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ABSTRACT

The incorporation of thymidine-H? and lysine-H3 into human leukocyte chromosomes was
studied in order to determine the temporal relationships between the syntheses of chromo-
somal deoxyribonucleic acid and chromosomal protein. The labeled compounds were in-
corporated into nuclei of interphase cells. Label from both precursors became apparent
over the chromosomes of dividing cells. Incorporation of thymidine-H3 occurred during a
restricted period of midinterphase (S) which was preceded by a nonsynthetic period (G)
and followed by a nonsynthetic period (Gy). Incorporation of lysine-H3 into chromosomal
protein occurred throughout interphase. Grain counts made over chromosomes of dividing
cells revealed that the rate of incorporation of lysine-H? into chromosomal protein differed
during various periods of interphase. The rate of incorporation was diminished during G;.
During early S period the rate of incorporation increased, reaching a peak in late S. The
high rate continued into G,. Thymidine-H3 incorporated into DNA was distributed to mi-
totic chromosomes of daughter cells in a manner which has been referred to as a “semi-
conservative segregation.” No such semi-conservative mechanism was found to affect the
distribution of lysine-H? to the mitotic chromosomes of daughter cells. Therefore, it is con-
cluded that synthesis of chromosomal protein and its distribution to chromosomes of daugh-
ter cells are not directly influenced by synthesis and distribution of the chromosomal DNA
with which the protein is associated.

The relationships between duplication of deoxy-
ribonucleic acid (DNA) and syntheses or aggre-
gation of various nuclear protein fractions have
been studied in different tissues. The synthesis of
DNA occurs during a restricted period of mid-
interphase referred to as S. The S period is pre-
ceded by a postmitotic G; (gap:) period and
followed by a premitotic G, (gaps) period during
which synthesis of DNA does not occur (24).
Synthesis of nuclear protein has been studied
by means of microspectrophotometry (1, 6, 19,
32, 56), interferometry (30, 45), radioautography
(15, 23, 51, 56), and isotope tracer techniques

(12, 22, 54). The results of such experiments indi-
cate that syntheses of various nuclear protein
fractions occur during different stages of the cell
cycle.

The proteins associated with the mitotic chro-
mosomes have not been identified. It is clear,
however, that chromosomes of dividing cells con-
tain proteins (9). Although the protein of the
chromosomes is not identifiable in chemical terms,
it is demonstrable morphologically. Chromosomal
protein may be visualized in chromosomes of
mitotic cells by means of histochemical methods
(28), or by radioautographic localization of la-
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beled protein precursors incorporated into chro-
mosomes (40). The latter method enables analysis
of synthetic events.

A principal purpose of the present investigation
has been to determine the temporal relationships
between the syntheses of chromosomal DNA and
chromosomal protein. Another purpose has been
to ascertain how the chromosomal protein is dis-
tributed to the chromosomes of daughter cells.
These problems have been approached through a
study of chromosomes in dividing human leuko-
cytes exposed to pulse treatments with tritiated
thymidine (a precursor of DNA) or tritiated lysine
(a precursor of protein). The appearance and
distribution of the isotopic compounds in mitotic
chromosomes was determined by means of radio-
autography. The uptake and disposition of these
two precursors in the chromosomes was based on
the time relative to cell division. The results indi-
cate that incorporation of lysine-H? into chromo-
somal protein occurred throughout interphase
and was not restricted to any particular portion of
interphase as was incorporation of thymidine-H3
into chromosomal DNA. Grain counts made over
chromosomes of dividing cells indicate that the
rate of lysine-H? incorporation into chromosomal
protein differed during various periods of inter-
phase. Lysine-H? incorporated into chromosomal
protein was not distributed to the chromosomes of
daughter cells in the “semi-conservative’ manner
described for thymidine-H? incorporated into
chromosomal DNA.

MATERIALS AND METHODS
Culturing of Cells

These investigations were carried out on cultured
leukocytes obtained from human peripheral blood.

Thirty-three blood samples were obtained from
eight male and ten female individuals of normal
karyotype. Samples (20 ml) were collected in two
10-ml evacuated glass tubes containing 10 units of
(USP) sodium heparin. The cells in each of the two
tubes containing blood taken from a given individual
were maintained in separate cultures making up a
culture pair. Both members of the culture pair were
treated identically except that thymidine-H® was
added to one of the cultures, and lysine-H?® was
added to the other, as detailed in a later paragraph.
This permitted direct comparison of the incorpora-
tion of lysine-H? into chromosomal protein and the
incorporation of thymidine-H?® into chromosomal
DNA.

The culturing method was a modification of one
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described by Moorhead et al. (34), and is based on
the fact that phytohemagglutinin initiates cell di-
vision in leukocytes of normal human peripheral
blood (36). From each 10-ml tube the leukocytes
and supernatant plasma with some contaminating
erythrocytes were collected by centrifugation at 190
g for 10 min. The erythrocytes were subsequently
sedimented by gravity, and the supernatant plasma
containing the leukocytes was inoculated into a 3-oz
prescription bottle containing 8.5 ml of Puck’s me-
dium (42), 1.5 ml of calf serum, and 0.2 ml Bacto-
phytohemagglutinin-M (Wellcome Research Labora-
tories, Beckenham, England). The leukocytes were
cultured at 37°C. A detailed description of the cul-
turing methods has been presented elsewhere (14).
After 50 hr of culturing, the cells were resuspended
in 10 ml of Puck’s medium without lysine and the
incubation was resumed for an additional 10 hr. The
purpose of the change of medium was to lower the
lysine concentration in the medium, so that when
lysine-H?® was added to the cultures its specific ac-
tivity was not excessively diluted by unlabeled lysine.

Administration of Isotope

After 60 hr of culturing, the lysine concentration
in the medium was found, by analysis with automated
chromatography on Dow 50 columns (39), to be
approximately 0.069 mm. At this time, thymidine-H?
(methyl labeled, 3.0 c/mmole) (Schwartz Biore-
search, Inc., Orangeburg, New York) was added to
a concentration of 1 pc/ml in one member of each
culture pair, and pL-lysine-4-5-H® dihydrochloride
(3.9 ¢/mmole) (New England Nuclear Company,
Boston) was added to a concentration of 5 uc/ml in
the other member of each culture pair.

The cells were exposed to the isotope for 30 min.
They were then gathered by centrifugation (45 ¢, 6
min), and were resuspended in 10 ml of fresh medium
consisting of 8.5 ml of Puck’s medium and 1.5 ml of
calf serum, supplemented with 0.33 X 10-3 mmoles
of unlabeled thymidine (100 times the concentration
of thymidine-H®) and 1.3 X 10~ mmoles of un-
labeled pL-lysine monohydrochloride (100 times the
concentration of lysine-H?),

Fization and Mounting of Cells

At specific intervals after pulse treatment, Colce-
mide was added to both members of the culture pair
to a final concentration of 0.004%. Thirty min after
Colcemide administration, the cells were washed in
5 ml of Hanks’ balanced salt solution (BSS) and were
then suspended in 5 mi of hypotonic solution (20%
Hanks’ BSS). The hypotonic cell suspension was
placed in an incubator (37°C) for 7 min. The cells
were then sedimented, suspended in 4 ml of freshly
prepared 3:1 methanol-acetic acid fixative, cooled
to 5°-8°C, washed by changing the fixative ten
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times during the next 3 to 4 hr, and finally suspended
in 1.0 to 2.5 ml of fresh fixative.

The fixed cells were mounted on slides by placing
one or two drops of fixative-cell suspension on a slide
and igniting the fixative by the flame of an alcohol
burner. This procedure provided a substantial num-
ber of well spread metaphase cells.

Radioautography and Staining

The slides were coated with Kodak AR-10 strip-
ping film for radioautography, exposed, developed,
and stained according to the method of Schmid (43).
Exposure times ranged from 2 wk to 6 months.

Analysis of Data

The durations of the various periods of the inter-
mitotic cycle were determined according to the
method of Sisken (46).

After determination of the per cent of cells in mi-
tosis and the per cent of cells labeled after exposure
to lysine-H® or thymidine-H?, the results were
grouped according to 10-hr intervals and subjected
to statistical analysis. The 0.05 level was selected as
the criterion for significance in all statistical tests. A
simple one-way analysis of variance was carried out
to test the null hypothesis. The percentages were
transformed by arc sine transformation which tends
to normalize the distribution. Cochran’s test was
used to test the hypothesis of homogeneity of vari-
ance. In the event of a statistically significant F ratio,
Duncan’s multiple range test employing the tables
constructed by Harter was used to determine which
of the 15 possible differences between means were
responsible.

Grain counts were made over the chromosomes of
mitotic cells. All slides on which counts were made
were coated with stripping film, exposed, developed,
and stained at the same time, in order to make the
grain counts strictly comparable. Mitoses in which
the chromosomes were well spread with minimum
overlapping were selected for grain counting.

RESULTS
Identification of Labeled Components

Lysine-H? and thymidine-H3 were localized in
the nuclei of interphase cells and in the chromo-
somes of mitotic cells. Cells which had been pre-
pared in the described manner, air dried, and
mounted in media of various refractive indices
were examined with the Baker-Smith interference
microscope. Nuclei of interphase cells and mitotic
chromosomes were found to have been freed of
cytoplasm. Cytoplasm was apparent in cells
which were simply taken from culture, smeared
on slides, and air dried without hypotonic treat-
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ment or fixation. Thus, labeled cytoplasmic pro-
teins were removed during the preparative pro-
cedures. Proteins soluble in the fixative solution
accounted for the somewhat greater background
label apparent on slides prepared from cell cul-
tures treated with lysine-H?,

Cells which were exposed to thymidine-H? were
treated with deoxyribonuclease (Sigma Chemical
Company, St. Louis, 1 time crystallized) 0.5
mg/ml in 0.002 m Tris (hydroxymethyl) amino-
methane, 0.005 M CaCl;, and 0.45 v MgCl; at pH
7.3 for 60 min at 37°C. The thymidine-H? label
was completely removed by deoxyribonuclease
extraction. Buffer controls showed that the ex-
traction was attributable to the enzyme. The
results indicate that tritium in cells labeled with
thymidine-H3 was present in a DNA component
of the nucleus.

Cells exposed to lysine-H? were extracted for
30 min with 5.09% trichloroacetic acid at 90°C.
The nuclear-chromosomal label in the lysine-H3-
labeled cells was resistant to the hot trichloroacetic
acid extraction, suggesting that the label was
present in a nonnucleic acid component of the
chromosomes, probably protein.

Uptake of Thymidine-H® and Lysine-H® into

Chromosomes

The fact that, in both the lysine-H? and thymi-
dine-H?® experiments, there was no significant
variation in the per cent of cells undergoing mi-
tosis during the 60 hr after initiation of isotope
treatment indicates that mitotic synchrony had
not been induced in the cells by the culturing pro-
cedures. Cells in mitosis accounted for between
0.2 and 2.19% of the total number of cells in
cultures exposed to thymidine-H?, and between
0.3 and 2.49% of the total number of cells in
cultures exposed to lysine-H3.

At the time of pulse treatment, an estimated
98 to 99% of the cells were in interphase. The
first cells to approach mitosis were in the terminal
portion of interphase at the time of isotope admin-
istration. As time after pulse treatment proceeded
until one divison cycle had been completed, the
cells entering mitosis were in progressively earlier
periods of interphase at the time of isotope ad-
ministration.

In Fig. 1, the per cent of mitotic cells showing
chromosomal label after treatment with thymi-
dine-H?® and lysine-H3 has been plotted against
time after initiation of pulse treatment. From the
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data on thymidine-FH? uptake, the average genera- The per cent of labeled mitoses showed three suc-
tion time for the dividing cells was calculated as cessive increases, indicative of cells undergoing
17.7 hr. The average durations of G;, S, and G, mitosis for the first, second, and third time after
were 4.6, 9.6, and 3.5 hr, respectively (Fig. 1 a). thymidine-H? incorporation.
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Ficure 1 Graph showing the per cent of mitotic cells displaying chromosomal label after
isotope administration. For each time interval all mitotic cells on a single slide were counted.

a, After administration of thymidine-FI*. An average 581 mitotic cells from a given culture were counted
for each time interval. b, After administration of lysine-H®. An average 332 mitotic cells from a given
culture were counted for each time interval.
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Frcure 2 Incorporation of lysine-H? into chromosomes. The average number of chromosomal grains/
mitotic nucleus is indicated by the solid line. The grain counts were corrected for background. Background
is the difference in grain count between the area occupied by the mitotic figure (exclusive of the chromo-

somes) and an adjacent area of the same size.

The per cent of mitotic nuclei showing chromo-
somal label after pulse treatment with lysine-H?
contrasted with that of the thymidine-H? experi-
ments (Fig. 1 4). In the thymidine-H? experiments,
the per cent of mitotic cells displaying chromo-
somal label varied throughout the 60 hr after
initiation of pulse treatment (Fig. 1 a). This vari-
ation was due to the fact that thymidine-H? was
only incorporated into chromosomal DNA during
the S period of interphase. The S period was pre-
ceded and followed, respectively, by the G; and
G, periods during which thymidine-H3 was not
incorporated. Such variation did not occur in
cells labeled with lysine-H? (Fig. 1 4). The data
indicate that incorporation of lysine-H* into
chromosomal protein occurs throughout inter-
phase and is not restricted to the period of inter-
phase during which thymidine-H3 is incorporated
into DNA.

Grain Counts Made over Chromosomes
Labeled with Lysine-H?

In order to determine whether the rate of lysine-
H? incorporation into chromosomal protein was
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the same throughout interphase, grain counts
were made over chromosomes of mitotic cells
which had incorporated lysine-H? (Fig. 2). Counts
were made on slides which were exposed to strip-
ping film for 2 months.

During the period when most of the cells which
passed through mitosis were in G; at the time of
isotope treatment, the average number of chro-
mosomal grains/mitotic nucleus was diminished,
During the period when most of the cells which
passed through mitosis were in S at the time of
isotope treatment, the average chromosomal
grain count increased and reached a peak as cells
which were in a late portion of S phase at the time
of isotope administration entered mitosis. The
high grain count characteristic of S continued as
cells most of which were in G, at the time of iso-
tope administration entered mitosis.

The data indicate that the rate of lysine-H?
incorporation into chromosomal protein differs
during various periods of interphase. The rate is
diminished during G;. During S period the rate
increases, reaching a peak in late S. The high rate
continues into G,.
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Fieurg 3 Graph showing the per cent of total cells displaying nuclear label after isotope administration.
For each time interval approximately 1,000 cells from a given culture were counted.
a, After lysine-H® administration. b, After thymidine-H® administration.

If metabolic turnover of labeled protein were
to account for the variations in grain count
throughout interphase, then the average number
of chromosomal grains/mitotic nucleus would be
expected to decrease after pulse treatment and not
to increase a second time, since labeled lysine lost
from protein turnover would be diluted by excess
unlabeled lysine in the media and not reincor-
porated.

However, a second increase in the average
number of chromosomal grains/mitotic nucleus
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did occur between 17 and 25 hr after initiation
of pulse treatment. This increase was caused by a
second division of cells which were, at the time of
isotope administration, in a period of the cell
division cycle during which lysine-H? was more
actively incorporated into chromosomal protein
(G; and late S).

The data indicate that the lysine-H3 incor-
porated into chromosomal protein was rather
stable. The fact that the average number of chro-
mosomal grains in the second peak was approxi-
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mately half that of the first indicates that most of
the lysine-H?® present in the chromosomes at the
time of the first division after isotope incorporation
was passed to the chromosomes of daughter cells.
The chromosomes of each daughter cell received
half the amount of lysine-H? found in the chro-
mosomes of the parental cell,

Per cent of Cells Incorporating Isotope
into the Nucleus

Nuclei of interphase and mitotic cells were ex-
amined in order to determine the proportion of
the total cells incorporating isotope during the
pulse exposure. The per cent of nuclei labeled
with thymidine-H? and the per cent of nuclei
labeled with lysine-H3 were plotted against time
after initiation of pulse treatment (Fig. 3).

In cells pulse-labeled with thymidine-H3 the
variation in the per cent of cells showing nuclear
label during 50 hr after initiation of pulse treat-
ment was not statistically significant (Fig. 3 a).
The significant decrease in the per cent of cells
displaying labeled nuclei observed between 51
and 60 hr after initiation of pulse treatment is
probably accounted for by an inhibition of cell
growth effected by thymidine-H3. This effect has
been described by Painter et al. (37) and by
Grisham (21).

In an asynchronous population of cells, the
percentage of cells in any stage at a given moment
provides an estimate of the average period of time
spent in that stage. During 50 hr after initiation
of pulse treatment, when there was no significant
variation in the proportion of cells showing nu-
clear label, an average 27.4%, of the cells were
labeled. Calculations which take into considera-
tion the age distribution of the cells (27) show that
27%, is a lower proportion than expected for cells
with a generation time of 17.7 hr and an S period
of 9.6 hr. The data indicate that not all of the
cells in a culture were capable of DNA synthesis.
This was confirmed by other experiments which
showed that 30 to 409% of the cell population did
not undergo DNA duplication and subsequent
division. Granulocytic leukocytes which do not
show a mitotic response to phytohemagglutinin
probably account for the nonduplicating popula-
tion.

In cells pulse-labeled with lysine-H3, the varia-
tion in the per cent of cells showing nuclear label
was not statistically significant during 60 hr after
initiation of pulse treatment (Fig. 3 4). An average
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73.5% of the cells incorporated lysine-H3 intc
nuclei. This was somewhat less than that which
would be expected on the basis that cells incor-
porated lysine-H? throughout interphase. Perhaps
nuclei of cells which did not undergo DNA syn-
thesis and associated division did not incorporate
lysine-H2. This would explain why less than 1009,
of the cells displayed nuclear label.

Distribution of Label to Chromosomes
of Daughter Cells

In order to determine whether or not thymi-
dine-H? and lysine-H3 are distributed to the chro-
mosomes of daughter cells in a similar fashion,
the chromatid distribution of the labeled com-
pounds was followed during 60 hr after initiation
of pulse treatment.

During 19 hr after initiation of pulse treatment
with thymidine-H3, the silver grains over chromo-
somes of all labeled mitotic cells were localized
over both chromatids (Fig. 4). Such a label dis-
tribution is characteristic of cells undergoing their
first division after thymidine-H? incorporation. In
chromosomes of cells which were in the first di-
vision after lysine-H? incorporation (between 0
and 19 hr after initiation of pulse treatment), the
label was distributed along the arms of both
chromatids (Fig. 7). The chromosomal label was
very intense at this time.

Between 21 and 35 hr after initiation of thymi-
dine-H? treatment, the silver grains over the chro-
mosomes of most labeled mitotic cells were lo-
calized over one chromatid. The other chromatid
had no silver grains associated with it (Fig. 5).
Cells labeled in this manner were undergoing the
second division after isotope incorporation. In
chromosomes of cells most of which were in the
second division after lysine-H? incorporation (be-
tween 21 and 35 hr after isotope treatment), the
label was still distributed along the arms of both
chromatids (Fig. 8). The chromosomal label was,
in general, somewhat diminished.

Silver grains over labeled mitotic cells be-
tween 37 and 60 hr after initiation of thymidine-
H3 exposure were distributed in a characteristic
manner, with one chromatid in about half of the
chromosomes of a cell being covered with ‘silver
grains. The remainder of the chromosomes were
unlabeled (Fig. 6). Such a label distribution indi-
cates that these cells were undergoing their third
division after isotope incorporation. In chromo-
somes of cells most of which were in the third
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Ficure 4 Radioautograph of chromosomes from cell labeled with thymidine-H? 5 hr prior to fixation.
Label is distributed over both chromatids of each chromosome. Radioautograph exposed 6 wk. X 1200.

Ficure 5 Radioautograph of chromosomes from cell labeled with thymidine-H? 21 hr prior to fixation.
Label is distributed over one chromatid of each chromosome. Radioautograph exposed 6 wk. X 1200.
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Ficure 6 Radioautograph of chromosomes from cell labeled with thymidine-H?® 41 hr prior to fixation.
About half the chromosomes of the cell are labeled, and the label is over but one chromatid of each of
these. Radioautograph exposed 6 wk. X 1500.

Ficure 7 Radioautograph of chromosomes from cell labeled with lysine-H® 5 hr prior to fixation. Label
is distributed over both chromatids of each chromosome. Radioautograph exposed 5 months. X 1100.
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Fioure 8 Radioautograph of chromosomes from cell labeled with lysine-H® 27 hr prior to fixation.

Label is distributed over both chromatids of each chromosome. Radioautograph exposed 5 months,
X 1200,

Ficure 9 Radioautograph of chromosomes from cell labeled with lysine-H® 47 hr prior to fixation. Label
is distributed over both chromatids of each chromosome. Radioautograph exposed 5 months. X 1200.
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division after lysine-H? incorporation (between 37
and 60 hr after initiation of pulse treatment), the
label was distributed along the arms of both chro-
matids (Fig. 9). The intensity of the chromosomal
label was further diminished at this time.

Some mitotic cells were found between 37 and
60 hr after thymidine-H?® administration which
showed the label distribution characteristic of the
second division after isotope incorporation. The
occurrence of such cells during this time indicated
that differences in generation time existed among
individual cells.

DISCUSSION

In the present experiments, thymidine-H3 label
was sensitive to treatment with deoxyribonucle-
ase. This is in agreement with other studies in
which the chromosomal nucleic acid component
labeled with thymidine-H?® has been identified as
DNA (3, 4, 18, 25, 44).

The isotope in lysine-H3-labeled nuclei was
resistant to hot trichloroacetic acid hydrolysis,
suggesting that the isotope was present in a pro-
tein component of the nucleus and chromosomes.
The fact that the intensity of the label was only
slightly diminished by extraction with weak acid
solutions (0.25 ~ HCI, 1.0 x HCl, and 0.0]1 N
HCI) indicates that most of the labeled nuclear-
chromosomal protein did not have the solubility
characteristics of histone. Various histone fractions
have a high lysine content (11, 26, 35) and are
known to incorporate lysine-C (8, 10). Therefore,
it may be concluded that most of the histone has
been removed from the cells by the preparative
procedures, or has been rendered HCI unex-
tractable due to changes in solubility character-
istics of histones denatured by fixation. That the
histone has been removed by the preparation
procedures is indicated by the fact that the cell
nuclei give only a very faint alkaline fast-green
test for histone. These observations are in agree-
ment with those of Busch and Hsu (9), who found
that most of the histone in mitotic chromosomes
is removed by fixatives containing 30 to 509 acetic
acid. Most of the histone in nuclei of onion root
meristem cells was removed by 3:1 alcohol-
acetic acid fixation (15).

Proteins which have been found to be associated
with the mitotic chromosomes include the histones
(2), the acidic nuclear proteins (28, 31), various
enzyme systems (9, 55), and other proteins which
have not yet been identified (9). Most of the his-
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tone is removed from the chromosomes or ren-
dered HCI unextractable by the preparative pro-
cedures. It is also likely that other chromosomal
proteins are so affected by these procedures.
Therefore, the lysine-H? labeling observed in the
present experiments is defined in terms of its
chromosomal location and its resistance to ex-
traction by the preparative procedures. Within
this context it is referred to as chromosomal pro-
tein.

The generation time of the dividing cells and
the average durations of the various periods of the
intermitotic cycle were very similar to those
reported for other mammalian cells (33, 41, 50).
The average durations of G; and S phase were in
good agreement with those found in cultured
leukocytes from individuals afflicted with Down’s
syndrome (13). The duration of G; was approxi-
mately equal to that reported for cultured leuko-
cytes by German (20). The durations of S and G,
in cultured human leukocytes were found by Ki-
kuchi and Sandberg (29), and Prescott and Bender
(40), to be somewhat longer than those observed
in the present experiments. The differences can be
accounted for by the fact that the latter authors
measured the lengths of the initial Gy, S, and G,
periods which freshly drawn leukocytes underwent
in culture. The cells studied in the present experi-
ments would have undergone at least one inter-
mitotic DNA synthesis cycle in vitro at the time
of pulse treatment.

The present observations reveal that lysine-H3?
was incorporated into chromosomal protein
throughout interphase, and that incorporation was
not restricted to a particular period of interphase
as was the incorporation of thymidine-H? into
chromosomal DNA. Furthermore, the grain count
data indicate that during the G, period the incor-
poration of lysine-H? into chromosomal protein
was diminished. It increased during S, reaching a
peak during late S. The high rate of lysine-H3 in-
corporation continued into Ga.

The observations do not rule out the possibility
that a particular nuclear or chromosomal protein
fraction (i.e., histone) was synthesized during a
limited portion of interphase.

Microspectrophotometric data indicate that the
histone and basic nuclear protein fractions stain-
able with alkaline fast green (2) or Sakaguchi’s
reagent increase simultaneously with DNA con-
tent (1, 6, 19, 32, 56). The increase, however, does
not necessarily imply histone synthesis, but might

219



be accounted for by the complexing of previously
synthesized histone with DNA of the nucleus, the
DNA-histone complex rendering the previously
synthesized histone stainable (7).

Biochemical determinations on the nuclei of
regenerating liver cells have indicated that syn-
thesis of histone and of other basic nucleoproteins
occurred prior to the onset of DNA synthesis (12,
16, 22, 54). However, this increase in nuclear
protein may have been due to replacement of
protein lost by catabolic breakdown of nuclear
proteins. Such breakdown occurred after partial
hepatectomy (54). Therefore, the nuclear protein
increase observed in regenerating liver experi-
ments is likely to be the result of a pathological
process rather than a process that occurs in normal
tissues.

Interferometric measurements made on nuclei
of various cell types have revealed that the total
amount of nuclear protein did not increase after
cell divison until a certain waiting period had
elapsed. Thereafter, the increase in total nuclear
protein and the increase in DNA proceeded simul-
taneously (30, 45). Those results are similar to
these of the present investigations, indicating a
diminished rate of nuclear protein synthesis during
Gl.

The work of De (15) and Woodard et al. (56)
on plant cell nuclei indicated that synthesis of
nonhistone proteins of the nucleus occurs through-
out interphase. Radioautographic evidence indi-
cated that the rate of nonhistone synthesis in-
creased during late interphase and that the rate
of histone synthesis was greatest at the time of
DNA synthesis. Since the proteins of the chromo-
somes have not been characterized in chemical
terms, it was not possible to extend these observa-
tions to chromosomal protein.

Several investigators have studied the incorpora-
tion of isotopically labeled amino acids into giant
chromosomes in the salivary glands of various
insect larvae (17, 38, 47-49). The cells were fixed
in acetic acid-containing fixatives. The labeled
amino acids were incorporated into chromosomal
protein, and the label was distributed uniformly
along the entire length of the chromosomes. Label
was most intense in regions of the chromosome in
which DNA synthesis was occurring (17). The
labeled chromosomal protein did not have the
solubility characteristics of histone. These data
support the findings of the present experiments.

Chromosomes of several types of plant cells
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have been labeled with various protein precursors
(23, 51, 52). The results show that maximum in-
corporation occurred during DNA synthesis,

The distribution of thymidine-H? to chromatids
of daughter cells was originally described in plant
cells by Taylor et al. (53). Observations on cul-
tured peripheral blood cells (5, 41) revealed simi-
lar events. The results indicated that thymidine-H?
which is incorporated into DNA of the chromo-
some is part of a physical entity that remains in-
tact during successive replications and nuclear
divisions. The basic chromosome is made up of
two functionally complementary DNA-containing
units which undergo replication to form four
units. The units segregate in such a way that each
daughter cell receives an old and a new unit,

The results pertaining to the distribution of ly-
sine-H? to the chromosomes of daughter cells are
in agreement with the findings of Prescott and
Bender (40). Those workers found that incorpora-
tion of tritiated amino acids into the mitotic
chromosomes of cultured Chinese hamster fibro-
blasti could be demonstrated by means of radio-
autography. Cells which were in the first and
second mitoses after labeling showed label dis-
tributed over both chromatids of each chromo-
some.

If the labeled chromosomal protein is intimately
associated with the individual DNA strands, one
would expect the two materials to segregate in a
similar fashion. Moreover, the syntheses of these
two chromosomal components might be expected
to occur simultaneously or show definite temporal
relationships to one another. The results of the
present experiments show that the chromosomal
DNA and chromosomal protein do not segregate
in like fashion, nor do their syntheses occur simul-
taneously. Therefore, the results suggest that the
synthesis of the chromosomal protein studied and
its distribution to chromosomes of daughter cells
are not directly influenced by the synthesis and
segregation of the DNA strands of the chromo-
some with which the protein is associated.

The author wishes to thank Dr. E. K. MacRae and
Dr. J. M. Levitsky for their guidance and assistance
during the course of these investigations. Advice
concerning statistical tests was received from Dr. R.
Shekelle.

The work was supported by grants from the Amer-
ican Cancer Society, Inc. (grant No. In 9D 11) and
the Chicago Heart Association (grant No. N 63 44)
to Dr. J. M. Levitsky.

Tre JournaL oF CELL BroLoey - VoLumE 29, 1966



The investigations described in this paper form
part of a thesis submitted as partial fulfillment for

the degree of Doctor of Philosophy in Anatomy in

10.

11.

12,
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

24.

BIBLIOGRAPHY

. ALFERT, M., in Symposium on Fine Structure of

Cells, Leiden, Groningen, P. Noordhoff, Ltd.,
1954, 157.

. AvLrerT, M., and Gescawinp, I. 1., Proc. Nat.

Acad. Sc., 1953, 39, 991.

. ALLrrey, V. G., Lirrau, V. C., and Mirsky,

A. E., Proc. Nat. Acad. Sc., 1963, 49, 414.

. AronsoNn, M., and ErseRre, S., Proc. Nat. Acad.

Se., 1962, 48, 208.

. BENDER, M. A., and Prescort, D. M., Exp. Cell

Research, 1962, 27, 221,

. Brocu, D. P., and Gopbman, G. C., J. Biophysic.

and Biochem. Cytol., 1955, 1, 17.

. Brocn, D. P., and Bracs, S., J. Cell Biol., 1964,

22, 327.

. Busch, H., Davies, J. R., and ANpERsoN, D. C,,

Cancer Research, 1958, 18, 916.

. Buscn, H., Starsuck, W. C., SingH, E. J., and

Tae Suk Ro, in The Role of Chromosomes in
Development, (M. Locke, editor), New York,
Academic Press Inc., 1964, 51.

Buscu, H., Steere, W. J., Hniica, L., and
TavLOR, C., in The Nucleohistones, (J. Bonner
and P. O. P. T’so, editors), San Francisco,
Holden-Day, Inc., 1964, 242.

BurLer, J. A. V., in The Nucleohistones, (J.
Bonner and P. O. P. T’so, editors), San Fran-
cisco, Holden-Day, Inc., 1964, 36.

ButLER, J. A. V., and Conn, P., Biochem. J.,
1963, 87, 330.

Cave, M. D.,, and LeviTsky, J. M., Exp. Cell
Research, 1966, in press.

Cave, M. D., Hereditas, 1966, in press.

Dg, D. N., The Nucleus, 1961, 4, 1.

Evans, J. H., HoLBrook, D. J., and Irviy, J. L.,
Exp. Cell Research, 1962, 28, 126.

Ficg, A., Pavan, C., and BracueT, J., Exp. Cell
Research, 1958, suppl. 6, 105.

FriepkiN, M., Tuson, D., and RoperTs, D., J.
Biol. Chem., 1956, 220, 627.

GaLwy, J. G., J. Biophysic. and Biochem. Cytol.,
1959, 5, 292.

GERrMAN, J. L., J. Cell Biol., 1964, 20, 37.

GrisHaM, J. W., Proc. Soc. Exp. Biol. and Med.,
1960, 105, 555.

Hoierook, D. J., Evans, H. H., and Irvin,
J. L., Exp. Cell Research, 1962, 28, 120.

Howarp, A. and PeLc, S. R., Nature, 1951, 167,
599.

Howarp, A., and PeLrc, S. R., Heredity, 1953,
suppl. 6, 261.

the Graduate College, the University of Illinois at
the Medical Center.

Received for publication 27 September 1965.

25.

26.

27.

28.

29.

3L
32.
33.

34.

35.

36.
37.
38.

39.

41.

42.

43.
44.

45.

46.

47.

48.

49.

Mac Donawp Cave

Hucres, W. L., Bonp, V. P., BrEcHER, G,
CronkiIte, E. P., CrRONKITE, R. S., QUASTLER,
H., and SuermaN, F. G., Proc. Nat. Acad. Sc.,
1958, 44, 476.

Iwar, K., iz The Nucleohistones, (J. Bonner and
P. O. P. T’s0, editors), San Francisco, Holden-
Day, Inc., 1964, 59.

Jonnson, H. A., Cytologia, 1961, 26, 32.

Kaurrman, B. P, Gay, H., and McDonaLp,
M. R., Internat. Rev. Cytol., 1960, 9, 77.

Kikucar, Y., and Sandberg, A. A., J. Nat. Cancer
Inst., 1964, 32, 1109.

. KmMaLy, R. F., VogT-KonNE, L., and CAsPERS-

son, T., Exp. Cell Research, 1960, 20, 368.
Mazia, D., Proc. Nat. Acad. Sc., 1954, 40, 521.
McLEssH, A., Chromosoma, 1959, 10, 686.
Moorueap, P. S., and Derenpi, V., J. Cell Biol.,

1963, 16, 202.

Moorueap, P. S., Nowerr, P. C., MELLMAN,
W. J., Barmies, D. M., and HUNGERFORD,
D. A, Exp. Cell Research, 1960, 20, 613.

NeELIN, J. M., in The Nucleohistones, (J. Bonner
and P. O. P. T’so, editors), San Francisco,
Holden-Day, Inc., 1964, 66.

NoweLL, P. C., Cancer Research, 1960, 20, 462.

Pamnter, R. B., Drew, R. M., and HucHss,
W. L., Science, 1958, 127, 1244.

PeLc, S. R., and Howarp, A., Exp. Cell Research,
1956, 10, 549.

Piez, K. A., and Morris, L., Ann. Biochem., 1960,
1, 187.

. Prescotrt, D. M., and BenbeEr, M. A, J. Cell.

and Comp. Physiol., 1963, suppl. 1, 175.

PrescotT, D. M., and Benper, M. A., Exp. Cell
Research, 1963, 29, 430.

Puck, T. T., Ciecura, S. J., and RoginsoN, A.,
J. Exp. Med., 1958, 108, 145.

Scumip, W., Cytogenetics, 1963, 2, 175.
SCHNEIDER, J. H., Cassir, R., and CHORKILEIAN,
¥., Biochim. et Biophysica Acta, 1960, 42, 225.
SkED, J., Proc. Roy. Soc. London, Series B, 1962,

156, 51.

Sisken, J. E., in Methods in Cell Physiology,
(D. M. Prescott, editor), New York, Academic
Press, Inc., 1964, 387.

Sirui, J. L., Exp. Cell Research, 1960, 19, 177.

Swiw, J. L., and Knigat, G. R., Chromosoma,
1958, 9, 115.

SiruiN, J. L., and Knigut, G. R., Exp. Cell Re-
search, 1960, 19, 210.

Incorporation of Trittum-Labeled Thymidine 221



50. Stanners, C. P., and Tuy, J. E., Biockim. et
Biophysica Acta, 1960, 37, 406.

51. TAvLoOR, J. H., 4m. J. Bot., 1959, 46, 477.

52. Tavror, J. H., and TavLor, S. H., J. Heredily,
1953, 44, 128.

53. TavLor, J. H., Woops, P. H., and Hucuss,
W.L., Proc. Nat. Acad. Sc., 1957, 43, 122.

54. Umana, R., Urpbike, S., Ranparr, J., and
Dounce, A., in The Nucleohistones, (J. Bonner
and P. O. P. T’so, editors), San Francisco,
Holden-Day, Inc., 1964, 200.

535. WiLLMER, E. N., J. Exp. Biol., 1942, 19, 11.

56. Wooparp, J., Rascy, E., and Swrrr, H., J.
Biophysic. and Biochem. Cytol., 1961, 9, 445.

222 Taz JourNaL oF CeLL Brorogy - VorLume 29, 1966



