8"*C values for benthic and planktonic
foraminifera between cores 22 and 34. In-
dividuals of the species Globigerapsis in-
dex were used to obtain the planktonic
foraminiferal values from these samples,
whereas in other samples mixed planktonic
species have been used (5). It has been
found that there are definite species-depen-
dent departures from isotopic equilibrium
in planktonic foraminifera (I8), so that
surface water §'3C values cannot be de-
rived from planktonic foraminiferal mea-
surements even if the depth habitat of the
species is known (and it is not for extinct
species). Polyspecific samples of cal-
careous nannofossils may provide a more
reliable indication of surface §'°*C changes
than planktonic foraminifera (/9). Mea-
surement of changes in surface water car-
bon isotopic composition with time may
yield useful information on changes in oce-
anic productivity.

The reliability of nannofossils as in-
dicators of surface water paleotempera-
tures can be tested by growing pure cul-
tures of coccolithophorids at varying tem-
peratures (20). Preliminary oxygen isotope
data for samples of these species indicate
that during coccolith growth, oxygen iso-
topes are incorporated in equilibrium with
the growth medium, when compared with
the empirically determined paleotempera-
ture curve (21). Similar isotopic results
have been obtained for cultures of Emi-
liania huxleyi (22).

Our evidence indicates that §'*O values
obtained from well-preserved polyspecific
samples of calcareous nannofossils can be
used to estimate surface water paleotem-

peratures. The §'3C values appear to re-

flect the depth of growth for benthic and
planktonic foraminifera and calcareous
nannofossils when compared with §"C
profiles for today’s oceans. These prelimi-
nary results add a new and potentially im-
portant method to the paleoclimatologist’s
arsenal for studying changes in the world’s
oceans. Many deep-water carbonate cores
spanning critical intervals in the Mesozoic
and Cenozoic lack planktonic foraminifera
but often contain calcareous nannofossils,
and these now can be used for detailed iso-
tope paleotemperature studies.
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Hybridization Analysis of Histone Messenger RNA:

Association with Polyribosomes During the Cell Cycle

Abstract. Hybridization of cell cycle stage-specific polyribosomal RNA's to histone
complementary DNA indicates that histone messenger RNA sequences are present on
polyribosomes of Hela S; cells only during the period of DNA replication.

A functional relation between histone
synthesis and DNA replication is sug-
gested by the fact that the synthesis of
these proteins and their deposition on the
DNA is restricted to the S phase of the cell
cycle (I, 2). Further support for the cou-
pling of histone and DNA synthesis comes
from the observation that inhibition of
DNA replication results in a rapid shut-
down of histone synthesis (2, 3). It has pre-
viously been shown, with the use of cell-
free protein synthesizing systems derived
from reticulocytes and Ehrlich ascites
cells, that the RNA isolated from poly-
ribosomes of S phase HeLa cells supports
the synthesis of histones (4). These findings
indicate that translatable histone messen-
ger RNA’s (mRNA) are associated with
polyribosomes exclusively during the S
phase of the cell cycle. However, the possi-

bility still exists that histone mRNA’s are
components of the polyribosomes during
other periods of the cell cycle, but have in
some way been rendered nontranslatable.
Such a possibility would have important
implications for the mechanism operative
in the regulation of histone gene ex-
pression. Therefore, in order to establish
that the mRNA’s for histones are associ-
ated with polyribosomes only during S
phase, we examined G,, S, and G, poly-
ribosomal RNA’s for their ability to hy-
bridize with histone complementary DNA
(cDNA).

[FH]DNA complementary to the five
classes of histone mRNA’s was synthe-
sized as follows. The 7S to 128 RNA was
isolated from the polyribosomes of S phase
HelLa S; cells and material containing
polyadenylic acid [poly(A)] was removed
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Fig. 1. [PH]cDNA (27,000 dpm/ng) and unla-
beled RNA were hybridized at 52°C in sealed
glass capillary tubes containing in a volume of
15 ul: 50 percent formamide, 0.5M NaCl,
25 mM Hepes buffer (pH 7.0), | mM EDTA,
0.37 ng of cDNA, and 3.75 or 7.5 ug of poly-
somal RNA from HeLa S; cells at the following
growth stages; G, X; S, o; or G,, o. Samples
were removed at intervals and incubated for 20
minutes in 2.0 ml of 30 mM sodium acetate,
0.3M NaCl, | mM ZnSO,, and 5 percent glyce-
rol (pH 4.6) containing S, nuclease (9) at a con-
centration sufficient to degrade at least 96 per-
cent of the single-stranded nucleic acids present.
The amount of radioactive DNA resistant to di-
gestion was determined by trichloroacetic acid
precipitation. C, ¢ = mole of ribonucleotides
times seconds per liter. Cells were synchronized
as described (7). S and G, phase cells were ob-
tained by synchronization with two cycles of
2 mM thymidine block. S phase cells were har-
vested for 3 hours after release from the second
thymidine block at which time 98 percent of the
cells were in S phase. G, cells were harvested 7.5
hours after release from thymidine. G, cells
were obtained 3 hours after selective detach-
ment of mitotic cells from semiconfluent mono-
layers; 97 percent of the cells were in the G,
phase of the cell cycle, and S phase cells were
not detected. Polyribosomal RNA was isolated
as reported (5).

by oligodeoxythymidylate (oligo dT) cel-
lulose chromatography. Poly(A) was add-
ed to the 3’OH termini of the histone
mRNA’s with an ATP-polynucleotidylexo-
transferase (ATP, adenosine triphosphate)
isolated from maize seedlings. The poly-
adenylated mRNA’s were then transcribed
in the presence of *H-labeled deoxycyti-
dine triphosphate (dCTP) and *H-labeled
deoxyguanosine triphosphate (dGTP) with
RNA-dependent DNA polymerase from
Rous sarcoma virus with dT, as a primer.
The mean sedimentation coefficient of the
c¢DNA in alkaline sucrose was 6.1.S, which
corresponds to a molecule comprising 400
nucleotides. A comparison of the kinetics
of the histone cDNA-histone mRNA
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hybridization reaction with that of the glo-
bin cDNA-globin mRNA hybridization
reaction indicates that the sequence com-
plexity of the histone cDNA probe is suf-
ficient to account for all five histone
mRNA’s. The synthesis and proper-
ties of this [PH]JcDNA have been reported
(3, 6).

The extent of hybrid formation between
histone cDNA and total polysomal RNA
of Gy, S, and G, HeL a cells is compared in
Fig. 1. The hybridization observed between
S phase polyribosomal RNA and the
cDNA indicates the presence of histone-
specific sequences associated with the poly-
ribosomes of S phase cells. In contrast, the
absence of G, polyribosomal RNA hybrid-
ization demonstrates that histone mRNA
sequences are not components of G, poly-
ribosomes. A comparison of the kinetics
of the hybridization reaction between S
phase polyribosomal RNA and c¢cDNA
(Crti2 = 1.8) with the hybridization ki-
netics of the histone mRNA-cDNA reac-
tion (C, 1, = 1.7 X 107?) indicates that
histone mRNA sequences account for 0.9
percent of the S phase total polysomal
RNA. This figure is consistent with the sit-
uation in vivo where approximately 10 per-
cent of the protein synthesis during S
phase is histone synthesis (7).

Determination of the presence or ab-
sence of histone mRNA sequences on G,
polysomes is complex. The kinetics of
the hybridization reaction between G,
polyribosomal RNA and histone cDNA
(Cr iy = 8.5) suggests that the amount of
histone mRNA sequences present on the
polyribosomes of G, cells is 21 percent of
that present on S phase polyribosomes.
However, the data in Fig. 2 clearly indicate
that 20 percent of the G, cell population
consists of cells which are undergoing
DNA replication (S phase cells). It is
therefore reasonable to conclude that the
histone mR NA sequences present in the G,
polyribosomal RNA are due to the pres-
ence of S phase cells in the G, cell popu-
lation. This implies that histone mRNA
sequences are not associated with poly-
ribosomes during the G, phase of the cell
cycle. Unfortunately to date, no effective
methodology is available for obtaining a
pure population of G, phase HelLa S; cells
to definitively establish this point.

Our results demonstrate that histone
mRNA sequences are associated with
polyribosomes of HeLa S; cells only dur-
ing the S phase of the cell cycle. Taken to-
gether with the recent observations that
histone mRNA sequences are transcribed
from chromatin of S phase cells and not
from chromatin of G, phase cells (6), these
findings support the hypothesis that regu-
lation of histone gene expression resides at
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Fig. 2. Percentage of cells in DNA synthesis and
the mitotic index at various times after release
of HeLa S; cells from two cycles of 2 mM
thymidine block. Cells were labeled with 5 uc of
[*H]thymidine per milliliter for 15 minutes, and
the percentage of cells in DNA synthesis was de-
termined autoradiographically (/0). The mitotic
index was determined from the autoradiograph-
ic preparations.

the transcriptional level in exponentially
growing HeLa cells. Undoubtedly tran-
scriptional control of histone gene ex-
pression is operative in many biological
systems. However, there is evidence that
posttranscriptional regulation of histone
synthesis may also occur under certain
conditions, for example in echinoderm em-
bryos during the early stages of devel-
opment (8).
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