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1. RNA isolated from the post-nuclear supernatant of the lactating guinea-pig
mammary gland was fractionated with oligo(dT)-cellulose into three populations; those
that bound at 'low salt' [long poly(A) tracts, 78-32 nucleotides]; those that bound at
'high salt' [shorter poly(A) tracts, 48-21 nucleotides]; and those that did not bind [no
poly(A) or short poly(A) tracts, <20 nucleotides]. Nuclear RNA was fractionated into
two populations, those that bound in 'low salt' and those that did not bind. All the
post-nuclear RNA fractions directed the synthesis of milk proteins in a Krebs II ascites
cell-free system. 2. 3H-labelled DNA complementary to the post-nuclear poly-
(A)-containing RNA population (low-salt fraction) was fractionated into abundant
(milk-protein mRNA), moderately abundant and scarce sequences. This comple-
mentary DNA was then used to investigate the distribution of the mRNA sequences in
the different RNA populations. This showed that all sequences were present in
polyadenylated and non-polyadenylated fractions, but that major quantitative differ-
ences were apparent. The abundant milk-protein mRNA sequences predominated in the
'low-salt' post-nuclear poly(A)-containing RNA fraction, whereas the moderately
abundant sequences predominated in the non-polyadenylated post-nuclear RNA
fraction. In total cellular RNA, those sequences deemed initially to be moderately
abundant within the 'low-salt' poly(A)-containing RNA population were present at a
concentration very similar to those of the abundant milk-protein mRNA (approx.
6 x 10 copies of each sequence/cell). Similarly, analysis of the nuclear RNA
populations showed that the 'abundant' and so-called 'moderately abundant' sequences
were present in essentially identical concentrations (2 x 103 copies of each sequence/
cell). The majority of these (90-95%) were non-polyadenylated. 3. The results are
discussed in terms of the post-transcriptional mechanisms involved in the regulation of
gene expression in the lactating guinea-pig mammary gland.

With the exception in most instances of histone
mRNA (see Ruderman & Pardue, 1978), the
majority of well-characterized eukaryotic mRNA
species occur in a form that is polyadenylated at the
3'-terminus. However, recent studies have demon-
strated that, in addition to histone mRNA, mRNA-
like sequences exist in a number of eukaryote cell
types in an apparently non-polyadenylated form.
This has been best demonstrated by comparative
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complexity analyses, using unique sequence DNA.
These studies have shown that in mouse liver, and
cultured mouse cells (Grady et al., 1978), mouse
brain (Van Ness et al., 1979) and rat brain
(Chikaraishi, 1979), mRNA sequences are sub-
divided into two distinct populations, one of which is
polyadenylated and one which is not. Similar
conclusions have also been drawn from pulse-chase
experiments which demonstrate that between 30 and
80% of polyribosomal mRNA sequences are not
polyadenylated (Milcarek et al., 1974; Miller, 1978).
Nemer et al. (1974) also provide evidence for a
non-histone non-polyadenylated mRNA population
in sea-urchin embryos.
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However, the most abundant polyadenylated
mRNA sequences appear to be present in both
populations (Gray & Cashmore, 1976; Gedamu &
Dixon, 1976; Kaufmann et al., 1977; Hunter &
Garrels, 1977; Ragg et al., 1977; Ruderman &
Pardue, 1977; Brandhorst et al., 1979), as deter-
mined by cell-free protein synthesis. In some
instances (Milcarek et al., 1974; Kaufmann et al.,
1977) these conclusions have been substantiated by
hybridization data, which demonstrate the presence
of the abundant poly(A)-containing sequences
within the non-polyadenylated population.
A similar analysis of nuclear transcripts has yet to

be performed, though it is apparent that a large
percentage of globin transcripts within the nucleus
are not polyadenylated (Spohr et al., 1976), even
though these sequences exist in predominantly
polyadenylated forms within the cytoplasm.

In the lactating rat and ewe mammary gland, up
to 50% of the total milk-protein mRNA sequences
do not bind to oligo(dT)-cellulose or poly(U)-
Sepharose, as determined by cell-free protein syn-
thesis (Houdebine et al., 1974; Rosen et al., 1975).
In the lactating guinea-pig mammary gland the
post-nuclear (cytoplasmic) poly(A)-containing RNA
species occur in three distinct abundance popula-
tions (Craig et al., 1979), of which the most
abundant, the milk-protein mRNA sequences,
represent in excess of 50% of the total poly-
adenylated sequences. In contrast, similar com-
plexity analysis of the nuclear polyadenylated
sequences (Bathurst et al., 1980) showed that the
milk-protein mRNA sequences, although relatively
abundant, represent only 2% of the total nuclear
polyadenylated sequences.

In the present paper we describe the distribution
of the three post-nuclear poly(A)-containing RNA
abundance groups between polyadenylated and
non-polyadenylated RNA populations in total tissue,
and in the nuclear and post-nuclear RNA fractions.
The results demonstrate that over 95% of the
nuclear transcripts under investigation are not
polyadenylated, and that those sequences pre-
viously described as moderately abundant (Craig et
al., 1979), are present at a much higher con-
centration than was initially envisaged from studies
using poly(A)-containing RNA alone.

Materials and methods
Materials

All materials, chemicals, enzymes and solvents
were obtained from sources previously described
(Craig et al., 1976, 1979; Bathurst et al., 1980).
L-[4,5-3H]Leucine (53 Ci/mmol), deoxy[5-3Hlcyti-
dine 5'-triphosphate (22Ci/mmol) and [5-3Hluridine
5'-diphosphate (7-13.5 Ci/mmol) were purchased
from The Radiochemical Centre, Amersham,
Bucks., U.K. Avian-myeloblastosis-virus reverse

transcriptase (lot no. G-678) was provided by Dr.
J. W. Beard, Life Sciences Inc., St. Petersburg, FL
33707, U.S.A., and poly(A) standards of defined
chain length were from Miles Laboratories, Slough,
Bucks. SL2 4LY, U.K. Safeguards against RNA
degradation by exogenous ribonucleases were as
described previously (Craig et al., 1976, 1979).

Preparation ofpost-nuclear RNA andfractionation
on the basis ofpoly(A) content

Post-nuclear RNA was isolated from the lac-
tating guinea-pig mammary gland 3-6 days post
partum as described previously (Craig et al., 1976).
The bulk of the poly(A)-containing RNA popula-
tion was then isolated by affinity chromatography
on oligo(dT)-cellulose as described previously
(Craig et al., 1976). Material that did not bind
under 'low-salt' ionic conditions (100 mM-NaCl) was
recovered by ethanol precipitation, washed once in
ethanol, dried under vacuum, and redissolved at
10-20A260units/ml in lOmM-Tris/HCl, pH 7.6 at
200C, containing 500mM-KCl. An additional
poly(A)-containing RNA fraction was then isolated
from this by further chromatography on oligo-
(dT)-cellulose at room temperature after pre-equili-
bration of the column in the same buffer. Bound
material ['high-salt' poly(A)-containing RNA] was
eluted at 600C with 10 mM-Tris/HCl, pH 7.5. To this
was added 0.1 vol. of 2M-NaCl, and the RNA was
precipitated at -20° C after the addition of 2.5 vol.
of ethanol. The RNA that did not bind to oligo-
(dT)-cellulose (the non-polyadenylated RNA) was
precipitated at -200C after the addition of 2.5vol.
of ethanol. Precipitated RNA was recovered by
centrifugation at 10000g., for 10min at -100C,
washed once in 70% (v/v) ethanol/40mM-NaCl,
once in ethanol, dried briefly under vacuum, dis-
solved in double-distilled water, and stored in
batches at -700C.

Preparation of nuclear RNA and fractionation on
the basis ofpoly(A) content

Poly(A)-containing RNA was isolated by affinity
chromatography on oligo(dT)-cellulose from nuclear
RNA of the lactating guinea-pig mammary gland
as described previously (Bathurst et al., 1980).
RNA that did not bind after two passages through
oligo(dT)-cellulose at 100mM-NaCl (the non-poly-
adenylated RNA) was recovered by ethanol pre-
cipitation, washed once in 70% ethanol/40mm-
NaCl, once in ethanol, dried briefly under vacuum,
dissolved in double-distilled water and stored in
batches at -700C. Yields of poly(A)-containing
RNA represent 0.2-0.3% of total nuclear RNA.

Preparation oftotal cellular RNA
Total cellular RNA was isolated from the lac-

tating guinea-pig mammary gland by the method of
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Hall et al. (1979), except that the CsCl-centri-
fugation step was omitted, and DNA was removed
by digestion with ribonuclease-free deoxyribo-
nuclease as described by Bathurst et al. (1980).

Synthesis of cDNA and fractionation into abun-
dance groups

High-specific-radioactivity 3H-labelled DNA com-
plementary to the post-nuclear 'low-salt' poly-
(A)-containing RNA population of the lactating
guinea-pig mammary gland was synthesized as
described by Craig et al. (1979), by using [3H1-
dCTP as the radio-labelled deoxyribonucleoside
triphosphate. This was fractionated into the abun-
dant, moderately abundant and scarce populations,
by differential hybridizations followed by separation
of double- and single-stranded nucleic acid species
on hydroxyapatite as described by Bathurst et al.
(1980). The final cDNA preparations had a specific
radioactivity of 3.37 x 107d.p.m./pg.

Hybridization ofRNA preparations with cDNA
Hybridizations were carried out in 0.24M-sodium

phosphate buffer, pH 6.8, containing 0.2% (w/v)
sodium dodecyl sulphate and 1 mM-EDTA over an
RNA concentration range of 1 pg/ml to 1 mg/ml
(1 A260 unit-40,pg of RNA) for periods of 10 s to
72 h. The extent of hybridization was determined by
S -nuclease digestion precisely as described pre-
viously (Craig et al., 1979). Results represent the
best-line fit as determined by computer analysis
(Craig et al., 1979), except where hybridizations
were adjudged not to have gone to completion
(<60%). In such instances, the 'best fit' was assessed
by eye.

Determinations of poly(A) content of RNA popula-
tions and ofthe size ofpoly(A) tracts

[3H]Poly(U) was synthesized as described by
Bishop et al. (1974), by using polyribonucleotide
phosphorylase from Micrococcus luteus. Hybridiza-
tion to poly(A)-containing RNA or poly(A) was also
as described by Bishop et al. (1974).

The size distribution of poly(A) tracts within
given RNA populations was determined essentially
as described by Rosbash & Ford (1974), except that
after digestion of the RNA populations by deoxy-
ribonuclease and ribonucleases A and T1 the
incubation mixture was extracted once with phenol/
chloroform (1: 1, v/v) and the remaining poly(A)
precipitated with 2.5 vol. of ethanol at -200C after
the addition of 0.1 vol. of 2 M-NaCl and 20,ug
of Escherichia coli tRNA. The precipitate was
recovered by centrifugation at 16000g., for 20min
at -10°C, washed once in 70% ethanol/40mM-
NaCl, once in ethanol, and then dried under
vacuum. The samples were then dissolved in 50,p of
IO mM-Tris/HCl, pH 7.8, containing 5 mM-NaH2PO4
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and 2mM-EDTA, then subjected to electrophoresis
on 7.5%-polyacrylamide tube gels as described by
Loening (1967) at 5mA/tube for 120min at 40C.
Poly(A) standards of 20, 45 and 90 average
monomer length were run on parallel gels.
The gels were frozen at -200C, then sliced into

3mm sections. Each slice was then crushed in 2 ml
of 30mM-sodium citrate containing 0.3 M-NaCl, and
the poly(A) eluted overnight at 4°C. Polyacryl-
amide fragments were removed by centrifugation at
13000ga. for 15min at 40C, and the resulting
supernatant assayed for poly(A) content in the
presence of excess [3Hlpoly(U) (Rosbash & Ford,
1974).

Cell-free protein synthesis andproduct analysis
mRNA-directed cell-free protein synthesis was

carried out in a Krebs II ascites-cell system in the
presence of crude reticulocyte initiation factors, with
13Hlleucine as the labelled amino acid as described
previously (Craig et al., 1976). Antibody-precipi-
tation procedures and sodium dodecyl sulphate/
polyacrylamide-gel-electrophoretic analysis of the
[3H]leucine-labelled products performed on vertical
slab gels were as described previously (Craig et al.,
1976, 1979). The products were detected by fluoro-
graphy (Bonner & Laskey, 1974).

RNA and DNA measurements
RNA was determined by the method of Mejbaum

(1939) and DNA by the method of Burton (1956).

Results
Fractionation ofpost-nuclear RNA isolatedfrom the
lactating guinea-pig mammary gland on the basis of
poly(A)-tract size, and the identification of active
milk-protein mRNA within thesefractions

Total post-nuclear RNA from lactating guinea-pig
mammary gland was separated into three fractions:
those RNA species that bound to oligo(dT)-cellu-
lose at 100mM-NaCl ('low-salt'), those that bound at
500mM-KCI ('high salt'), and those that did not bind
at 500mM-KCl. The ability of total RNA and of
each fractionated RNA population to direct protein
synthesis was then determined in a Krebs II
ascites-cell system supplemented by crude reticulo-
cyte initiation factors. The results (Fig. 1) demon-
strate that, although each fraction had the ability to
direct the synthesis of milk proteins as determined
by antibody precipitation of the products syn-
thesized in vitro, over 30% of the translatable
milk-protein mRNA did not bind to oligo(dT)-
cellulose. Not unexpectedly, the fractions that bound
to oligo(dT)-cellulose were most active in the Krebs
II ascites system. However, whatever the source of
mRNA activity, milk proteins represented greater
than 85% of the total protein synthesized in vitro

491



I. C. Bathurst, R. K. Craig, D. G. Herries and P. N. Campbell

1(

-0

0. o
o -
r_

oS&
o 6

-x
0 0

.-

.-
l

0 0.1

RNA (A 260 unit/assay)
0.2

Fig. 1. Identification of polyadenylated and non-poly-
adenylated milk-protein mRNA sequences from the
lactating guinea-pig mammary gland by cell-free protein

synthesis
Total RNA was isolated from the post-nuclear
supernatant of the lactating guinea-pig mammary
gland, then fractionated on oligo(dT)-cellulose into
three fractions: those RNA sequences that bound at
lOOmM-NaCI or at 500mM-KCI, and those that did
not. Recoveries were 0.36, 0.18 and 70% of the
starting material. Increasing amounts of RNA from
each fraction, and also the total RNA before
fractionation, were then assayed in a Krebs II
ascites-cell-free system supplemented with crude
reticulocyte initiation factors for milk-protein
mRNA activity as determined by antibody pre-
cipitation of the proteins synthesized in vitro (see the
Materials and methods section). A, 'Low-salt'
(100mM-NaCi) poly(A)-containing RNA; *, 'high-
salt' (500mM-KCI) poly(A)-containing RNA; O,
total RNA; 0, non-polyadenylated RNA.

[results not shown; see Craig et al. (1979) for
discussion of this phenomenon]. Analysis of
the antibody-precipitable material (Fig. 2) by
sodium dodecyl sulphate/polyacrylamide-gel electro-
phoresis followed by fluorography confirmed that all
fractions directed the synthesis of the three caseins
and a-lactalbumin. Moreover, it was also apparent
that pre- a-lactalbumin had been partially processed
to a-lactalbumin (see Craig et al., 1976).

The size of the poly(A) tracts present in the total
post-nuclear RNA fraction and in the poly(A)-
containing RNA fractions that bound at 100mM-
and 500mM-salt was then determined after diges-
tion of each RNA population with a combination of
ribonucleases Tl and A followed by polyacryl-
amide-gel electrophoresis of the undigested poly-
ribonucleotides in parallel with poly(A) marker
species of known size. This revealed a broad
distribution of poly(A) tracts, ranging in size from

(1) (2) (3) (4) (5)
*b:
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(1-
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Fig. 2. Sodium dodecyl sulphate/polyacrylamide-gel
electrophoresis of milk proteins synthesized in a Krebs II

ascites-cell-free system
[3HlLeucine-labelled milk proteins synthesized as
described in Fig. 1 by addition of the post-nuclear
RNA fractions to a Krebs II ascites-cell-free
protein-synthesizing system, and then recovered by
antibody precipitation, were separated on the basis
of molecular weight by sodium dodecyl sulphate/
polyacrylamide-slab-gel electrophoresis, and the
3H-labelled milk proteins detected by fluorography.
The relative positions of marker proteins, guinea-pig
caseins A, B and C, and the whey protein a-
lactalbumin (2,ug each) as identified by Coomassie
Blue staining are indicated. Lane (1), no added RNA;
(2), non-polyadenylated RNA; (3), total post-
nuclear RNA; (4), RNA binding to oligo(dT)-
cellulose at 500mM-KCI; (5), RNA binding to
oligo(dT)-cellulose at lOOmM-NaCI.

11 to 90 nucleotides within the total post-nuclear
RNA fraction (Fig. 3). Analysis of those RNA
sequences that bound to oligo(dT)-cellulose showed
that, although increasing the salt concentration
resulted in an increased binding efficiency of RNA
species containing smaller poly(A) tracts ('low-salt',
78-32 nucleotides; 'high-salt', 48-21 nucleotides),
RNA species containing 20 or less adenosine
residues were not retained on oligo(dT)-cellulose.
Thus in subsequent work all reference to non-
polyadenylated RNA strictly refers to RNA prep-
arations containing poly(A) tracts of less than 20
nucleotides.
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'Low-salt' poly(A)-containing RNA

RF,
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Fig. 3. A nalysis of the size distribution of poly(A) tracts within the post-nuclear RNA population of the lactating
guinea-pig mammary gland

Total post-nuclear RNA, and poly(A)-containing RNA which bound to oligo(dT)-cellulose during sequential
fractionation at 100mM-NaCl and 500mM-KCI, were digested with ribonucleases A and T,. The size of undigested
poly(A)-containing material was then determined by electrophoresis on 7.5%-polyacrylamide tube gels with
Bromophenol Blue as a reference marker. Poly(A) molecular-size markers of known monomer length were

electrophoresed on parallel gels. The gels were sliced, the poly(A) was eluted, and the relative mobility of the poly(A)
tracts determined by hybridization to l3Hlpoly(U). The mobility of the poly(A) standards relative to Bromophenol
Blue (RF = 1.0) was as follows: (rA)90(P.V), 0.36; (rA)45(av.), 0.69 (rA)25(av.), 0.97. The size distribution of the
unknown poly(A) tracts was then determined from the relationship between relative mobility and logarithm of the
number of nucleotides.

Similar analysis of the two nuclear RNA frac-
tions showed that those sequences that bound at
low-salt' contained poly(A) tracts ranging in size
from 45 to 90 nucleotides, whereas those that did
not bind contained poly(A) tracts predominantly
20-30 nucleotides in length (I. C. Bathurst & R. K.
Craig, unpublished work). The latter we refer to as

the non-polyadenylated nuclear RNA population.

Differential distribution of the abundant, moder-
ately abundant and scarce RNA sequencesfound in
post-nuclear ('low-salt') poly(A )-containing RNA
within the polyadenylated and non-polyadenylated
post-nuclear and nuclear RNA species

In order to quantify the total cellular distribution
of the three mRNA abundance groups previously
identified in the 'low-salt' post-nuclear poly(A)-
containing RNA (Craig et al., 1979), and in
particular the distribution of these sequences
between polyadenylated and non-polyadenylated
RNA populations, 3H-labelled DNA complemen-
tary to the 'low-salt' post-nuclear poly(A)-con-
taining RNA was synthesized, and then fraction-
ated into the three individual abundance classes.
The kinetics of hybridization of each cDNA

fraction was then examined by using total cellular
RNA as the driver species. From the resulting Roti
values, the number of copies of each sequence within
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the different abundance groups was estimated as
described by Roop et al. (1978). The results (Fig. 4,
Table 1) demonstrate that the 'abundant' milk-
protein mRNA population was indeed the most
numerous population. Assuming that two sequences
were present (see Craig et al., 1979), then we

estimate that each was present at a concentration of
up to 105 copies per cell. However, it was apparent
that within the total cellular RNA population, those
sequences previously described as moderately
abundant within the poly(A)-containing RNA of the
post-nuclear fraction (Craig et al., 1979; Bathurst et
al., 1980) were present in very much greater
numbers (100-fold) than previously envisaged, at a
concentration of approx. 6 x 104 copies/sequence per
cell. Estimation of the concentration of scarce

mRNA sequences was less precise, as the hybridiza-
tion reaction had not reached completion by a Rotof
1000 mol of nucleotide * litre-l* s-. It seemed likely,
however, that these were present at a concentration
of 60-100 copies/sequence per cell.
To investigate these somewhat unexpected ob-

servations, we have examined on a quantitative basis
the relative amount of each abundance group in the
nucleus and cytoplasm (post-nuclear fraction), and
also the distribution of each between the poly-
adenylated and non-polyadenylated RNA popula-
tions of both subcellular fractions.

Rt
0.4 0.8 1.2

T I i

0

16-

8 / 1

*1 48-21
nucleotides
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Fig. 4. Analysis of the distribution of the abundant,
moderately abundant and scarce 'low-salt' poly(A)-con-
taining RNA sequences present in the post-nuclear
supernatant of the lactating guinea-pig mammary gland,
within the total cellular RNA population of the lactating

guinea-pig mammary gland
3H-labelled cDNA was prepared against 'low-salt'
poly(A)-containing RNA isolated from the post-
nuclear RNA population of the lactating mammary
gland. This was separated by differential hybridiza-
tion and hydroxyapatite column chromatography
(see the Materials and methods section) into three
fractions representing the abundant, moderately
abundant and scarce mRNA populations. Each
fractionated cDNA population was then used to
determine the distribution of abundant, moderately
abundant and scarce mRNA sequences of the
'low-salt' poly(A)-containing RNA population
within total cellular RNA of the lactating guinea-pig
mammary gland: abundant cDNA at RNA con-
centrations of 50pg/ml (A) and 1mg/ml (A);
moderately abundant cDNA at RNA concentra-
tions of 50jug/ml (0) and 1 mg/ml (0); scarce

cDNA sequences at RNA concentrations of 1 mg/
ml (U).

Analysis of the abundant milk-protein mRNA
sequences in this manner confirmed the distribution
pattern within the post-nuclear fraction obtained by
cell-free protein synthesis (Fig. 5a, Table 1). Thus
about 55-60% of the sequences were present in the
'low-salt' poly(A)-containing RNA population, and
35-40% in the non-polyadenylated population, but
only 3-5% were present in the 'high-salt' poly-
(A)-containing RNA population.

Similar analysis of the abundant milk-protein
mRNA sequences within the nuclear RNA popula-
tion revealed a vastly different distribution (Fig. 5b).
In this instance, of the 2200copies/sequence identi-
fied in each nucleus (or 2-3% of the total cellu-
lar sequences), only 2-3% were polyadenylated.
Furthermore, for reasons that we are unable to
explain, although the Rot, values were very similar
(Table 1) whether total nuclear RNA or non-

polyadenylated RNA was used as the driver species,

10
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20

-~0

100 (bL Nuclear

z

80

60

40

20

4 3 2 1 0 1 2 3

log Rot

Fig. 5. Distribution of the abundant 'low-salt' poly(A)-
containing RNA sequences within the polyadenvlated and
non-polvadenylated RNA populations of the nuclear and
post-nuclear RNA fractions of the lactating guinea-pig

mammary gland
Abundant cDNA was isolated as described in Fig. 4.
This was then used to examine the distribution of the
abundant milk-protein mRNA sequences within the
nuclear and post-nuclear RNA populations of the
lactating guinea-pig mammary gland. (a) Post-
nuclear RNA. cDNA hybridized to: (i) 'low-salt'
poly(A)-containing RNA (0) at RNA concentra-
tions of 1,ug/ml and 2.5,ug/ml; (ii) 'high-salt'
poly(A)-containing RNA (0) at 2.5,g/ml and
50,ug/ml; (iii) total post-nuclear RNA (A) at
2.5,ug/ml, 50,g/ml and 1 mg/ml; (iv) non-poly-
adenylated RNA (A) at 2.5,ug/ml, 50,ug/ml and
lmg/ml. (b) Nuclear RNA. cDNA hybridized to:
(i) poly(A)-containing RNA (0) at 20,ug/ml and
200,ug/ml; (ii) total nuclear RNA (-) at 200,ug/ml
and 1 mg/ml; (iii) non-polyadenylated RNA (l) at
200,g/ml and 1 mg/ml.

we could not obtain greater than 70% protection of
the cDNA from S,-nuclease activity when non-

polyadenylated RNA was the driver species.
Examination of the distribution within the nucleus

of the moderately abundant 'low-salt' poly(A)-con-
taining RNA population substantiated our findings
described above. In this instance we could detect up

to 2200 copies/sequence within the nucleus, of
which 5-6% were polyadenylated (Fig. 6b, Table I).
Again, incomplete protection of the cDNA hybri-
dization probe was obtained with non-polyadenyl-
ated RNA as the driver species.
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Table 1. Comparative distribution of the post-nuclear 'low-salt' poly(A)-containing RNA abundance groups within
the polyadenylated and non-polyadenylated RNA populations of the nuclear and post-nuclear fractions of the lactating

guinea-pig mammary gland
cDNA representing the abundant, moderately abundant and scarce post-nuclear 'low-salt' poly(A)-containing RNA
sequences was prepared by differential hybridization and subsequent chromatography on hydroxyapatite (see the
Materials and methods section). Each was then hybridized in RNA excess to total nuclear and post-nuclear RNA
preparations. Each preparation was performed on separate animals, all 3-5 days post partum. Calculations of the
copy number per sequence for each RNA population was as described by Roop et al. (1978), and are based on (i)
the assumption that the abundant, moderately abundant and scarce sequences consist of 2, 32 and 3242 species
respectively, each with a Rot pure of 1.31 x 10-3, 2.76 x 10-2 and 2.74 mol of nucleotide *litre-I s- (Craig et al.,
1979) and (ii) the following measured parameters: DNA per cell, 5.8 pg; DNA per g of tissue (wet wt.), 2.5 mg;
RNA per g of tissue (wet wt.), 10.7 mg; post-nuclear RNA per g of tissue (wet wt.), 9.7 mg; nuclear RNA per g
of tissue (wet wt.), 1.0mg.

Source of
cDNA population ... Abundant (2) Moderately abundant (32)

Source of RNA
Total cellular
Post-nuclear

Total
Non-polyadenylated
'Low-salt' poly(A)-

containing
'High-salt' poly(A)-

containing
Nuclear

Total
Non-polyadenylated
Poly(A)-containing
* Estimated Rot, (see Fig

Rott
(mol * 1-1 * s-1)
2.19 x 10-1

2.88 x 10-1
5.73 x 10-1
2.08 x 10-3

No. of copies/
sequence per

cell
lO x 103

69.3 x 103
34.8 x 103
62.2 x 103

8.38 x 10-3 4.76 x 103

9.3 x 10-1
9.55 x 10-1
1.27 x 10-1

2.23 x 103
2.15 x 103

44

ROtt
(mol.-ls-')
4.55 x 10-1

3.64 x 10-1
9.18 x 10-1
2.12 x 10-1

No. of copies/
sequence per

cell
62.0x 103

70.3 x 103
27.8 x 103
7.85 x 102

4.98 x 10-2 1.03 x 103

2.1
1.2

6.06 x 10-2

1.26x 103
2.20 x 103
1.18x 102

However, examination of the distribution of the
moderately abundant sequences within the post-
nuclear fraction demonstrated that, unlike the
abundant milk-protein mRNA sequences, the major-
ity of these sequences were associated with the
non-polyadenylated RNA (Fig. 6a). Although in this
instance quantitative estimations were not additive,
possibly a reflection of the experimental approach
(small variations in Rot, estimations may give rise to
apparently significant quantitative differences), it
was apparent that the vast majority of these
sequences were present in the non-polyadenylated
fraction, possibly as much as 90-95%, as only
2 x 103 copies of each of the moderately abundant
sequences could be identified within the two poly-
adenylated-RNA populations (Table 1). Moreover,
the greater proportion of the polyadenylated
sequences was associated with the 'high-salt'
poly(A)-containing RNA population (Fig. 6a), those
sequences with shorter poly(A) tracts.
The distribution of the scarce 'low-salt' poly-

(A)-containing RNA sequences within the nucleus
again demonstrated that these sequences were

predominantly non-polyadenylated. We estimate
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that in total about 20 copies per sequence were
present per nucleus (Fig. 7, Table 1), but that
polyadenylated scarce sequences were present in
only one of every ten nuclei. Analysis of the
distribution of these sequences within the post-
nuclear fraction was less definitive, as only in one
instance, the 'low-salt' poly(A)-containing RNA
population, did hybridization go to completion (Fig.
7a). Determination of this population indicated the
presence of up to 20 copies per sequence per cell
(Table 1).

Discussion

In previous RNA-complexity studies we have
used fractionated cDNA populations to investigate
the relative distribution of poly(A)-containing
mRNA sequences between nucleus and cytoplasm
(Bathurst et al., 1980). Here we have described the
use of cDNA to determine on a quantitative basis
the distribution of polyadenylated and non-poly-
adenylated RNA populations between nucleus and
cytoplasm.

The distribution of the abundant milk-protein

Scarce (3242)

Rots
(mol .-1 s-')

282*

9.04

No. of copies/
sequence per

cell
60-100

18.5

118.2
121.4
64.2

22.5
21.9
0.11
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Fig. 6. Distribution of the moderately abundant 'low-salt'
poly(A )-containing RNA sequences within the poly-
adenylated and non-polyadenylated RNA populations of
the nuclear and post-nuclear RNA fractions of the

lactating guinea-pig mammary gland
cDNA representative of moderately abundant
sequences of the 'low-salt' poly(A)-containing RNA
population was isolated as described in Fig. 4. This
was then used to examine the distribution of
the moderately abundant milk-protein mRNA
sequences within the nuclear and post-nuclear RNA
populations of the lactating guinea-pig mammary
gland. (a) Post-nuclear RNA. cDNA hybridized to:
(i) 'low-salt' poly(A)-containing RNA (a) at RNA
concentrations of 20,ug/ml and 200,g/ml; (ii)
'high-salt' poly(A)-containing RNA (0) at 20,ug/ml
and 200,g/ml; (iii) total post-nuclear RNA (A) at
20,ug/ml and 200,ug/ml; (iv) non-polyadenylated
RNA (A) at 20,ug/ml and 200,ug/ml. (b) Nuclear
RNA. cDNA hybridized to: (i) poly(A)-containing
RNA (0) at 20,ug/ml and 200,ug/ml; (ii) total
nuclear RNA (a) at 200,ug/ml and mg/ml; (iii)
non-polyadenylated RNA (E) at 200,ug/ml and
1 mg/ml.
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Fig. 7. Distribution of the scarce 'low-salt' poly(A)-
containing RNA sequences within the polyadenylated and
non-polyadenylated RNA populations of the nuclear and
post-nuclear RNA fractions of the lactating guinea-pig

mammary gland
cDNA representative of the scarce sequences of the
low-salt poly(A)-containing RNA population was

isolated as described in Fig. 4. This was then used to
examine the distribution of the scarce milk-protein
mRNA sequences within the nuclear and post-
nuclear RNA populations of the lactating guinea-pig
mammary gland. (a) Post-nuclear RNA. cDNA
hybridized to: (i) 'low-salt' poly(A)-containing RNA
(0); (ii) 'high-salt' poly(A)-containing RNA (0);
(iii) total post-nuclear RNA (A); (iv) non-poly-
adenylated RNA (A). (b) Nuclear RNA. cDNA
hybridized to: (i) poly(A)-containing RNA (0); (ii)
total nuclear RNA (U); (iii) non-polyadenylated
RNA (E). All hybridizations were at RNA con-

centrations of 1 mg/ml.

mRNA in the post-nuclear fraction, as assessed by
either cell-free protein synthesis or RNA-com-
plexity analysis, is similar to the distribution
reported by others for the rat (Rosen et al., 1975)
and for the ewe (Houdebine et al., 1974) lactating
mammary glands. It is apparent that bimorphic
distribution between polyadenylated and non-poly-
adenylated post-nuclear RNA populations is a

characteristic feature of the most abundant mRNA
sequences in many systems (Gedamu & Dixon,

1976; Gray & Cashmore, 1976; Hunter & Garrels,
1977; Kaufmann et al., 1977; Ruderman & Pardue,
1977; Milcarek, 1979). The reason for this distribu-
tion remains obscure, but may reflect a role for
poly(A) in the stability of mRNA (see Nudel et al.,
1976; Huez et al., 1978). Consequently, it is pos-
sible that non-polyadenylated milk-protein mRNA
sequences, and those with shorter poly(A) tracts,
may represent mRNA sequences at different stages
of maturation compared with those with long
poly(A) tracts. A shortening of the poly(A) region of
mouse globin mRNA during maturation supports
this supposition (Merkel et al., 1976).
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Such a hypothesis is attractive when we turn to a
consideration of the number and distribution of the
so-called moderately abundant sequences. These
sequences are found in a polyadenylated state on
free polyribosomes (Craig et al., 1979), and prob-
ably represent mRNA sequences which direct the
synthesis of enzymes and structural proteins
required for lipid biosynthesis and the general
maintenance of the lactogenic state of the mam-
mary gland. In toto these sequences are predomin-
antly non-polyadenylated, and may comprise a class
of mRNA sequences which have a high turnover
rate when compared with the predominantly poly-
adenylated milk-protein mRNA sequences.

Substantiation of this hypothesis requires kinetic
analysis yet to be performed on our system.
However, it has been demonstrated that in the rat
mammary gland (Guyette et al., 1979), the milk-
protein mRNA sequences are preferentially more
stable. A similar phenomenon has been reported for
globin sequences in a mouse erythroleukaemia cell
line (Lowenhaupt & Lingrel, 1978).

In spite of the incomplete examination of the
scarce post-nuclear abundance population, it seems
probable that this population is also bimorphic.
Thus, of the estimated 60-100 copies/sequence per
cell, only 20 copies/sequence could be accounted for
in the nucleus, and a further 20 copies/sequence in
the post-nuclear 'low-salt' poly(A)-containing RNA
fraction. Consequently it seems likely that the
remaining sequences will be non-polyadenylated
within the post-nuclear fraction. This is consistent
with observations with a HeLa-cell system (Mil-
carek, 1979), which demonstrated that a con-
siderable proportion of the scarce abundance class
readily hybridizes with the non-polyadenylated
fraction.

Studies on the nuclear distribution of the post-
nuclear poly(A)-containing RNA abundance classes
substantiate our previous studies based on poly-
(A)-containing RNA alone, and confirm that post-
transcriptional mechanisms operate, and thereby
account for the preferential accumulation of the
abundant and moderately abundant sequences
within the cytoplasm (see Bathurst et al., 1980). Our
observation that the vast proportion of all nuclear
sequences contain short or no poly(A) tracts is
similar to those of Spohr et al. (1976), who
investigated the distribution of avian globin mRNA
sequences in the nuclei of avian erythroblasts.
Furthermore, our estimation of 2000 copies of each
abundant nuclear sequence/cell is similar to esti-
mates of ovalbumin mRNA sequences within oestro-
gen-stimulated tubular-gland-cell nuclei (Roop et al.,
1978), a sequence known to be transcribed at an
elevated rate in the presence of oestrogen.

Overall our analyses of nuclear RNA are con-
sistent with the view that, in the lactating guinea-pig

mammary gland, the milk protein sequences and a
separate set of about 30 sequences are transcribed at
an elevated rate relative to the scarce sequences (see
also Bathurst et al., 1980). Each then undergoes
differential post-transcriptional processing, resulting
in one predominantly polyadenylated and one
predominantly non-polyadenylated mRNA popula-
tion.
Our observations imply that polyadenylation may

be a late nuclear event. This assumes that our
suppositions about the differential turnover of the
mRNA sequences are correct, and that poly-
adenylation occurs before transport of processed
sequences from the nucleus to the cytoplasm [see
Houdebine (1976) for a different view]. This last
assumption is substantiated to a limited extent by the
observed incomplete protection of the cDNA probes
by non-polyadenylated nuclear RNA. Whether this
is due to the absence of certain mRNA sequences or
parts of sequences has yet to be established.
However, the situation within the non-polyadenyl-
ated nuclear RNA population is certainly compli-
cated. We have based our analysis and subsequent
quantification on single-component curves. Addi-
tional analysis using individual cDNA sequences, as
opposed to multiple-component abundance groups,
may well demonstrate that the situation within this
fraction is indeed more intricate than we have
portrayed. However, immaterial of the outcome, the
overall conclusions outlined in the preceding para-
graph remain unaltered.
Our studies demonstrate that the accumulation of

those sequences pre'sent in a polyadenylated form in
the lactating guinea-pig mammary gland is a function
of both transcriptional and post-transcriptional
regulation. We have yet to establish whether there
exists in the mammary gland an additional mRNA
population, exclusively non-polyadenylated, as has
been described for several tissues and cell lines
(Grady et al., 1978; Chikaraishi, 1979; Milcarek,
1979; Van Ness et al., 1979).

We are grateful to Mrs. D. Mcllreavy and Mr. D.
Parker for skilled technical assistance, and the Medical
Research Council and the Wellcome Trust for supporting
this work. Avian-myeloblastosis-virus reverse transcript-
ase was the gift of Dr. J. Beard and Dr. J. Gruber.
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