precursor, the nucleic acid turnover pattern,
like that of the protein, could be affected by any heterogeneity of the material.

All such variations could affect the time changes for both PNA and DNA.
The DNA figures here showed particularly irregular changes, but since glycine
incorporation into DNA is high even in non-dividing tissue °- 41,45, the isotope
uptake here might be expected to show variations due to DNA synthesis not
associated with cell division, or even to some dynamic turnover having no
relation to actual synthesis. The factors mentioned above could enter into
such turnover; heterogeneity of DNA has been specifically pointed out 46-48,
DNA is considered to be metabolically a rather stable cell component. How-
ever, it may also be that at least the smaller variations in DNA incorporation
here represent merely biological variation during regeneration (cf. the results
on mitosis frequency). This question of the reproducibility of the biological
phenomenon being studied must be kept in mind in evaluating all of these time
curves, since it is virtually impossible to know to what extent the groups re-
presenting the various time points actually correspond to each other in re-
generation.

The time changes in PNA incorporation of isotope seemed considerably
more distinct, and the double maximum in this incorporation, revealed by this
oxamination of such close time intervals, was of considerable interest. It
appeared to be of value to try to investigate further the significance of this
curve for PNA in terms of some of the variables discussed above. One possible
explanation of the double peak in incorporation was cellular heterogeneity of
the PNA; the PNAs from nucleus and cytoplasm are known to show great
differences in the absolute uptake of various precursors 1,3,36-38, 49-53 gand
might well vary also in their changes of incorporation with time. Another
possibility was a difference among the various nitrogen atoms of the purines in
rate of incorporation. Further work was therefore undertaken to explore these
particular possibilities.

The distinction between turnover and synthesis is a difficulty always en-
countered in the evaluation of isotope incorporation pattern. It is evident
that the pattern will be influenced by changes in the equilibrium between
synthesis and degradation. In the case of both protein and nucleic acid it
appeared desirable, therefore, to determine to what extent the turnover figures
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here represented actual net synthesis of new molecules. Towards this end a
comparable study was undertaken to determine the quantitative changes in
the content of these materials in liver during regeneration.
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