jected to acute anoxia indicates the need
for caution in the use of these drugs in
hypoxic human newborns.
JEAN HOLOWACH THURSTON
RicHARD E. HAUHART
JOoHN A. DIrRGO
Edward Mallinckrodt Department of
Pediatrics, Washington University
School of Medicine, and Division of
Neurology, St. Louis Children’s
Hospital, St. Louis, Missouri 63110

References and Notes

1. H. J. Boutourline-Young and C. A. Smith, Am.
J. Dis. Child. 80, 753 (1950); H. C. Miller, F. C.
Behrle, N. W. Smull, Pediatrics 23, 676 (1959).

2. J. A. Kuzemko and J. Paala, Arch. Dis. Child.
48, 404 (1973).

3. A. Vogl, Wien. Klin. Wochenschr. 40, 105
(1927); F. M. Smith, H. W. Rathe, W. D. Paul,
Arch. Intern. Med. 56, 1250 (1935); O. H. S.
Marais and J. McMichael, Lancet 1937-11, 437
(1937).

4. G. H. Richmond, J. Appl. Physiol. 2,.16 (1949);
A. R. Dowell, A. Heyman, H. O. Sieker, K.
Tripathy, N. Engl. J. Med. 273, 1447 (1965).

5. S. Howarth, J. McMichael, E. P. Sharpey-Scha-
fer, Clin. Sci. 6, 125 (1947). )

6. R. L. Wechsler, L. M. Kleiss, S. S. Kety, J.
Clin. Invest. 29, 28 (1950).

7. J. H. Moyer, S. 1. Miller, A. B. Tashnek, R.
Bowman, C. P. Smith, ibid. 31, 267 (1952); U.
Gottstein and O. B. Paulson, Stroke 3, 560
(1972).

8. Mice of this age were used because of our clini-
cal and research interests.

9. R. W. Butcher and E. W. Sutherland, J. Biol.
Chem. 237, 1244 (1962).

10. C. I. Mayman, P. D. Gatfield, B. M. Brecken-
ridge, J. Neurochem. 11, 483 (1964).

11. J. H. Thurston, R. E. Hauhart, E. M. Jones, J.
L. Ater, J. Biol. Chem. 250, 1751 (1975); J.
Neurochem. 24, 953 (1975).

12. O. H. Lowry, J. V. Passonneau, F. X. Hassel-

berger, D. W. Schulz, J. Biol. Chem. 239, 18
(1964).

13. J. E. Cremer, Biochem. J. 119, 95 (1970); W. A.
Growden, T. S. Bratton, M. C. Houston, H. L.
Tarpley, Am. J. Physiol. 221, 1738 (1971); R. A.
Hawkins; A. L. Miller, J. E. Cremer, R. L.
Veech, J. Neurochem. 23, 917 (1974).

14. R. A. Hawkins, D. H. Williamson, H. A. Kiebs,
Biochem. J. 122,13 (1971).

15. Cerebral metabolic rate was calculated as 1
equivalent of high-energy phosphate (~P) for
each mole of phosphocreatine, 2 for each mole
of ATP and glucose, and 2.9 equivalents for
each glucose equivalent of glycogen used during
the first few seconds after decapitation (12).

16. B. K. Siesjo and F. Plum, Acta Anaesthesiol.
Scand. Suppl. 45, 81 (1971).

17. T. W. Stone, D. A. Taylor, F. E. Bloom, Sci-
ence 187, 845 (1975); T. W. Rall and A. G. Gil-
man, Neurosci. Res. Program Bull. 8, 221
(1970).

18. J. V. Aranda, D. S. Sitar, W. D. Parsons, P. M.
ch)ughnan, A. H. Neims, Clin. Res. 23, 608A
(1975).

19. W. A. Selle, Proc. Soc. Exp. Biol. Med. 51, 50
(1942); Am. J. Physiol. 141, 297 (1944).

20. J. H. Thurston and D. B. McDougal, Jr., Am. J.
Physiol. 216, 348 (1969); J. H. Thurston, R. E.
Hauhart, E. M. Jones, Pediat. Res. 8, 238
(1974).

21. D. H. Williamson, J. Mellanby, H. A. Krebs,
Biochem. J. 82, 90 (1962).

22. H. B. Burch, O. H. Lowry, L. Meinhardt, P.
Max, Jr., K. Chyu, J. Biol. Chem. 245, 2092
(1970).

23. J. V. Passonneau and V. R. Lauderdale, Anal.
Biochem. 60, 405 (1974).

24. A. L. Steiner, C. W. Parker, D. M. Kipnis, Adv.
Biochem. Psychopharmacol. 3, 89 (1970).

25. O. H. Lowry and J. V. Passonneau, A Flexible
System of Enzymatic Analysis (Academic Press,
New York, 1972), pp. 146-218.

26. We thank J. A. Ferrendelli for the cyclic nucle-
otide measurements and D. B. McDougal, Jr.,
for review of this manuscript and helpful dis-
cussions. This work was supported in part by
Public Health Service grant NB 06163 and the
Allen P. and Josephine B. Green Foundation,
Mexico, Mo.

27 February 1978; revised 25 April 1978

Stimulated DNA Synthesis in Frog Nuclei by Cytoplasmic

Extracts of Temperature-Sensitive Mammalian Cells

Abstract. Cytoplasmic extracts of proliferating cells stimulate DNA synthesis in
isolated nuclei of Xenopus laevis liver. When tested by the same assay, cytoplasmic
extracts of resting cells are completely inactive. When cytoplasmic extracts are pre-
pared from cell cycle-specific temperature-sensitive mutants arrested in the G,
phase of the cell cycle by the nonpermissive temperature, they also fail to stimulate
DNA synthesis in frog nuclei. The results indicate that, to stimulate DNA synthesis
in isolated frog nuclei, essentially all information of G, cells must be present.

Jazwinski et al. (I) reported that DNA
synthesis in nuclei isolated from frog
liver or spleen can be directly stimulated
by the addition to the incubation mixture
of cytoplasmic extracts prepared from
proliferating cells. Electron microscopic
analysis of the DNA molecules from the
reaction mixture strongly indicated that
the cytoplasmic extracts stimulated initi-
ation of DNA replication in the chroma-
tin of the normally resting frog nuclei. A
comparison of the stimulatory activity in
extracts from’ various mammalian and
avian sources showed that the activity
was present only in proliferating cells. In
contrast, cytoplasmic extracts from nor-
mally resting tissues and cells had no
stimulatory activity on DN A synthesis in
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isolated frog nuclei. In subsequent ex-
periments, Jazwinski and Edelman Q)
used the same cell-free system, con-
sisting of isolated frog nuclei, to investi-
gate the stimulatory effect of cyto-
plasmic extracts from temperature-sensi-
tive (ts) mutants of Saccharomyces
cerevisiae. The ts mutants used by Jaz-
winski and Edelman (2) were mutants of
the cell division cycle isolated and de-
scribed by Hartwell and collaborators
3). All of these mutants were deficient in
events of the dependent pathway leading
to the initiation of DNA synthesis in the
yeast cell cycle. When the yeast cells
were incubated for one generation at the
nonpermissive temperature, 36°C, their
extracts showed very low or no stimula-

tory activity on DNA synthesis in frog
liver nuclei. On the other hand, cyto-
plasmic extracts from yeasts grown at
the permissive temperature had stimula-
tory activity.

We have extended these studies to ts
mutants of the mammalian cell cycle
and, specifically, to ts mutants in the G,
phase of the cell cycle. These are opera-
tionally defined as mutants that, at the
nonpermissive temperature, are arrested
in the G, phase of the cell cycle. Three
such mutants have been studied in our
laboratory: (i) AF8 cells, originally de-
rived from BHK cells by Basilico and co-
workers (4). The execution point of the
ts defect in these cells has been located
by shift-up experiments at 8.6 hours
from the beginning of the S phase (5); (ii)
K12 cells, a ts mutant from Chinese ham-
ster cells originally isolated by Roscoe et
al. (6) and characterized by Smith and
Wigglesworth (7). This mutant is also ar-
rested in G, at the nonpermissive tem-
perature, and the execution point has
been located by Ashihara et al. (5) at 1.6
hours before the S phase; and (iii) ts13
cells, another G, phase ts mutant from
BHK cells originally isolated and partial-
ly characterized by Talavera and Basil-
ico 8). Its execution point has been
located (9) at 3.2 hours before the S
phase.

In these experiments we asked a
simple question, namely, Is the activity
in the cytoplasmic extracts of prolifer-
ating cells that is responsible for the
stimulation of DNA synthesis in frog nu-
clei present when the cells are prevented
from reaching S by exposure to the non-
permissive temperature? The advantages
over the previous experiments with
yeast cells (2) are essentially two: (i) the
work is extended to mammalian cells
and (ii) more important, by appropriate
manipulations the cells can be arrested in
G, without their having to be exposed to
the nonpermissive temperature for a
whole generation.

Temperature-sensitive mutants were
made quiescent by serum deprivation (36
to 48 hours in 0.5 percent serum) and
were then stimulated by fresh medium
plus 10 percent serum at either the per-
missive or the nonpermissive temper-
ature. Under these conditions, at the
permissive temperature, 85 to 90 percent
of the cells enter DNA synthesis with
median times of entry into S of 24, 11,
and 24.5 hours for AF8, K12, and ts13,
respectively. At the nonpermissive tem-
perature, less than 5 percent of the cells
are labeled by continuous exposure to
[*H]thymidine (5, 10). Cytoplasmic ex-
tracts were prepared as described by
Jazwinski et al. (I) from quiescent cells,
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Table 1. Characteristics of the cell lines used for the preparation of cytoplasmic extracts.

Temperature Ability to reactivate
°C) chick nuclei atf
Execu-
Cell Parent N tion Per- Non-
line cell line Per- on- point* mis- permis-
mis- per- (hours) sive sive
sive mis- temper- temper-
sive ature ature
tsAF8 BHK 34° 40.6° 8.6 + -
tsK12 CHL 34° 40.6° 1.6 + -
ts13 BHK 34° 39.5° 3.2 + -
BHK (Syrian hamster) 37° (40.6°)% + +
HeLa (Human) 34° (40.6%)% + +

*The execution point of a ts function is defined as the point at which shift-up to the nonpermissive temper-

ature no longer prevents the entry of cells into S (5).

karyons is defined here as induction of DNA synthesis in chick nuclei (9, 10).

grow well at 40.6°C.

cells stimulated by 10 percent serum at
the permissive temperature, and cells
stimulated by 10 percent serum at the
nonpermissive temperature. The ex-
tracts were then studied for their ability
to stimulate directly DNA synthesis in
nuclei isolated from frog liver. The meth-
od we used for the assay of DNA syn-
thesis in frog liver nuclei was that de-
scribed by Jazwinski et al. (I). We also
used liver nuclei from Xenopus laevis,
prepared as described (I, 2).

We used as controls both cytoplasmic
extracts from exponentially growing
HeLa cells and cytoplasmic extracts
from BHK cells stimulated to proliferate
at both 37° and 41°C (BHK cells are the
parent cell line of both AF8 and tsl3
cells). The characteristics of the cell
lines used are summarized in Table 1.

Table 2 gives the results on the ability
of cytoplasmic extracts from the dif-
ferent cell lines to stimulate directly
DNA synthesis in isolated frog nuclei. In
these experiments, the amounts of cyto-
plasmic extracts were standardized at
300 wg of protein per assay, and each ex-
periment was repeated at least three
times. The results indicate that ex-
ponentially growing HeLa cells, and
BHK cells stimulated at either 37° or
41°C have, in their cytoplasmic extracts,
sufficient activity to stimulate DNA syn-
thesis. The K12, AFS8, and tsl13 cells
stimulated at the permissive temperature
are also capable of stimulating DNA syn-
thesis in the isolated frog nuclei system.
However, if these cells are not stimulat-
ed (for instance when the cytoplasmic
extracts are prepared from cells in 0.5
percent serum), or when the cells are
stimulated at the nonpermissive temper-
ature, the cytoplasmic extracts are in-
capable of stimulating DNA synthesis in
frog nuclei. This is especially interesting
considering that some of these mutants

652

‘tReactivation of chick nuclei after fusion in hetero-
tBoth BHK and HeLa cells

are blocked in G, at points that are rather
close to the beginning of the S phase.
Jazwinski et al. (1) stated that mouse
lymphocytes stimulated by concanavalin
A and arrested prior to the S phase by
hydroxyurea, were still capable of ini-
tiating DNA synthesis in frog nuclei.
However, in the present experiments
cytoplasmic extracts from cells blocked
in G, are not capable of stimulating DNA
synthesis in frog nuclei although the K12
cells are blocked at a point that is only
1.6 hours from the beginning of the S
phase. The temperature itself is not re-
sponsible for the failure to stimulate

Table 2. Induction of DNA synthesis in frog
nuclei by cytoplasmic extracts. Cells were
serum-starved (0.5 percent) for 2 days at per-
missive temperature followed by serum stim-
ulation (10 percent) for 24 hours at either per-
missive or nonpermissive temperature. Cyto-
plasmic extracts and frog liver nuclei were
prepared, and the assays were carried out, as
described by Jazwinski et al. (I). Each assay
contained about 300 ug of protein and 106 frog
nuclei. The results are expressed in picomoles
of [*H]thymidine triphosphate incorporated
into DNA, after subtraction of background
counts (300 count/minute). In some repeated
experiments K12 cells were stimulated for on-
ly 16 hours. The HeLa cytoplasmic extracts
were always prepared from exponentially
growing cells.

Permis-  Nonper-  Permis-
sive missive sive
temper-  temper-  temper-
Cell line ature ature ature
and 10 and 10 and 0.5
percent  percent percent
serum serum serum
AF8 30.0 7.5 2.9
K12 30.1 8.7 7.5
ts13 18.4 7.4 3.0
HeLa 53.4
BHK, 37°C 25.0
BHK, 40°C 17.3
CE from 3.2
frog liver

DNA synthesis in frog nuclei since ex-
tracts from BHK cells, stimulated at
41°C, are still active. Furthermore, since
the cells were stimulated at the non-
permissive temperature for only 16 to 24
hours, the results cannot be attributed to
cell death. In all these ts mutants, cell
death does not begin for at least 30 hours,
after the cells are shifted up to the non-
permissive temperature (¢, 7, 9) and, es-
pecially in AFS, it proceeds very slowly.
These results therefore seem to indicate
that for DNA synthesis to be stimulated
in isolated frog nuclei by the assay of
Jazwinski et al. (I, 2), essentially all in-
formation, or almost all the information,
of G, cells must be present. This would
be in agreement with recent results by
Tsutsui et al. (10) and Lipsich et al. (I11)
who found that reactivation of DNA syn-
thesis in chick nuclei in either hetero-
karyons or ‘‘cybrids’’ was cell cycle-de-
pendent. Only cells or cytoplasts from S
phase cells had all the necessary infor-
mation to reactivate DNA synthesis in
chick nuclei after fusion.

It seems, therefore, that the initiation
of DNA synthesis in frog nuclei in the
isolated system of Jazwinski et al., and
the reactivation of chick nuclei after
fusion, measure essentially the same
amount of cell cycle information (com-
pare Tables 1 and 2). Both systems could
be useful in an analysis of the biochemi-
cal mechanisms that regulate cell flow in
the G, phase of the cell cycle.
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