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ABSTRACT

Part I

Chapter 1. The metabolic stability of pulse labeled or long-term labeled
mRNA from cytoplasmic free polysomes has been measured in HeLa cells, using
chase conditions which do not involve inhibitors of RNA synthesis, and
chromatography on benzoylated-DEAE-cellulose or poly(T)-cellulose for the
isolation of mRNA. For these studies, a new chase technique has been developed
which allows the analysis of the stability of mRNA labeled during a short
3H—uridine pulse. Pulse labeled and long-term labeled mRNA have been found

to decay with an estimated average half-life of about 2 and 3 days, respectively,
much longer than hitherto assumed. .

Chapter 2. Polyadenylated messenger RNA extracted from HelLa cells was
hybridized with a mass excess of HeLa DNA. The kinetics of the hybridization
reaction demonstrated that most of the mRNA is transcribed from nonrepetitive
DNA. The amount of mRNA hybridized to DNA was measured both with and without
prior RNase treatment. Comparison of the results indicates that within the
limits of detection, HeLa mRNA does not contain repetitive sequence elements
covalently linked to nonrepetitive sequence transcripts. However, a small
fraction of the HeLa mRNA preparation is transcribed entirely from repetitive
DNA sequences. This fraction represents about 6% of the total polyadenylated

mRNA preparation.



Chapter 3. The sedimentation properties of pulse-labeled and long-
term labeled mRNA from HeLa cell free-polysomes, selected for poly(A)
content by two successive passages through poly (T)-cellulose columns, was
analyzed under native and denatured conditions. The sedimentation profile
of the mRNA on both sodium dodecyl SO4-sucrose gradients and formaldehyde-

sucrose gradients showed a broad distribution of components with estimated

molecular weights ranging from 2 x 10° to 5.5 x 106 daltons and a weight-
average molecular weight of 8.5 x lO5 daltons.
Part II

The >50 S HnRNA, isolated from either HelLa cells or immature duck
erythrocytes labeled for different times with [5-3H]uridine, was examined
for the presence of complementary transcripts capable of forming RNase-
resistant duplexes. After extensive self-annealing of the HnRNA, carried
out under conditions such that complementary RNA sequences present once or
a few times in the RNA population would have formed hybrids, no evidence was
found for the existence of symmetrical transcripts in either cell system.
However, 2-3% and 4-5% of the purified duck and HelLa HnRNA, respectively,
did form RNase-resistant hybrids. These hybrids resulted from base-pairing
of complementary regions within the HnRNA molecule, as judged from the lack
of concentration dependence and from the kinetics of formation of the RNA-~RNA

duplexes. The weight-average length of the RNase-resistant fragments from
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the duck HnRNA was found to be approximately 125 nucleotide pairs; however,
shorter double-stranded segments as well as longer duplexes, up to 2000
nucleotide pairs, were also observed. Annealing of the duck HnRNA in the
presence of an excess of 10 S hemoglobin mRNA showed that 2% of the HnRNA
formed RNase-resistant hybrids in excess of those expected from intramolecular
homology. The RNase-resistant complexes formed between the 10 S mRNA and HnRNA
had about the same size range as the intramolecular duplexes.

The failure to detect any intermolecular hybridization in the short-
pulse labeled HnRNA from either actively growing cells or highly differentiated,
non-dividing cells, strongly suggests that the mechanism for the synthesis of
HnRNA in animal cells does not involve the production of high molecular

weight complementary transcripts.

Part III

This report describes the use of purified rDNA to map by electron
microscopy the relative position of the 18 S and 28 S RNA regions within the
duck rRNA precursor and their relationship to the nonconserved portions of
the precursor molecule. In the first part, the purification from duck
erythrocytes of rDNA sequences suitable for use in the electron microscopic
mapping of the rRNA precursor is discussed. By repeated fractionation of
the total DNA, based on the relative reassociation rates of the DNA sequences

with different degrees of repetition, a fraction of the rapidly renaturing
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DNA was obtained which comprised only 6% of the total DNA, but contained 71%
of the rRNA cistrons. Further purification of the rDNA was achieved by
saturation hybridization with rRNA and separation of the rRNA-rDNA hybrids
by banding in CsCl. In this manner, an rDNA-rRNA fraction was obtained
which had a buoyant density of 1.805 gm/cm3, an RNA to DNA ratio of 1.01,
and a base composition for the RNA present in the hybrid identical to that
of an equimolar mixture of 18 S and 28 S rRNA. The final yield of rDNA
isolated by this procedure is 32%. When the purified rDNA was annealed
with a mixture of 18 S and 28 S rRNA and the hybrids spread for electron
microscopy, they appeared as two distinct populations with a number-average
length of 0.62%0.13 um and 1.37%0.18 um, respectively. Likewise, hybrids
between the rRNA precursor, isolated from duck embryo fibroblasts, and the
rDNA appeared as structures containing two duplex regions of lengths 0.60%
0.11 um and 1.38%0.15 um, separated from each other by a single-stranded
region appearing as a large bush: this represents the portion of the pre-
cursor molecule not conserved during processing of the parent molecule.

From these observations a model of the structure of the avian rRNA precursor

is proposed.
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PART I

STUDIES ON THE PHYSICAL AND METABOLIC PROPERTIES

OF MESSENGER RNA IN HELA CELLS



CHAPTER 1

THE STABILITY OF CYTOPLASMIC

MESSENGER RNA IN HELA CELLS



BIOCHEMISTRY

The Stability of Cytoplasmic Messenger RNA in HelLa Cells

[actinomycin D/benzoylated-DEAE-cellulose/poly(T)-cellulose/

nucleoside triphosphate pools/cold chase]

WILLIAM MURPHY AND GIUSEPPE ATTARDI

Division of Biology, California Institute of Technology

Pasadena, California 91109

Running title: ©Stability of Messenger RNA in HeLa Cells



ABSTRACT The metabolic stability of pulse labeled or long-term labeled

mRNA from cytoplasmic free polysomes has been measured in HeLa cells, using
chase conditions which do not involve inhibitors of RNA synthesis, and
chromatography on benzoylated-DEAE-cellulose or poly(T)-cellulose for the
isolation of mRNA. For these studies, a new chase technique has been developed
which allows the analysis of the stability of mRNA labeled during a short
3H—uridine pulse. Pulse labeled and long-term labeled mRNA have been found

to decay with an estimated average half-life of about 2 and 3 days, respectively,

much longer than hitherto assumed.



Until now, because of the lack of an effective cold chase technique and
of methods for purification of mRNA, the main approach used for the study
of the metabolic stability of cytoplasmic mRNA in animal cells has been
the analysis of the quantitative behavior and synthetic capacity of cyto-
plasmic polysomes after further mRNA synthesis has been arrested by
actinomycin D. The results of these experiments have suggested that,
while in differentiated cell types such as the erythrocyte (1,2) or liver
cells (3) the bulk of the mRNA is considerably stable, the half-life of
the cytoplasmic mRNA in rapidly growing cells is relatively short, 3-4 hr
(4,5). The basic premise upon which these experiments rely is that the
polysome breakdown is a direct measurement of the normal degradation of
pre-existing mRNA. Recent studies on the secondary toxic effects of
actinomycin D raise serious doubts as to the validity of this assumption
(6-8).

Because most of these toxic effects of the drug would lead to an
underestimate of the stability of the mRNA in rapidly growing cells, it
was felt to be essential that this question be re-examined under physiological
conditions. In the present work, we report experiments by which we have
measured the half-life of mRNA of cytoplasmic free polysomes in Hela cells,
using chase conditions which do not involve inhibitors of RNA synthesis,
and chromatography on benzoylated-DEAE-cellulose or poly(T)-cellulose for
isolation of mRNA. It has been found that the stability of the bulk of the
free polysome mRNA population is much greater than previously reported,

with an estimated average half-life of approximately 3 days.



MATERTALS AND METHODS

Cells and Method of Growth. HeLa cells were grown in suspension in

modified Eagle's medium (9) with 5% calf serum.

Labeling Conditions. For short term labeling of the RNA or DNA, Hela

cells (1-2 x 105/m1) were exposed to [5-3H]uridine (20-30 Ci/mmol; 0.1
uCi/ml in the kinetic experiments, 2.5-5.0 uCi/ml in the experiments for
RNA analysis), or to [8—3H]adenosine (28 Ci/mmol, 1.0 uCi/ml), or to
[methyl-3H]thymidine (29 Ci/mmol, 1 uCi/ml), for the times indicated below.

Long term labeling of the mRNA for stability measurements was performed
by growing the cells (0.5-1.0 x lOS/ml) in the presence of 2.5 uCi/ml
[5—3H]uridine (20-30 Ci/mmol) for 24 hr. 1In order to ensure, as much as
possible, a uniform incorporation of the precursor into the mRNA over the
entire 24 hr period, additional label was administered at 8, 16 and 22 hr
of incubation to bring the amount of radiocactivity in the medium to its
original level (10). As an internal control to monitor the recovery of
mRNA from various samples in the analysis of mRNA stability, a constant
amount of cells grown for 1 or 2 generations in the presence of 0.03 uCi/ml
[2—luC]uridine (62 mCi/mmol), with an additional 0.03 pCi/ml of label being
administered 2-3 hr prior to harvesting, was added to the sample for each
time point.

To measure the rate of protein synthesis, Hela cells, resuspended at
1x lOS/ml in modified Eagle's medium with 2 x 10'” M leucine and 5%
dialyzed serum, were incubated with 0.2 uCi/ml [3H]leucine (40 Ci/mmol).
Total acid precipitable, alkali resistant, radioactivity incorporated was

determined as previously described (11).



For the analysis of labeling of nucleotide pools, Hela cells, resuspended
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at 1 x lOS/ml in modified Eagle's medium with 10 ° M phosphate and 5%

dialyzed serum, were grown in the presence of carrier-free [32P]orthophosphate
(1 uCi/ml) for 12-24 hr. By this time, the nucleoside triphosphate pools

32 32p 1abeling, [5-2H]uridine

are uniformly labeled with ~“P (12). After
(2.5-5.0 puCi/ml), or [methyl—3H]thymidine (1 uCi/ml), or [8—3H]adenosine

(1.0 uCi/ml) was added to the cultures for the times indicated below.

Chase Conditions. '"Cold" chase: After labeling cells for 30 min or

3

24 hr with [5-3H]uridine, unlabeled 102 M uridine and 5 x 10 ° M cytidine

were added. The culture was then cooled in an ice bath to 4°C (in a 12 min
period), allowed to remain at this temperature for 3 hr under gentle stirring,

rewarmed in a water bath to 37°C (in 12 min) and kept thereafter at this

temperature. Warm chase: It was carried out by addition of 10-2 M unlabeled

3 M unlabeled cytidine) to the

uridine (in some experiments, also of 5 x 10
growth medium, or by centrifuging down the cells and resuspending them in

fresh medium, as specified below.

Free Polysome Isolation. A Hela cell extract was prepared as previously

described (13), using 1.5 x 1073 M MgCl

5 in the homogenization medium. The
free polysomes were isolated from the postmitochondrial supernatant by
centrifugation through a discontinuous sucrose gradient (1L4). The polysome
pellet was resuspended in 1.0 ml TKM (0.05 M Tris buffer, pH 6.7 (25°C),
0.025 M KC1l, 0.0025 M MgClQ), layered over a 15-30% sucrose gradient in TKM,
and centrifuged for 90 min at 25,000 rpm, 2°C, in the SW 25.1 Spinco rotor.
For analysis of the EDTA sensitivity of the polysomes, the polysome pellet
was dissolved in TKV (=TKM, with 0.01 M EDTA in place of MgClg) and centri-

fuged, as described above, through a 15-30% sucrose gradient in TKV.



RNA Extraction and Analysis. RNA was extracted from the polysomes by

the sodium dodecylsulfate (SDS)-pronase-phenol method, as described previously
(15). For sedimentation analysis, the RNA was centrifuged for 15 hr at
26,000 rpm at 20°C in the SW 25.3 Spinco rotor through a 15-30% sucrose

gradient (prepared over a 1 ml cushion of 64% sucrose) in SDS buffer.

Benzoylated-DEAE-Cellulose (BDC) Chromatography. The polysomal RNA

was analyzed on BDC columns, as described by Sedat et al. (16). The resin
was either prepared in this laboratory or purchased from Schwarz/Mann or

Boehringer-Mannheim Corp.

Poly(T)-Cellulose Chromatography. It was performed according to Kates

et al. (17), except that the RNA was applied to the column in 0.12 M NaCl,

0.01 M Tris, pH 7.4, 0.001 M EDTA, and the column washed with the same buffer.

Nucleotide Pool Analysis. The nucleoside triphosphates were isolated

from cells long-term labeled with [32P]orthophosphate, and labeled for dif-
ferent times with tritiated precursors, by two-dimensional thin layer

chromatography on PEI-cellulose, as previously described (11).
RESULTS

Effectiveness and Physiological Effects of the "Cold" Chase Technigue.

The conventional pulse-chase technique, involving the use of a large excess
of unlabeled precursor to dilute the intracellular pools, has proven to be
ineffective in the study of RNA metabolism in animal cells, because of the
continued RNA labeling from the large triphosphate pools, which are fed by

the turnover of unstable RNA species. In view of the need for an effective



chase technique in the present work, an effort was made to develop chase
conditions which would overcome this difficulty.

Since it has been reported that at least some of the enzymes involved
in nucleotide phosphorylation may remain active at reduced temperatures (18,19),
a chase procedure was devised in which the addition of an excess of unlabeled
precursors was coupled with a relatively brief cold treatment, in an attempt
to wash out the triphosphate pools while RNA synthesis and degradation are
arrested.l A comparison of this '"cold" chase with a warm chase using an equal
concentration of exogenous unlabeled uridine is shown in Fig. 1A. After a
30 min [3H]uridine pulse, the warm chase fails to stop further incorporation
of label into RNA, which continues for at least 2 hr. By contrast, after
the "cold" chase, there is an immediate decay of the incorporated label, with
a reduction of about 35% during a 40 min period after the culture is rewarmed.
The initial kinetics of decline in acid precipitable cpm is similar to that
found after blocking further RNA synthesis with 5 ug/ml actinomycin D;
this decay represents in most part the turnover of heterogeneous nuclear RNA
(20), which in the warm chase is masked by a continued high level of incorpor-
ation. The basis for the effectiveness of the "cold" chase procedure is
shown in Fig. 1B. During the three hr "cold" treatment, there is no change
in the level of incorporated radioactivity, while the specific activities
of the UTP and CTP pools are reduced to 13 and 38%, respectively, of their
original value. This reduction in specific activity is the result of two
cooperative effects: the increase by a factor of about 2.5 in the UTP pool
size, due to the high uridine concentration in the medium,2 and a loss of T0%
of the total acid soluble radioactivity from the cells.

In Fig.2, the kinetics of net synthesis of RNA, DNA, and protein after

the "cold" chase are compared to control kinetics. The net incorporation of
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Figure 1. (a) Kinetics of net incorporation of [3H]uridine by Hela
cells and decay of labeled RNA using three different pulse-chase techniques.
Three HeLa cell cultures were labeled for 30 min with [3H]uridine; one
was cooled for 3 hr in the presence of 10~2 M-uridine and 5 x 1073 M-cytidine,
and then rewarmed to 37°C (8——— B), the other two were chased at 37°C
by addition of 102 M-uridine (A——A ), or 5 Hg/ml actinomycin D
( 0———0 ). The data plotted are the acid precipitable cpm in aliquots
of the cultures, after washing the cells with a salt solution. The labeling
data for the latter two cultures are displaced on the axis of abscissae,
so as to compare the effectiveness of the chase at 37°C with that of the
cold treated culture. The actinomycin experimental data are redrawn from
Houssais and Attardi (20).
(b) Specific activities of the UTP and CTP acid soluble pools in
cells labeled for 30 min with 3H uridine and, either subjected to a "cold"
chase and then rewarmed, or directly chased at 37°C with 102 M-uridine
and 5 x 10”3 M-cytidine. The cells had been prelabeled for 24 hr with

[32P]orthophosphate, and the specific activity data are expressed as 3

H
to 32p ratios (11). "Cold chase: & ——8 uTp, Y— ¥V CTP; warm chase:

0e———{urp, V ¥ CTP.
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Figure 2. Kinetics of net protein, RNA or DNA synthesis in cells
subjected to "cold" chase.

The time courses of synthesis measured in "cold" chased cultures
immediately after the cooling period, &———8 or, in the case of RNA, also
after 3 hr rewarming A—____A, are compared to those of untreated cultures
at the same cell concentration O———0. The incorporation of [8-3H]adenosine
into RNA was measured as acid precipitable cpm solubilized by treatment
with 0.5 N-NaOH at 30°C for 22 hr. The [8-3H]adenosine and [3H]thymidine
labeling data are corrected for differences in specific activity of the

ATP and TTP pools, respectively.
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[3H]leucine into protein starts immediately after rewarming (within 2 min
from transfer of the culture to the 37°C water bath), and proceeds at a rate
identical to that of the control culture, when analyzed both within the first
few minutes after rewarming (not shown), and over an extended period (Fig. 2).
These observations suggest that not only does the "cold" chase not impair
polysome protein synthesis, but also it allows the arrival of mRNA at the
polysomes to occur at a normal rate. Similarly, the measured rate of DNA
synthesis is about 90% that of control, the difference being presumably not
significant. This result, coupled with an observed steady exponential
increase in cell number and a normal generation time (about 24 hr), indicates
that no significant degree of synchronization was induced by the cold shock.
There does exist, however, a transitory inhibition of about 35% of the rate
of net RNA synthesis in the cell. This inhibition, which is caused by the
high concentration of exogenous uridine, gradually disappears until, by 3 hr,

the rate of net RNA synthesis returns to normal.

Isolation of Free Polysome mRNA. Since benzoylated-DEAE-cellulose (BDC)

chromatography has been successfully used in the purification of bacterial
mRNA (16), isolation of HelLa cell mRNA was attempted by such a procedure.
Free polysomes from cells pulse labeled for 20 min with [3H]uridine and

1k

uniformly labeled with [~ Cluridine were isolated as described in Materials

and Methods. These polysomes are more than 95% pure, as judged by the
sensitivity to EDTA of both the UV absorbing and the radioactive material

(21), as shown in Fig. 3. Fig. LA shows the sedimentation profile of polysomal

RNA. Clear [LV

Cluridine peaks corresponding to rRNA and tRNA are seen,
while the pulse labeled mRNA shows a heterogeneous sedimentation profile

extending from about 8S to more than 40OS, with a broad peask centered around
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Figure 3. Sedimentation patterns in sucrose gradients of free polysomes
from 20 min [3H]uridine labeled cells before and after disruption with EDTA.
The free polysome pellet from 1.6 x 108 cells was divided into two
equal parts: one half was analyzed in sucrose gradient in TKM, the other
half was analyzed in sucrose gradient in TKV. 0----0, Ajgg TKM; A----4,

Byeo TKV; 8—8, 3H cpm TKM; A—d , 3H cpm TKV.
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Figure 4. Sedimentation patterns in sucrose gradients of HeLa cell
polysomal RNA before and after BDC chromatography.

(a) Sedimentation profile of RNA extracted from a mixture of cells
labeled for 20 min with [3H]uridine and cells labeled for 48 hr with
[14C]uridine and chased for 24 hr with 10_3 M-uridine.

(b) The portion of the gradient indicated by arrows in (a) was
collected by ethanol precipitation and centrifugation, and chromatographed
on BDC, pH 3.5. The RNA eluted with 1 M-NH4Cl in urea buffer is shown.

(c) A portion of the RNA eluted from the BDC column was run in

sucrose gradient as in (a). 6——8, 3H cpm; 0----0, 14C cpm.
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20S. The small peak of 3H label found at the bottom of the tube is RNA which
has been prevented from pelleting by the cushion of 64% sucrose.

The portion of the gradient indicated by arrows in Fig. LA was pooled
and chromatographed on BDC at pH 3.5. Fig. UB shows the RNA eluted, as a
single peak, with 1 M NHhCl in urea buffer (8 M urea, 0.1 M acetic acid,
pH 3.5): +this RNA includes about 90% of the 3H—labeled mRNA (in different
experiments, the yield of mRNA varied between 70 and 95%) and only about 5%
of the th—labeled RNA. As shown in Fig. 4C, the sedimentation profile of
the eluted pulse labeled material is identical to that shown in the original
gradient, showing that there was no degradation nor preferential isolation
of any size class of mRNA. The th curve shows a small peak at 18S and a
smaller one at 28S: these peaks presumably represent a small amount of
eluted rRNA, corresponding to about 2% of that originally present in the
preparation.,

The basis of the separation on BDC at pH 3.5 of mRNA and rRNA is not
clear (16). Thus, although this procedure appeared to be effective for the
isolation of HeLa cell mRNA, it was felt to be desirable to check the results
with an independent technique. For this purpose, the recently described
procedure for isolation of mRNA from mammalian and other eukaryotic polysomes
on poly(U)- or poly(T)-cellulose columns (22, 23) (exploiting the existence
of poly-A stretches covalently linked to the mRNA molecules (22-2L), was
used. The sedimentation patterns of 30 min pulse labeled mRNA isolated
on a BDC and a poly(T)-cellulose column (insert) are compared in Fig. 5.

The 3H profiles of the mRNA are substantially identical, with the recovery

3

of the “H label being about 15% higher with the poly(T)-cellulose column.

A similar sedimentation pattern of HeLa mRNA separated on poly(T)-cellulose
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Figure 5. Comparison of sedimentation patterns of pulse labeled polysomal
RNA isolated by BDC or poly(T)-cellulose chromatography.

A portion of polysomal RNA from 30 min [3H]uridine labeled cells was
run on a poly(T)-cellulose column (insert), and an equal portion on a BDC
column. The material eluted with 0.01 M-Tris, pH 7.4, 0.001 M-EDTA from
the poly(T)-cellulose column (indicated by arrows in insert) and that
eluted from the BDC column were collected by ethanol precipitation and
centrifugation, and run on sucrose gradients, as in Figure 4. 0——8,

poly (T)-cellulose isolated RNA; O——0, BDC isolated RNA.
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column has been recently published (25). In the present work, both BDC and
poly(T)-cellulose chromatography were used to isolate mRNA for analysis of

its metabolic stability.

The Metabolic Stability of Free Polysome mRNA. Using the techniques

described above, the metabolic stability of free polysome mRNA was investigated.
In order to be able to follow the fate of both the faster turning over and
the more stable components of mRNA, the cells were labeled either for a
short time (30 min) or for 24 hr.

Fig. 6 summarizes the results of several experiments measuring the rate
of decay, after "cold" chase, of free polysome mRNA labeled for 30 min or
for 24 hr with [3H]uridine, and isolated by either BDC or poly(T)-cellulose
chromatography. The zero time point in these experiments was measured
immediately after the temperature of the rewarmed culture reached 37°C. 1In
the experiments involving a 30 min pulse, this zero time value was corrected,
as described in the legend of the figure, both for the arrival at the
polysomes of mRNA labeled during the pulse (insert) and for continued
incorporation of the label remaining in the nucleotide pools. No such
correction was applied to the 24 hr labeled mRNA, because of its small
value. As shown in Fig. 6A, the 30 min [3H]uridine labeled mRNA isolated
by BDC or poly(T)-cellulose chromatography decays with an approximately
first order kinetics, with a half-life of about 2 days. The mRNA labeled
with [3H]uridine for 24 hr and isolated by BDC chromatography also appears
to decay exponentially with a half-life which, by extrapolation of the

curve, has been estimated to be about 3 days (Fig. 6B).
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Figure 6. Kinetics of decay of free polysome mRNA.

(a) Equal samples of Hela cells, labeled for 30 min with [3H]uridine
and subjected to the "cold" chase, were mixed, at different times, with
the same amount of long-term [14C]uridine labeled cells; free polysome
mRNA was extracted and purified by BDC (®) or poly(T)-cellulose (A4)
chromatography. The amounts of [3H]uridine labeled mRNA at different
times have been normalized for recovery on the basis of the 14¢ 1abel.

The zero time value (determined after rewarming the culture to 37°C) has
been corrected: (1) for the continued arrival at the polysomes of mRNA
labeled during the 30 min pulse, on the basis of the increment in labeled
mRNA isolated on poly(T)-cellulose 1 hr after rewarming (insert), after
subtraction of the small contribution of new synthesis from the labeled
pools, estimated as described below [the increment measured relative to

the amount at the end of the pulse would correspond to a mRNA pool equivalent
to 12 min of synthesis, in good agreement with previous observations (21)];
(2) for the continued synthesis from the labeled uridine and cytidine
nucleotides: the fractional increase due to the latter was estimated from

the ratio of the integral of the UTP and CTP pool labeling in the 3 hr
interval after rewarming (Figure 1lb) to that in the interval 0 to 30 min
(estimated from Figure 1 ref. 26). No account was taken of the 35% depression
in rate of RNA synthesis; its effect would be small and in any case would

increase the estimate of mRNA stability.



24

(b) Equal samples of HelLa cells were labeled for 24 hr with [3H]uridine
and subjected either to the "cold" chase, with the mRNA being isolated
by BDC (0,M), or to resuspension in fresh medium at 37°C, with the mRNA
being isolated by BDC (V), or poly(T)-cellulose (A) chromatography. The
data have been normalized for recovery of the mRNA on the basis of long-term

14C-labeled mRNA from cells added as internal control, as described above.
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As a control for any possible side effects of the "cold" chase which
might lengthen the life-time of the mRNA, HeLa cells were labeled for 24 hr
with [3H]uridine and resuspended in fresh medium without added uridine or
cytidine. Fig. 6B shows that the metabolic stability of the mRNA chased in
this manner, isolated by either BDC or poly(T)-cellulose chromatography, is

close to that obtained after "cold" chase.
DISCUSSION

The main observation reported here is that in Hela cells cytoplasmic
mRNA is endowed with a much greater stability than up to now has been assumed.
Using chase conditions which do not involve inhibitors of RNA synthesis,
and chromatography on BDC or poly(T)-cellulose for the isolation of mRNA,
the average half-life of the bulk of free polysome mRNA in these cells has
been estimated to be approximately 3 days.

The similarity of half-life between the 30 min and 24 hr labeled mRNA
suggests that there is no large subpopulation of unstable mRNA in HelLa cells.
At present, it cannot be said, however, whether the measured decay results
from a random degradation of the various molecular species of mRNA, or
whether there are different classes of mRNA with different half-lives. The
existence of mRNA species less stable then the bulk is indeed hinted at by
the somewhat shorter lifetime measured for the 30 min as compared to the
24 hr labeled mRNA. One component of this shorter-lived mRNA fraction is
possibly the histone messenger (5,27). Likewise, the analysis of the decay
of mRNA has not been extended for a long enough time to exclude that there

exists a fraction of the mRNA population with a half-life considerably
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longer than the average. Although there is a slight suggestion of a leveling
off of the decay curve of the 24 hr-labeled mRNA, further work is needed
to verify this point.

The considerable stability shown here for the bulk of free polysome
mRNA in a rapidly growing mammalian cell line provides a striking contrast
to the situation in bacteria, where the majority of mRNA is short-lived
(28). This difference presumably underlies a fundamental difference in the
regulation of genetic expression in the two types of organisms. While in
bacteria this is known to operate mainly at the level of transcription (29),
in animal cells translational mechanisms of control are likely to play a
prominent role.

The average half-life of cytoplasmic mRNA previously estimated in Hela
and L cells using actinomycin D (4,5) (3-4 hr) was much shorter than that
measured here. This implies that the assumption, that the polysome breakdown
caused by actinomycin D is the consequence of normal degradation of pre-
existing mRNA, was not correct. The actual mechanism of drug-induced polysome
decay is not known., This polysome breakdown may represent only one aspect
of the general cellular deterioration which actinomycin has been shown to
induce in HeLa cells (6-8). An alternative explanation is that the cells
may possess a labile RNA or protein factor needed for polysome stability,
whose continued synthesis or function is inhibited by the drug.

The new chase procedure described here has allowed the analysis of the
stability of mRNA labeled during a short [3H]uridine pulse. The mechanism
by which the intracellular pools become depleted of radioactivity during the
"cold" chase has not been studied in detail, although the experimental

evidence indicates that expansion of the pools and release of the labeled
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precursors into the medium, presumably after dephosphorylation, play a role
here. With the exception of a transient depression by 35% of the rate of
net RNA synthesis, no side effects of the "cold" chase were observed. A
possible cause for this depression are the changes induced by the excess of
uridine in the intracellular concentration of several nucleotides, which
persist for at least 5 hr after rewarming the culture. The 3 hr recovery
period may represent the time needed for the cells to adapt to these pool
changes. The chase procedure described here provides a valuable alternative
to the use of inhibitors of RNA synthesis for the study of the stability or
processing of RNA species in animal cells under more physiological conditions.
In the present work, chromatography on BDC columns, first used for
purification of bacterial mRNA (16), has been applied with success to the
isolation of memmaelian mRNA. The observation that messenger of animal and
bacterial cells behaves alike on this resin may point to a common property
of mRNA of all organisms. The recovery of 30 min or 24 hr [3H]uridine or
[th]uridine labeled mRNA was slightly better (about 15%) after poly(T)-
cellulose than after BDC chromatography. In the light of this observation,
the finding that the BDC gave consistently a better yield of mRNA (6-9%)
than the poly(T)-cellulose from the l-day chased samples, and even better
(16-18%) from the 2-day chased samples, may be significant as a possible
indication of changes occurring in the mRNA with ageing, which affect its

retention on poly(T)-cellulose columns.

These investigations were supported by a research grant from the U.S.
Public Health Service (GM-11726) and by a National Science Foundation

Predoctoral Fellowship to one of us (W.M.). The help of Mrs. L. Wenzel



29

and Miss G. Engel and the excellent technical assistance of Mrs. B. Keeley
are gratefully acknowledged. The poly(T)-cellulose used here was a generous

gift of Dr. J. Kates.



10.
1,
12,
13.
1k,
13,
165,

1T.

18.
19.

20.

30

REFERENCES

Djaldetti, M., Chui, D., Marks, P. A. & Rifkind, R. A. (1970) J. Mol.
Biol. 50, 345-358.

Kabat, D. & Attardi, G. (1967) Biochim. Biophys. Acta 138, 382-399.

Revel, M. & Hiatt, H. H. (1964) Proc. Nat. Acad. Sci. USA 51, 810-818.

Penman, S., Scherrer, K., Becker, Y. & Darnell, J. (1963) Proc. Nat. Acad.

Sci. USA 49, 654-662.

Craig, N., Kelley, D. E. & Perry, R. P. (1971) Biochim. Biophys. Acta

246, 493-498.
Sawicki, S. & Godman, G. (1971) J. Cell Biol. 50, TL6-T61.

Soeiro, R. & Amos, H. (1966) Biochim. Biophys. Acta 129, L06-L409.

Revel, M., Hiatt, H. H. & Revel, J. P. (1964) Science 146, 1311-1313.
Levintow, L. & Darnell, J. E. (1960) J. Biol. Chem. 235, 70-T73.

Aloni, Y. & Attardi, G. (1971) J. Mol. Biol. 55, 251-270.
Pica-Mattoccia, L. & Attardi, G. (1972) J. Mol. Biol. 6L, 465-48L.
Jeanteur, P., Amaldi, F. & Attardi, G. (1968) J. Mol. Biol. 33, T57-TT75.
Attardi, B., Cravioto, B. & Attardi, G. (1969) J. Mol. Biol. Lk, L7-70.

Attardi, G., Parnas, H. & Attardi, B. (1970) Exp. Cell Res. 62, 11-31.

Aloni, Y. & Attardi, G. (1971) Proc. Nat. Acad. Sci. USA 68, 1757-1761.

Sedat, J., Lyon, A. & Sinsheimer, R. L. (1969) J. Mol. Biol. Lk, L415-L43L,

Sheldon, R., Jurale, C. & Kates, J. (1972) Proc. Nat. Acad. Sci. USA

69, 417-h21.

Scholtissek, C. (1967) Biochim. Biophys. Acta 145, 228-237.

Scholtissek, C. (1971) Eur. J. Biochem. 2k, 358-365.

Houssais, J. F. & Attardi, G. (1966) Proc. Nat. Acad. Sci. USA 56,

616-623.



21.
22.

23.
2k,
29,
26.

27.

28.

29.

31

Penman, S., Vesco, C. & Penman, M. (1968) J. Mol. Biol. 3k, L49-69.

Kates, J. (1970) Cold Spring Harbor Symp. Quant. Biol. 35, Tu3-752.

Edmonds, M., Vaughan, M. H. Jr. & Nakazato, H. (1971) Proc. Nat. Acad.

Sci. USA 68, 1336-13L0.

Darnell, J., Wall, R. & Tushinski, R. J. (1971) Proc. Nat. Acad. Sci.

USA 68, 1321-1325.
Nekazato, H. & Edmonds, M. (1972) J. Biol. Chem. 2LT, 3365-3367.

Attardi, G. & Attardi, B. (1968) Proc. Nat. Acad. Sci. USA 61, 261-268.

Borun, T. W., Scharff, M. D. & Robbins, E. (1967) Proc. Nat. Acad. Sci.

USA 58, 1977-1983.

Geiduschek, E. P. & Haselkorn, R. (1969) Ann. Rev. Biochem. 38, 647-676.

Attardi, G., Naono, S., Rouviere, J., Jacob, F. & Gros, F. (1963) Cold

Spring Harbor Symp. Quant. Biol. 28, 363-372.




32
FOOTNOTES
lA detailed description of this procedure will be published elsewhere.

2No such effect was observed for the CTP pool (its size was about
one-tenth of that of UTP after the chase), while the ATP pool was reduced

to one half.
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CHAPTER 2

DISTRIBUTION OF REPETITIVE AND NONREPETITIVE

SEQUENCE TRANSCRIPTS IN HELA MESSENGER RNA
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ABSTRACT Polyadenylated messenger RNA extracted from Hela cells
was hybridized with a mass excess of HelLa DNA. The kinetics of the
hybridization reaction demonstrated that most of the mRNA is trans-
cribed from nonrepetitive DNA. The amount of mRNA hybridized to DNA
was measured both with and without prior RNase treatment. Compari-
son of the results indicates that within the limits of detection,
HeLa mRNA does not contain repetitive sequence elements covalently
linked to nonrepetitive sequence transcripts. However, a small frac-
tion of the Hela mRNA preparation is transcribed entirely from repet-
itive DNA sequences. This fraction represents about 6% of the total

polyadenylated mRINA preparation.
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INTRODUCTION

Recent studies indicate that most eucaryotic mRNA sequences
are transcribed from DNA sequences which occur only once per genome
(1-9). Thus in a variety of systems, ranging from insect to sea
urchin and rodent, most of the structural genes are in the class of
nonrepetitive DNA sequence. A notable exception is the set of his-
tone structural genes (10, 11), and other exceptions may well exist.
In order to avoid cumbersome phrases we will occasionally use the
terms repetitive and nonrepetitive transcript to describe RNA se-
quences that have been transcribed from repetitive and nonrepetitive
DNA sequences. The demonstration that mRNAs are complementary to
nonrepetitive DNA sequences has generally involved measurements of
the kinetics of hybrid formation between trace quantities of laveled
mRNA and excess cellular DNA. Assay of hybrid formation in such
experiments customarily requires the use of RNase to destroy non-
hybridized RNA. Experiments utilizing labeled cDNA (DNA transcribed
from mRNA using an RNA-dependent DNA polymerase) and excess cellular

DNA have involved treatment of S. nuclease for analysis of hybrids.

1
Such measurements, however, precluce investigation of the possibility
that a large fraction of mRNA molecules contains repetitive sequence
"tags" covalently associated with the nonrepetitive coding sequences.
Repetitive tags could be relatively short and, though present on a

large fraction of mRNA molecules, might include only a small fraction

of the total RNA nucleotides. On the basis of filter hybridization

measurements, Dina et al. (12) claimed recently that the repetitive



37

"tag" model applies to a major fraction of the mRNA of Xenopus em-
bryos.

To investigate this question further, we recently developed
a procedure for the assay of RNA:DNA hybrids on HAP columns in which
ribonuclease is not utilized. This procedure depends on the observ-
ation that 8 M urea prevents the binding of non-hybridized RNA to
hydroxyapatite but permits the binding of molecules containing hybrid
regions (2, 13). Using this method we recently showed (2) that total‘
sea urchin gastrular mRNA is transcribed almost exclusively from sin-
gle copy DNA sequences and that no appreciable portion of the mRNA
molecules contains repetitive sequence "tags."

In the present communication we describe essentially similar
observations on the mRNA of a human cell type, HeLa. We find that
most (polyA)-containing mRNA of HeLa cells is transcribed from unique
DNA sequences. However, a small class of RNAs transcribed from repet-
itive sequences can also be detected. Furthermore, we show that with-
in the-liﬁits of detection none of the mRNA molecules transcribed from
single copy DNA have repetitive sequence '"tags" covalently linked to

thenm.
MATERIALS AND METHODS

Cell Culture and Labeling of mRNA. HeLa cells (clonal strain

S3) were grown in suspension culture in modified Eagle's medium (1k4)
containing 5% calf serum. The cultures were free of any detectable
contamination with PPLO (Mycoplasma). The mRNA was labeled to approx-

imately constant specific activity by growing the cells (1 x lOS/ml)
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in the presence of [S-3H]uridine (26 Ci/mmol) for 48 hr. Isotope was
added at zero time to a concentration of 1.25 uCi/ml, and additional
label was added at 25 hr (1.25 uCi/ml) and 35.5 hr (0.9 uCi/ml) in
order to ensure approximately uniform incorporation of the precursor
into the mRNA over the entire 48-hr period. Under these conditions
the supply of exogenous radioactive precursor varies less than twofold
(15). During the last 12 hr of the labeling period the concentration
of radioactive precursor in the medium dropped to about 60% of its
value at 36 hr. Therefore the specific activity of any mRNA species
which turns over more rapidly than the bulk of the mRNA could be as
much as 1l.7-times lower than that of the bulk mRNA (16). The specific
activity of the purified mRNA preparation used for these experiments

was 50,000 cpm/ug under our scintillation counting conditions.

Purification of Hela mRNA. Free HelLa cell polysomes were iso-

lated in essentially pure form, as described earlier (16). The poly-
somes displayed greater than 99% sensitivity to EDTA. Polysomal RNA
was extracted and the mRNA was purified by poly(T)-cellulose chromato-
graphy (16). In the present experiments the mRNA was passed two times

through 0.5 x 5.0 cm columns of poly(T)-cellulose.

HeLa DNA Isolation. DNA was isolated from Hela cells by stan-

dard procedures. The DNA was bound to a HAP column in the presence of
8 M urea, which we found to be of aid in removing RNase contamination.
After elution the DNA was sheared in a Virtis blender to about 300

nucleotides (17).
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mRNA°DNA Hybridization. mRNA and DNA were mixed and denatured

by immersion in a boiling water bath for 5 min. The samples were in-
cubated at 60° in Kontes microflex vials in 0.12 M PB or 0.48 M PB.
Equivalent Cots were calculated in the latter medium by correcting

for the increase in reassociation rate compared to the rate in 0.12 M
PB due to monovalent cation concentration (17). The fraction of RNA
molecules containing hybrid regions was measured by binding to HAP
(Biorad DNA grade HTP lot #9LOL4) in the presence of 0.2 M PB, 8 M urea,
1% SDS at 40° ("urea-phosphate HAP" assay system). The incubation
mixtures destined for the urea phosphate HAP analysis usually contained
0.1% SDS. In the other half of the procedure the fraction of RNA nu-~
cleotides actually residing in hybrid regions was measured by treating
the sample with Worthington Rliase A (10 ug/ml in 0.24 M PB), followed
by passage over a Sephadex G-200 column equilibrated in 0.12 M PB.
These assay procedures have been standardized end are described in

detail in previous studies (2, 13).
RESULTS

Assay of hybrids without nucleases

Since many of the observations reported below are obtained by
the urea-phosphate HAP method of hybrid analysis, it is useful to re-
view briefly the evidence that this is a valid procedure for assay of
RNA molecules containing regions of DNA°-RNA duplex. The results of
prior studies (2, 13) have shown that: a) Binding of non-hybridized
RNA to HAP is almost completely suppressed in 8 M urea-0.2 M PB-1%

SDS. This has been found to be true for sea urchin mRNA and hnRNA,
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and for HeLa mRNA (Table 1). b) Optical measurements show that 8 M
urea lowers the T of DNA by about 20°. DNA duplexes are also ther-
mally eluted from hydroxyapatite in 0.2 M PB, 8 M urea at about 20°
lower than in 0.12 M PB in the absence of urea. c¢) Measurements of
DNA reassociation kinetics on HAP in the urea-phosphate buffer at L40°
yield essentially the same results as standard measurements at 60°,
0.12 M PB. A small discrimination against lower stability repetitive
duplexes is the only difference noted [6% less of the total DNA is
bound in urea after incubation to Cot Lo (i.e., LO%Z) than is bound
under standard conditions (46%)] (13). d) The evidence most directly
relevant to the studies reported here comes from observations on sea
urchin nuclear RNA (13). Hybridization of this RNA at low C,t yields
structures consisting of 1000 to 2000 nucleotide long RNA fragments
paired on the average over about 1/3 of their length with DNA, while
2/3 of their length remains single-stranded. These molecules, which
are about the same size as the Hela mRNAs, are bound efficiently to

HAP in the urea-phosphate buffer, due to théir duplex regions. The
amount of RNA bound in this assay system is about the same as the amount
estimated to contaln hybridized sequences by isopycnic centrifugation
in Cs,80) (13) or CsCl gradients (unpublished data). These experiments
show that the urea-phosphate method adequately recognizes RNA molecules
which contain even a minor portion of their length as RNA<DNA duplex.
These are the structures which would be formed by low Cot hybridization
if the repetitive "tag" hypothesis of mRNA structure is correct. The

minimum length of duplex required for binding has not been determined
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TABLE 1. Hybridization of HelLa mRNA with HeLa DNA

% mRNA obtained as hybrid

Urea-phosphate RNase-
DRA Cot hydroxyapatite Sephadex
None - 0.6, 1.7 -
Sea urchin Lo 2.4 -
Hela 4o 5.6, T.0, T.2 7.6, T.1
%
Hela + 12.5 ug rRNA 4o T.1 -
HeLa (50° incubation) 40 8.1 (30° HAP) 5
Hela © 13,000 31.0 24.2

Hybridization reactions and analyses were carried out as de-
scribed in Materials and Methods. The reaction mixtures each
contained 2500 cpm of HeLa mRNA (50,000 cpm/ug) and 250 ug of Hela
DNA or sea urchin DNA sheared to 300' nucleotides in length. At
Cot 40 about 1% of the single copy DNA fraction has reacted.

L ]

rRNA was isolated from human liver. The rRNA mass was 100

times in excess of the rDNA present in the reaction mixture.
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but it is probably similar to the minimum length of DNA<DNA duplex
recognized by hydroxyapatite under standard conditions, which is
less than 20 nucleotides (21).

We emphasize that the urea~phosphate HAP system measures the
fraction of RNA in molecules which contain hybrid regions. In con-
trast, the procedures using RNase measure the fraction of the RNA

nucleotides which are actually in duplex regions.

Kinetics of hybrid formation between HeLa mRNA and DNA

The (polyA)mRNA,was hybridized with a 5000-fold excess of DNA
to various DNA Cots, and the hybrid content assayed by the urea-phos-
phate HAP procedure. Fig. 1 shows the kinetics of hybrid formation
as a function of DNA Cot. By least squares analysis the reaction is
best fit assuming two components. The slow component (about 30% of

b1 -1

the input RNA) reacts with a rate constant of 3.0 x 10 sec ,

which is close to the calculated rate constant for the single copy
fraction of human DNA. The faster component (about 6% of the input
RNA) reacts with a rate constant for which the best estimate is

1 M-l -1

1.1 x 10 sec ~. Though a rate constant for this component

cannot be evaluated with any great accuracy, it is evident that the
faster hybridizing RNA component is transcribed from & class of se-

quences present about 102—103 times per genome.
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Figure 1. Hybridization kinetics of HeLa mRNA to DNA.

Reactions contained 2500 cpm of HeLa mRNA (50,000 cpm/ug) and 250 ug
of HeLa DNA. The reactions were incubated in 0.12 M PB or 0.48 M PB at
60°C for appropriate times. Reaction volumes were 0.1 ml. Following
incubation the hybrids were analyzed by the urea-phosphate HAP procedure.
For details of incubation conditions and hybrid analysis see Materials  and
Methods. The solid line represents a least squares fit to the data. The
root mean square error for the computer fit is 2.7%. The broken lines
represent the resolved kinetic components. The fast component reacts
with a rate constant of 1.1 x 10~1 M~! sec™l and the slow component

reasts with a rats constant of 3.0 £ 1074 0" ses —.
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Repetitive sequences are confined to a small fraction of entirely

repetitive transcripts.

The next experiments are aimed at determining whether individual
molecules in the mRNA preparation contain sequences transcribed from
repetitive as well as single copy DNA. Alternatively repetitive and
nonrepetitive sequences could be represented on separate sets of mRNA
molecules. In the former case mRNA molecules, after hybridization to
low Cot would contain many single-strand "tails" of unhybridized RNA.
The two methods yield almost exactly the same results (Table 1). About
6-T% of the RNA molecules_appear to contain repetitive regions but
this is also the fraction of mRNA nucleotides which are present in
repetitive regions. It follows that the repetitive sequences in the
mRNA preparation must be confined to molecules which consist entirely
of repetitive sequence transcript, since these molecules lack RNase-
sensitive single-stranded tails after low Cot hybridization. For this
measurement the size of the RNA fragments is importent. If the frag-
ments have been reduced in size, a smaller fraction of any possible
nonrepetitive sequences would remain linked to the repetitive sequences.
To test this possibility, RNA<DNA hybrids formed at Cot 40 were bound
to HAP in urea phosphate, the RNA and DNA eluted, denatured, and the
RNA size measured on formaldehyde sucrose gradients. Fig. 2 reveals
no significant difference in the sedimentation profile between the hy-
bridized and the input RNA. That is, egsentially no degradation of the
RNA molecules has teken place. The unbound KNA (RNA transcribed from

nonrepetitive DNA sequences) sediments slightly more slowly than do the
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Figure 2. Effect of annealing and HAP chromatography on the size of Hela
mRNA.

50,000 cpm of HeLa mRNA (1 Mg) was incubated with 500 ug of HeLa DNA.
The reaction was carried out for 3.5 hr (to C,t 40) following which the
hybrids were bound to HAP in the urea-phosphate buffer (see Materials and
Methods). The hybrids were eluted from the HAP columns with 0.5 M PB.
Both the bound RNA and the unbound RNA were dialyzed against water, sodium
acetate was added to 0.3 M and the RNA was precipitated in ethanol. The
mRNA was then denatured by incubation at 63°C for 15 min in 0.1 M-sodium
phosphate buffer (pH 7.7) containing 3% neutralized formaldehyde (22) and
then centrifuged through a 5-20% sucrose gradient in formaldehyde-phosphate
buffer (0.1 M-NaCl, 0.02 M-potassium phosphate buffer pH 7.4, 1% formaldehyde)
for 24 hr at 26,000 rpm, 2°C, in a SW25.3 Spinco rotor. RNA which was
bound to HAP (0—0); RNA which was not bound to HAP (8&——8); control RNA,

no incubation or HAP chromatography, (A—aA ).
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other fractions, but the extent of degradation of these molecules is
also negligible.

Table 1 also demonstrates that little if any additional hybrid
is formed at low Cots when HeLa DNA is reacted with the HeLa mRNA under
less stringent conditions. Lowering the temperature of incubation
from 60° to 50° and the temperature of assay in urea-phosphate from
L40° to 30° causes little change in the amount of RNA which binds to
the HAP column. This shows that after low Cot hybridization there is
not a large population of mRNA<DNA hybrids which are only marginally
stable in the usual hybridization conditions.

We concl;de from the experiments so far presented that Hela
mRNA molecules in general lack any recognizable tags of repetitive
sequence transcript covalently linked to nonrepetitive sequence trans-
cript. Most of the hybridizing molecules thus contain only nonrepeti-
tive sequence transcript. However, it is apparent that a small class
of RNA molecules transcribed entirely or almost entirely from repeti-
tive DNA sequence is also present in the preparation. This RNA does
not appear to be rRNA, since the binding to HAP is not reduced by the

presence of large amounts of unlabeled human rRNA (Teble 1).

Size and amount of the repetitive component of Hela (polyA)mRNA

Analysis of the hybridization kinetics presented in Fig. 1 indi-
cates that about 6% of the mRNA is transcribed from repetitive sequences.
However this interpretation reaquires that sufficient excess of DNA was

present in the experiments of Fig. 1 to hybridize all of the repetitive
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sequence transcripts. A limit estimate of the DNA/RNA ratio needed
to hybridize all the RNA transcribed from sequences present about
102—103 times per genome (Fig. 1) can be obtained by assuming the
lowest reasonable complexity for the RNA. For this calculation we

can assume that there is only one species of such RNA present, the
complexity of which is equal only to the transcript length, i.e. about
2000 nucleotides (Fig. 2). The DNA/RNA ratio needed to hybridize the

repetitive RNA is given by the expression

DNA _ genome size
RNA reiteration frequency x complexity

and even for this extreme case, such a calculation indicates that a

total DNA/RNA ratio of about L-LO x 103

would suffice. In accordance
with this calculation, Table 2 shows that no change in the amount of
hybridization at low Cot is observed over & range cf two orders cf mag-
nitude in DNA/RNA ratio. Even at a DNA/RNA ratio of 5 x th, no more
than 6% (background subtracted) of the RNA reacts at C_t LO. We con-
clude that no more than 6% of the Hela (polyA)mRNA preparation is
actually transcribed from repeated regions on the HeLa DNA, since this
value has not been underestimated due to insufficient DNA/RNA ratio.
Table 3 presents an experiment in which the HelLa (polyA)mRNA
was divided into four size fractions on the basis of sedimentation in
sucrose gradients. Each of the fractions was then reacted with excess
DNA to low Cots and the amount of hybrid measured. The data suggest
a slight enrichment for repetitive transcripts in the heavier classes

of RNA. It is clear that some molecules > 355 in size belong to the

repetitive sequence class.
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TABLE 2. Hybridization of Hela mRNA with DNA at various

DNA/RNA ratios

C,t DNA/RNA % Hybrid
40 500 6.1
L0 5,000 5.6, 7.0, T.2
40 50,000 7.3
13,000 5,000 31.0 (35.2)"
13,000 50,000 35.7 (40.6)"

Hybridization reactions contain 2500 cpm of HeLa mRNA
and appropriate amounts of HelLa DNA. The hybrids were |
analyzed by binding to HAP in urea-phosphate buffer as de-
scribed in Materials and Methods.

*Corrected for kinetic completion of DNA reassociation.
At C_t 13,000 81% of the nonrepetitive DNA has reacted. As
estimated from the DNA reassociation (data not shown), 57%
of the DNA fragments react as single copy sequence, 38% react
as repetitive DNA and 5% are unreacted. Thus the correction

factor for kinetic completeness is (0.81)(0.57) + 0.38 = 0.88.
0.95
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TABLE 3. Size of RNA hybridizing at Cot LO

% of HeLa mRNA bound

mRNA fraction % of total cpm +HeLa DNA -Hela DNA A
Unfractionated 100.0 T-2, T.0, 5.6 1.7 3.9-5.5
>358 8.4 10.2 0.6 9.6
25-35S 25.4 9.6 0.6 9.0
15-25S 49.3 L.9 0.7 4.2
<158 16.9 - &.8 0.6 2.2

The mRNA was centrifuged on a 15-30% sucrose gradient (prepared over
a 1 ml cushion of 64% sucrose) in SDS buffer for 16 hr, 26,000 rpm, 20°,
in an SW 25.3 Spinco rotor. The mRNA was pooled into the four size clesses
indicated. 10 g of E. coli rRNA was added as carrier, and the RNA pre-
cipitated with ethanol. Hybridization reactions contained 2500 cpm
(0.05 ug) of the indicated RNA fraction and where indicated, 250 ug of
HelLa DNA. Reactions were incubated to Cot LO and the hybrids were analyzed

by the urea-phosphate HAP method.
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Single copy seauence in HeLa mRNA

According to the hybridization kinetics in Fig. 1 about 30%
of the input RNA reacts with single copy DNA at DNA/RNA = 5000. The
amount of hybrid observed after a high Cot incubation is shown in
Table 1. The difference between the values obtained with the urea-
phosphate HAP assay method as compared to the RNase-Sephadex assay
method (31% vs. 24%) is probably due to the fact that some regions of
the relatively long RNA are not completely covered by DNA at this
DNA/RNA ratio and therefore more RNA is bound to HAP in the urea-
phosphate system. Earlier studies (13) showed that as the DNA/RNA"
ratio is increased, averaged coverage of an RNA molecule also increases,
and the difference between RNase and urea-phosphate value decreases.

At the highest DNA/RNA ratio used in these studies, about U41%
of the mRNA molecules contain hybridized regions when the reaction has
terminated kinetically (Table 2). Since, as shown above, the 59% of
the RNA which remains unhybridized cannot represent repetitive trans-
cripts, this RNA must also be derivedlérom nonrepeated DNA sequences.
The question then remains why all the RNA did not hybridize at high
-Cot. From calculations of the number of copies of each nonrepetitive
DNA sequence in the reaction mixtures and the yield of (polyA)mRNA/
cellf it is apparent that at the highest DHA/RNA ratio used (5 x th),
mRNAs transcribed from single copy sequences and occurring less than
S x lO3 times per cell should have hybridized. This suggests that
the 59% unhybridized RNA represents transcripts present in large num-

bers of copies, i.e. > 5 x 103/ce11. Experiments utilizing higher
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ratios would have required higher specific activity mRNA than was
available.

An alternative explanation for lack of complete hybridization
is that some form of artefact interferes with hybridization and is
responsible for the unhybridized RNA. We have carried out many con-
trol experiments in an effort to demonstrate such an artefact (Smith
and Davidson, unpublished). In these experiments we have utilized
mRNA from sea urchin embryos, which we have studied by methods simi-
ler to those used here (2). As with HeLa mRNA, the fraction of the
sea urchin mRNA which can be hybridized with nonrepetitive DNA sequence
increases as the DNA/RNA ratio is increased, but over half (55%) of
the mRNA remains unhybridized at the highest DNA/RNA ratios attempted.
The RNA was not significantly degraded during the hybridization reac-
tion. Nor was the rate of the hybridization reaction found to be
slower at very high DNA/RNA ratios (e.g., 300000/1) compared to more
moderate DNA/RNA ratios (3000/1). WAen the unhybridized fractions
of the mRNA were re-reacted with fresh DNA there was no significant
increase in the amount of hybrid formed. That is, all the RNA which
can hybridize appears to do so on first exposure to DNA. With the
same methods of reassociation and assay as used in the present work,
furthermore, up to 80% of sea urchin hnRNA molecules can be recovered
as hybrid-containing molecules at very high DNA/RNA ratios. This
shows that in themselves these methods neither inhibit hybridization
nor cause substantial losses in the amounts of hybrid measured.
These data suggest, though they do not prove, that the correct explen-
ation for the failure of all the mRNA to hybridize lies in the high

frequency with which some of the sequences are represented.
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DISCUSSION

The experiments described in this report lead to three main
conclusions regarding the nature of the sequences present in the
(polyA)mRNA isolated from free cytoplasmic polyriboscmes of HéLa
cells. First, most of the mRNA molecules appear to be transcribed
from nonrepetitive DNA sequence. This conclusion is based mainly
on measurement of the rate of mRNA-DNA hybrid formation, which is
consistent with that expected for single copy DNA sequence trans-
cripts. However, our data are not sufficiently extensive to preclude
the (unlikely) alternatives that the sequences from which these
mRNAs are transcribed are present an average of 0.5 or 2 times per
genome. Nor can we say whether the rate of hybrid formation is less
than a factor of two different from the rate of DNA-DNA duplex
formation (18, 19). Using RNase treatment for assay of the hybrids,
Penman and Bishop also reached the conclusion that HeLa mRNA is
mainly nonrepetitive sequence transcript (unpublished data). Thus
in human as well as other animal cell types (1-9), most of the
structural genes are single copy DNA sequences.

The second conclusion is that a small but non-negligible com-
ponent of the HeLa mRNA preperation (about 6%) is evidently transcribed
entirely from repetitive sequence elements [or slightly more if this
RNA fraction turns over rapidly compared to the bulk of the mRNA (16)].
Assuming that this RNA is indeed mRNA, there must exist an as yet
unidentified class of repetitive structural genes. Histone mRNA is

excluded as a possibility, since the mRNA was selected on the basis
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of its poly(A) content. Other workers have also noticed some repeti-
tive sequence transcript present in total tissue culture cell mRNA
preparations (e.g., ref. 7; Penman and Bishop, unpublished data), but
it has previously been impossible to distinguish between a small

class of RNAs totally transcribed from repetitive sequence or a larger
class of RNAs transcribed mainly from single copy DNA but containing

a fraction of repetitive sequence. Only the former case requires the
postulation of repetitive structural genes. This argument, however,
turns on the certainty with which the hybridizing radioactivity can

be ascribed to mRNA. The following data are relevant for the Hela
mRNA preparation used here: a) After two passages over poly(T)-
cellulose, less than 1% of the radioactivity can be attributed to rRNA,
according to both formaldehyde and SDS-sucrose gradient analysis, and
to the yield of RNA recovered from the column after long term labeling
(2% of the total polysomal radiocactivity); b) The size distribution
of the RNA species hybridizing at low C,t (?ablé 3) includes species
larger than rRNA, i.e. > 35S. c¢) Addition of & large excess of un-
labeled human rRNA to the hybridization reactions results in no de-
crease in the amount of labeled RNA bound (Table 1). d) The structures
from which the SH-mRNA is extracted are > 99.7% sensitive to EDTA dis-
aggregation. This is of course a diagnostic characteristic of poly-
somes, and contrasts to the behavior expected of structures which con-
tain hnRNA. Furthermore, the extracted RNA displays the turnover rates
and labeling characteristics of polysomal rather than hnRNA (16).

e) The hybridization behavior of the RNA is distinct from that of

hnRNA. Both in HeLa (20) and in sea urchin cells (13), hnRNA contains
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interspersed repetitive sequence elements, and the fraction of nucleo-
tides present in repetitife regions is far smaller than the fraction
of molecules containing them. In contrast, our measurements yield
identical values for the fraction of RNA nucleotides present in the
repetitive sequence and the fraction of HeLa mRNA molecules containing
these sequences. This is a strong argument that the poly(A)-contain-
ing repetitive transcripts actually represent mRNA rather then an
hnRNA contaminant.

Our experiments argue strongly against the existence of recog-
nizable repetitive sequence '"tags" on a large portion of the mRNA mole-
cules. Prior studies (13) have shown the urea-phosphate HAP assay
system on which we rely for this conclusion to be capable of binding
with high efficiency RNA molecules which are 1-2 x lO3 nucleotides
long, but contain less than one-third their length as RNA-DNA duplex.
The present data show that such structures are not detectable in Hela
mRNA. This result was reported earlier for total mRNA of sea urchin
gastrulae (2). Our conclusions are thus inéonsistent with Dina et
al. (12) who reported that 80% of Xenopus embryo mRNAs contain short
repetitive sequence elements recognizeble in hybridization experiments
carried out at much the same annealing criterion that we have used.
While it is possible that phylogenetic differences account for this
discrepancy, it seems far more likely to be technical in origin.

It remains of course possible that mRNAs contain repetitive
sequence regions shorter than the recognizable limit. For hydroxyapa-
tite columns operated under standard conditions in 0.12 M PB this

limit is ¥nown to be very small (Wilson and Thomas report 85% binding
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of 17 nucleotide long duplexes under our conditions; 21 and unpublished
data). Though we see no reason why there should be a substantial aif-
férence we do not know exactl& what this limit is for hydroxyapatite
columns operated in 8 M urea, 0.2 M PB, 1% SDS. However the recovery
of short DNA-DNA duplexes in the urea-phosphate medium leads to the con-
clusion that duplex sequences 100 nucleotides or longer would be bound
quantitatively under these conditions. Nontranslated sequences now
known on several specif;c mRNAs appear to exceed this short length.

Thus we provisionally conclude that at least part of the nontranslated
"as well as the coding sequences of the mRNA must in general be trans-

cribed from a single copy DNA.
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Footnote

+ .
+3.8 pg is the mass of the haploid Hela genome. At a DNA/RNA ratio

of 5 x 1oh, a reaction mixture contains 2500 ug of DNA and 0.05 ug

of RNA. The number of copies of each nonrepetitive sequence per ug

of RNA is 2500/0.05 x 1/3.8 x 10_6 =1.3x lOlO. The amount of mRNA/

T

cell is 4 x 107 ' ug (based on direct measurements of mRNA yield) and

1.3 x 10lo x 4 x 10"T = 5.2 x 103 copies of a given mRNA sequence per cell.
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CHAPTER 3

SIZE DISTRIBUTION OF MESSENGER RNA

FROM FREE POLYSOMES OF HELA CELLS
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ABSTRACT

The sedimentation properties of pulse-labeled and long-term labeled
mRNA from HeLa cell free-polysomes, selected for poly(A) content by two
successive passages through poly (T)-cellulose columns, was analyzed under
native and denatured conditions. The sedimentation profile of the mRNA on
both sodium dodecyl SO4-sucrose gradients and formaldehyde-sucrose gradients
showed a broad distribution of components with estimated molecular weights

ranging from 2 x 10° to 5.5 x 10° daltons and a weight-average molecular

weight of 8.5 x 10° daltons.
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The recent development of techniques for the purification of mRNA
from animal cells (Kates, 1970; Edmonds et al., 1971, Murphy & Attardi, 1973)
has made possible the study of some properties of the mRNA which were not
previously amenable to analysis. Several laboratories have described the
steady state size distribution, as estimated from sedimentation analysis,
of long-term labeled HeLa mRNA purified by poly (T)-cellulose chromatography
(Nakazato & Edmonds, 1972; Murphy & Attardi, 1973; Singer & Penman, 1973).
However, none of these analyses was carried out under denaturing conditions
so as to exclude the possible aggregation of the RNA: this has prevented,
so far, a reliable estimate of the largest size of the mRNA. 1In the
present work the size distribution of pulse-labeled and long-term labeled
mRNA from HelLa cell free polysomes was analyzed under native and denaturing
conditions with particular attention paid to the largest mRNA species which
are normally synthesized in exponentially growing HelLa cells.

A prerequisite for this analysis was the preparation of free polysomes
not contaminated by heterogeneous RNAs. It has previously been shown that
20 minute [5-3H]uridine pulse-labeled free polysomes, when isolated by
pelleting through a discontinuous sucrose gradient according to the procedure
of Attardi et al., (1970), are pure to the extent of more than 95% as
judged by the sensitivity to EDTA of both the UV absorbing and the radio-
active material (Murphy & Attardi, 1973). Figure 1 shows a comparison of the

sedimentation patterns of control and EDTA-treated free polysomes from
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Figure 1. Sedimentation patterns in sucrose gradients of free polysomes
from HeLa cells before and after disruption with EDTA.

HeLa cells, at an initial concentration of 5 x 104/ml, were uniformly
labeled for 48 hr with 3H-uridine according to the procedure of Aloni &
Attardi (1971b). Free cytoplasmic polysomes were isolated from the
postmitochondrial supernatant by centrifugation through a discontinuous
sucrose gradient (Attardi, et al., 1970) and the polysome pellet was divided
into two equal parts: one half was resuspended in 1 ml of Tris-K-Mg
buffer (0.05 M-Tris buffer (pH 6.7), 0.025 M-KCl, 0.0025 M-MgCly) and
analyzed in sucrose gradient in the same buffer; the other half was
dissolved in 1 ml of Tris-K-EDTA buffer (0.05 M-Tris buffer (pH 6.7),

0.025 M-KCl, 0.01 M-EDTA) and centrifuged in sucrose gradient in this
buffer. The polysomes were centrifuged through a 15 to 30% sucrose gradient
in a SW25.1 Spinco rotor at 25,000 rev./min for 100 min at 2°C (Murphy &
Attardi, 1973). 0---0, 0.D. ,¢qoTris-K-Mg; A---A, 0.D. 260Tris-K-EDTA;

® - 0, 3H cts/min Tris-K-Mg; A -4 , 3H cts/min Tris-K-EDTA.
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48 hour labeled Hela cells isolated by the above mentioned procedure. From
the residuél UV absorbing material and radioactivity sedimenting in the
polysome regions after EDTA treatment (less than 1%), it can be estimated
that the polysomes are substantially free of other 3H-uridine labeled
cellular components.

The RNA was extracted from the polysomes shown in Figure 1 by the
sodium dodecyl SOg-pronase-phenol method (Aloni & Attardi, 197la), and the
mRNA purified by two successive runs through poly(T)-cellulose columns: the
size distribution was then analyzed by centrifugation through a sodium
dodecyl SO4-sucrose gradient as shown in Figure 2a. The sedimentation
profile shows a broad distribution of components with molecular weights
ranging from 2 x 10° to greater than 4.5 x 10° daltons, with a weight-
average molecular weight of approximately 8.5 x 10° daltons. The small
peak of radioactivity near the bottom of the gradient represents the heaviest
mRNA components which have been prevented from pelleting by a cushion of
dense sucrose. A similar size distribution was observed when the mRNA was
denatured by heating at 63°C for 15 minutes in the presence of 3% formalde-
hyde and then centrifuged in a formaldehyde-sucrose gradient, according to
the method of Boedtker (1968) (Figure 2c). The fact that the sedimentation
behavior of the RNA remains unchanged after denaturation indicates that no
significant aggregation of the mRNA has occurred in the sedimentation

analysis under native conditions shown in Figure 2a.
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Figure 2. Sedimentation analysis of HeLa mRNA.

(a), (c) RNA was extracted by the sodium dodecyl SO4-pronase-phenol
procedure (Aloni & Attardi, 1971a) from 48 hr 3H-uridine labeled free
polysomes, isolated as described in the legend of Figure 1, and the mRNA
purified by chromatographing twice the polysomal RNA on 0.5 x 5.0 cm
columns of poly(T)-cellulose, according to the procedure previously
described (Murphy & Attardi, 1973). (a) 0.1l ug of the purified mRNA was
dissolved in 1 ml of sodium dodecyl SO4 buffer (0.01 M-Tris buffer (pH 7.0),
0.1 M-NaCl, 0.001 M-EDTA, 0.5% sodium dodecyl SO4), and centrifuged through
a 15 to 30% sucrose gradient (prepared over a 1 ml cushion of 64% sucrose)
in the same buffer in a SW27.1 Spinco rotor at 26,000 rev./min for 15.5 hr
at 20°C. (c) 0.1 yug of RNA was dissolved in 1 ml of 0.1 M-sodium phosphate
buffer (pH 7.6), containing 3% formaldehyde, and the solution was heated
at 639C for 15 min and then fast-cooled (Boedtker, 1968). The RNA was
centrifuged through a5 to 20% sucrose gradient (prepared over a 1 ml
cushion of 64% sucrose) in 0.1 M-NaCl, 0.02 M-KpHPO4  pH 7.4, 1% formaldehyde,
in a SW27.1 Spinco rotor, at 26,000 rev./min for 24 hr at 2°cC.

(b), (d) mRNA was isolated, as described above, from free polysomes
purified from a mixture of 2.5 x 108 HeLa cells labeled for 25 min with
3-uridine and 2.5 x 108 cells labeled for 48 hr with l4c-uridine. (b)
Sedimentation analysis of the mRNA in a sodium dodecyl SO4-sucrose gradient
was carried out as described in (a). (d) Sedimentation analysis in a

formaldehyde-sucrose gradient was carried out as described in (c).
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Figure 2b shows the sedimentation pattern in a sodium dodecyl SOg4-
sucrose gradient of mRNA isolated from free polysomes purified from a
mixture of an equal number of HeLa cells labeled for 25 minutes with

14C]uridine. The pulse-labeled

[5-3H]uridine and for 48 hours with [2-

mRNA exhibits approximately the same size range as the 48 hour labeled mRNA.

However, several discrete peaks or shoulders of radiocactivity, which are

reproducible from preparation to preparation, can be seen in the 25 minute

labeled mRNA; among them are two prominent peaks centered around 4-5 S and

9 S. These peaks are also clearly recognizable when the RNA is centrifuged

under denaturing conditions (Figure 2d). As the labeling time increases

these discrete peaks become less distinct, and eventually disappear as the

total mRNA pattern assumes the smoother profile seen in panels 2a and c.

These peaks probably represent species of mRNA which are either more rapidly

synthesized or more quickly transported to the cytoplasm than the bulk of

the mRNA; in particular, the 9 S mRNA peak presumably represents histone mRNA.
To estimate more accurately the maximum size of the long-term labeled

mRNA, the heaviest RNA components in a sedimentation velocity run in a

sodium dodecyl SOg-sucrose gradient were pooled, and rerun in a second

gradient together with 14C—labeled HeLa 45 S rRNA as an internal marker

(Figure 3). Panel 3b shows that the heaviest mRNA components sediment with

a sedimentation constant of about 50 S, corresponding to approximately

5.5 x 10° daltons (Spirin, 1961). Although this centrifugation was not
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Figure 3. Sedimentation analysis of the fastest-sedimenting components
of 48 hr [5-3H]uridine labeled mRNA.

(a) The mRNA was centrifuged through a 15 to 30% sucrose gradient in
sodium dodecyl SOy buffer in a SW27.1 Spinco rotor at 27,000 rev/min for
6 hr at 20°C. The fractions indicated by arrows were pooled, 10 ug of 4 S
RNA was added as a carrier, and the RNA collected by ethanol precipitation
and centrifugation.

(b) The RNA from (a) was dissolved in 1 ml of sodium dodecyl SO4 buffer
and rerun, together with an internal l4c-1abeled HeLa 45 S rRNA marker,
through a l5 to 30% sucrose gradient in the same buffer in a SW27.1 Spinco

rotor at 27,000 rev./min for 7 hr at 20°c.
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carried out in formaldehyde, the above described similarity in size
distribution of the total mRNA, (including the fastest sedimenting components)
under native and denaturing conditions (Figure 2) strongly suggests that the
molecular weight estimated above represents the true molecular weight of

the heaviest mRNA components.

Figure 4 illustrates the results of an experiment in which polysomes
isolated from 25 minute pulse-labeled HeLa cells were run through a sucrose
gradient and divided into three size classes (Figure 4a); the RNA was
extracted from each polysome cut by the sodium dodecyl SO4-pronase—phenol
procedure (Aloni & Attardi, 197l1a) and centrifuged separately on a sodium
dodecyl SOg4-sucrose gradient. Figure 4b shows the sedimentation patterns
thus obtained. It is clear from the radioactivity profiles that the
heaviest polysome cut(I) is greatly enriched in very large mRNA components,
while there is a progressive increase in the proportion of the lighter mRNA
as the polysomes become smaller (cuts II and III). As expected, the RNA
from the lightest polysome fraction contains a distinct peak of radio-
activity at about 9 S, which probably represents the histone mRNA. The
presence of some large mRNA even in the lightest polysome cut(III), confirms
earlier findings (Latham & Darnell, 1965) indicating that in HeLa cells
many MRNA molecules are never fully loaded with ribosomes. In any case, the
observation that the fastest-sedimenting components in the mRNA preparation
are preferentially associated with the heaviest polysomes is in agreement with

the idea that these components are true mRNA.
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Figure 4. Size distribution of the 25 min [5—3H]uridine labeled mRNA
isolated from free polysomes of different size classes.

(a) Free polysomes were isolated from 3 x 108 Hela cells, labeled for
25 min with 3H—uridine, and centrifuged through a 15 to 30% sucrose gradient
in TKM buffer in a SW25.1 Spinco rotor at 24,000 rev./min for 100 min at
20C. The polysome region of the gradient was divided into three sections
as shown, and the RNA extracted from each section by the sodium dodecyl

SO4-pronase-phenol procedure. O, 3

H cts/min; O, 0.D. 960
(b) The RNA from each section was dissolved in 1 ml of sodium dodecyl
SO, buffer and centrifuged through a 15 to 30% sucrose gradient (prepared

over a 2 ml cushion of 64% sucrose) in the same beffer in a SW27.1 Spinco

rotor at 26,000 rev./min for 16 hr at 20%¢.
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The purity of the isolated mRNA, especially the exclusion of any HnRNA
contamination, is extremely important in interpreting the results reported
here. The following observations are pertinent in assessing the purity
of the mRNA preparations used in this work: (1) The radioactive RNA
sedimenting with the free polysomes is completely EDTA sensitive, as shown
in Figure 1. (2) No RNA of a size larger than about 5.5 x 10° daltons was
found. If the large RNA components were contaminated with HnRNA, then
RNAs much larger in size should have been observed, especially since the
procedures used for isolating the polysomes would have selected for the
largest RNP particles containing HnRNA (Samarina et al., 1973). (3) The
stability of the >35 S mRNA is identical to the bulk of the mRNA (half-
life two to three days, Murphy & Attardi, 1973) in both pulse-labeled and
long-term labeled preparations (unpublished observation). In view of the
much shorter half-life of the HnRNA (Weinberg, 1973), if significant' con-
tamination by this RNA class existed the stability of the large mRNA fraction
would be markedly reduced.

Clearly; the metabolic and physical properties of the largest
components in the mRNA population appear to be identical to those of the bulk

of the mRNA, and unlike the known properties of the HnRNA. Therefore, it can
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be concluded that classes of mRNA at least as large as 5.5 x lO6 daltons are

normally expressed in exponentially growing HeLa cells.

William I. Murphy
Giuseppe Attardi

Division of Biology
California Institute of Technology
Pasadena, Calif., 91109, U.S.A.
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Abbreviations

mRNA, messenger RNA; HnRNA, heterogeneous nuclear RNA; rRNA, ribosomal RNA;

RNP, ribonucleoprotein particle.
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ABSTRACT

The >50 S HnRNA, isolated from either Hela cells or immature duck
erythrocytes labeled for different times with [S—3H]uridine, was examined
for the presence of complementary transcripts capable of forming RNase-
resistant duplexes. After extensive self-annealing of the HnRNA, carried
out under conditions such that complementary RNA sequences present once or
a few times in the RNA population would have formed hybrids, no evidence was
found for the existence of symmetrical transcripts in either cell system.
However, 2-3% and 4-5% of the purified duck and HelLa HnRNA, respectively, did
form RNase-resistant hybrids. These hybrids resulted from base-pairing of
complementary regions within the HnRNA molecule, as judged from the lack
of concentration dependence and from the kinetics of formation of the RNA-RNA
duplexes. The weight-average length of the RNase-resistant fragments from
the duck HnRNA was found to be approximately 125 nucleotide pairs; however,
shorter double-stranded segments as well as longer duplexes, up to 2000
nucleotide pairs, were also observed. Annealing of the duck HnRNA in the
presence of an excess of 10 S hemoglobin mRNA showed that 2% of the HnRNA
formed RNase-resistant hybrids in excess of those expected from intramolecular
homology. The RNase-resistant complexes formed between the 10 S mRNA and

HnRNA had about the same size range as the intramolecular duplexes.
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The failure to detect any intermolecular hybridization in the short-
pulse labeled HnRNA from either actively growing cells or highly differentiated,
non-dividing cells, strongly suggests that the mechanism for the synthesis
of HnRNA in animal cells does not involve the production of high molecular

weight complementary transcripts.
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1. Introduction

Recent investigations on the mode of in vivo transcription of HelLa
mitochondrial DNA, SV40DNA, and polyoma virus DNA have shown that both
strands are transcribed into RNA over a considerable portion, if not the
entire length, of these circular DNA molecules (Aloni & Attardi, 1971;
Aloni & Attardi, 1972; Aloni, 1972; Aloni, 1973; Aloni & Locker, 1973).

One consequence of this symmetrical transcription is the ability of the RNA
transcripts produced from these templates to form, either in vivo or after
isolation and self-annealing, RNA-RNA hybrids which are resistant to
ribonuclease. Both in the mitochondrial system and in the two above
mentioned virus systems, it has been found that the products of transcription
of one of the two strands have a much shorter half-life than those of the
other strand. One implication of this is that the proportion of labeled
complementary transcripts is greater after short pulse-labeling of the RNA.

To date, it is not known whether the symmetric transcription
demonstrated for mitochondrial DNA and the SV4n and polyoma DNA is related
to the closed circular structure of these DNAs, or whether it is a
particular case of a more general mechanism of transcription in eukaryotic

cells.
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Many laboratofies have reported the existence of an RNase-resistant,
double-stranded RNA fraction which is confined to the nucleus of a variety
of animal cell types, and which, at least in part, is complementary to
the nuclear DNA (Montagnier, 1968; Stern & Friedman, 1970; Harel &
Montagnier, 1971; Kronenberg & Humphreys, 1972; Jelinek & Darnell, 1972;
Ryskov et al., 1972; Ryskov et al., 1973). At least in some cases, this
double-stranded RNA appears to derive from intramolecular base-pairing of
complementary portions of HnRNA molecules (Jelinek & Darnell, 1972;

Ryskov et al., 1972; Ryskov et al., 1973). However, the possibility that
the synthesis of at least a part of the nuclear RNA may result from
symmetrical transcription involving labile species or sequences present
in low frequency has not been directly examined.

In order to investigate the above possibility, we have analyzed
pulse-labeled, high molecular weight HnRNA from both a permanent mammalian
cell line, HeLa cells, and a differentiating cell system, immature duck
erythrocytes, for the presence of intermolecular complementarity. Although
a small amount of intramolecularly complementary sequences was detected
in the HnRNA molecules, no evidence was found for the existence of high
molecular weight complementary RNA transcripts in either cell system, even
when the analysis was extended to include transcripts present in one or

a few copies per cell.
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2. Materials and Methods

(a) Animals

Nine to fourteen month old male Pekin ducks, made anemic by daily
intramuscular injections of 25 mg of neutralized phenylhydrazine for five
to seven consecutive days, were used in these experiments. Blood was
drawn by cardiac puncture on the day following the last injection; to

prevent coagulation, heparin was added to a final concentration of 20 pg/ml

of blood.

(b) Cells and method of growth

HeLa cells (S3 clonal strain) were grown in suspension in modified
Eagle's medium (Levintow & Darnell, 1960) supplemented with 5% calf serum.
The cultures used in these experimen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>