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~ . . ABSTRACT . =~ . . .
Two chatacteristics of the. polyadenylation of mRN\rfrom;

rat mammary gland at seﬁeral developmental stagés were studied:

1. The length of poiyfAT:tracts in peiy(A)+>RNA; 2. The distrib-

ution.of two types of milk protein mRNA eequences - 98 whey

protein and-15S casein - between- poly @a)7 and poly(®)” RMA frac-s

tions. This was determined by hybrldlzatlon of these RNA frac-

tions to cDNA probes prepared from mammary 9S8 and 155 mRNAS.

Poly (A) tracts from alil- glands studied had 51zes ranging from

25 150 nucleotldes. Tracts from 8 day pregnant gland showed

a unimodal. distribution with a” peak at 80 residues, but by 16

days of gestation the proportlon of smaller poly(A) tracts was
increased. At 7-8 days and 11-15 days. of 1actat10n, a bimodal
poly (A) tract dlstrlbutlon was “found with 51ze pedks at 40-45
and 80 resmdues. tn involution the smaller size class was
being lost, It was concluded that a specific poly @A) 51ze class
appeared 1n the gland during peak activity. The dlstrlbuthn
of the 95 and 155 mRNA sequences between mammary poly(A) and
poly(A) RMAs was determinéd for five developmental stages-
both sequences exhibited a similar trend. At 7-8 days of lac-
tation, levels of. the poly(A) mRA were low {about 6-10% of
total sequence) but.in early preénancy and, involution this
level appeared to be larger (up to 60-65%)., It might be con=-
cluded that there are significant ehanges in the proportions
of poly@k)+ and poly(A) 95 and 155 mRMAs during gland devel-
opment; however, this statement must be made cautiously since
these measurements exhibited high variation'and production of
high levels of polyG\)_ RA due to the artefact of RNA degrad-
ation is difficult to disproves This study‘hae shown that:
the proportion of poly(A) 15S casein MRNA present in the rat
lactating mammarngland is lower than reported previously, and
that 98 whey protein mRNA shows a 51mllar dlstributlon bet-
ween poly. (A) and poly(A) RMA s,
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INTRODUCTION

The central dogma of biochemistry states that mRNA mole-
cules direct the production of ,protein molecules as specified
by the precise base sequenées contained within the genomic
DNA. Thus mRNA provides an essential link between the here-
ditary information contained with a cell and its expression.
A good understanding of the process of gene expfession and
its control must involve detailed knowledge of the structure
and broperties of mRNA molecules and the means by which syn-
thesis (transcription) and use (translation) of mRNA is
controlled.

A1l RNA molecules consist of ribonucleoside monophosphates
linked by 5'-3' phosphodiester linkages , but mRNA molecules
bear particular characteristics apparently not shared by

other RNA species (1). Mature mRNA molecules contain both

. coding and non-coding regions; for each molecule the former
dirxectly specifies the primary sequence of a specific poly-
peptide.according to the genetic coge while non-coding regions
function as regulatory sequences and determine the reading
frame of the coding sequence. Specific mRNA characteristics
include: a 'cap' structure consisting of a 7 methyl guanosine
residue (m7G) at;;;hed in a 5'-5' triphosphate linkage to the
5' terminal nucleotide and a homopolynucleotide sequence com-
posed entirely of adenosine monophosphate (AMP) residues and

attached to the 3' terminal of the MRNA molecule. This sequence



of AMPs is usually referred to as the poly(A) segment or
poly (A) tail - due to its positipn in the molecule. It is
this property of mRNA molecules which is the subject of this
study. This introductory review will describe current know-
ledge ofwthe prevalence, broperties and possible function of
poly (&) cﬁains and should provide a framework for the inter-'
pretation of the experimental data presented in this thesis.
The existence of poly(A) rich RNA was first proposed by
Edmondg and Abrams {(2). They reported the ability of a par- .
tially purified enzyme preparation from calf thymus nuclei
to incorporate ATP into polynucleotide; the enzyme preferred
-ATP over other nucleos}de triphosphates and produced poly-
nucleotides linkéd by 3'»5' phosphodiester bonds. This work
was later recognized as the first report of the enzyme
responsible for poly(A)\;ynthesis, poly(A) polymerase. Nine
years later, Edmonds and Caramela (3) reported the isolation
and characterization of AMP-rich polynucleotides from Ehrlich
ascites cells. This report is a miles£one in poly(A) research
since it introduced several methods which have become standard
tools in this area. For example, AMP-rich polynucleotides
were éeparated from total cellular RNA using an affinity resin
of polytﬂymidylate oligomers attached covalently to cellulose.
The basis of this separation is described later {see Yoligo (4dT) -
cellulose affinity chromatography"). The AMP-rich polynucleotides
purified from Ehrlich afcites cell RNA were heterogenous in
size, having sedimentation coefficients ranging from 4s to 18s.

RNase Tl treatment (which cleaves RNA molecules at guanine



nucleotides) remowed much of the higher molecular weight material
but the smaller polynucleotides remained; this observation
suggested that at least soﬁe of the AMP-rich segments were
covalently attached to heteroribopolynucleotides. The use of
RNases A and Tl' which cleave RNA molecules specifically at
pyrimidine and guanine nucleotides respectively, has become a
standard precedure for isolating poly(A) sequences from RNA
molecules. RNase T2 treatment or gon—specific alkaline
hydrolysis cleaves poly (A) segments. Thus the presence of
poly(A) chains within ribopolynucleotides is indicated by the

presence of sequences resistant to RNase A and RNase T, treat-

1
ment, but susceptible to RNase T2 }4—5).

In 1970, Lim anqjganellakis (7} found a polypurine seduence
highly enriched in aéenine, in rabbit reticulocyte mRNA but thds&,—~
polypurine sequence was not associated with 186 and 285 rRNA, nor
with 55 RNA. An adenine-rich sequence was also associated with
duck globin mRNA (8). Lee et al.discovered AMP-rich poly-
nucleotides in rapidly-labelled polyribosomal RNA (mRNA} obtained
from mouse Ehrlich ascites cells {9). At that ti'me, poly&) -rich
sequences were alsc found to be associated with several viral

\“\_ .
mRNAs : eg. Vaccinia, Herpes Simplex, SV40 and VSV mRNAs (10).

Since.these initial studies, most mRNAs have been found to
contain poly(A) chains; orgénisms which exhibit this mRNA
characteristic include yeast, the simple'multiceilular organism
Volvox (11}, the cellular slime mold (12), séveral plants

including pea and cotton, sea urchin embryos (13) and tissues

of higher organisms, e.g. Hela cells and rabbit brain. Even



mammalign and insect'mitoéhondrial mRNA molecules
apparently-bear poly(A)‘sequences. For a comprehénsivé
listing of the occurrence of poly(A) in living organisms,
see Karpetsky et al.(1l0).

There has been some controversy over. the occurrence of
poly (A) in prokaryote RNA., Perry et al.(l4) were unable to
detect any poly(A) associated Qith E. coli polysomal RNA, but
three years later researchers did detect poly(A) in certain
prokaryote RNAsunder;specified conditions. E.coli poly(h)+
RNA has been .isolated (15), and poly(A) sequences were found

associated with Caulobacter crescentus RNA (16) .and with

sporulating Bacillus subtilis mRNA (17). The poly (A) assoc-—
iated with prokaryote mRNA did appear to be generally shorter
in length than that present in eukaryoté mRNA (compare 10-45
residues with up to 200). Recently, Gopalakrishna eEEal.(la)

isolated@ RNA from Bacillus brevis and E. coli by a single-step

procedure andldetected poly(A)+ RNA bearing pgly(A) sequences
of.much greater length than found previously in prokaryotes.
They suggest that the inability to detect poly (&) and the
shortness of the poly(A) sequences isolated from prokaryotes
in earlier work could be an artefact of the isolation procedures
employed.

In summary, poly(A) segquences are associated with RNA
from a wide variety of organisms, and they appear to be
ﬁbiquitous components. All the available evidence suggests
that poly(A) 'sequences are associated with mRNA and its

precursors, but not tRNA or rRNA (11,19, 20). Advances in

LY



s . B
RNA purification procedures, based to a large extent on the
poly(A) content of RNA, have enabled researchers to produce
highly purified mRNA préparations. 'Several high abundance
mRNAs from specialized tissues are kngzn to be polyadenvylated;
these include mRNAs dlrectlng synthe51s of hen oviduct oval-
bumin (21), trout testis protamines (22), rat a- lactalbumln
(23), rat caseins (24), a-, B- and Y-actins (25), rat albumin
(26), embryonic chick myosin heavy¢Ehain (27), soybean
leghaemoglobin (28) and rabbit globin (7). A notable excep- %
tion are HeLa cell histdne mRNAs which do not contain poly (A)
chains (29).

The finéing thag‘poly(A) sequences are an integral part
of mﬁNA molecules suggested that their origin was closely
associated with mRNA synthesis. A high pgrcentage of Ehrlich
ascites cell poly(A) was found to be in the nucleus (3)
and an enzyme capable of poly(a) synthesis had been demonstrated
in calf thymus nuclei (2). A nuclear origin of eukaryote
poly (A} is strongly supported by studies on HeLa cell mRNA
synthesis. Hela (cell, hn RNA (heterogeneous nuclear) was
shown to contain poly(A) chains of similar sizes (150-200 res-
idues) to tﬁose associated with cytoplasmic mRNA, but poly(A)
was not present in nucleolar RNA which is thought to consist
essentially of rRNA (30). On the basis19f pulse-labelling
experiments using [3H] adenosine, Darnell et al. suggested
a precursor/product relationship between hnRNA poly () and

mRNA poly (A) (31, 32).



« A. concentration of the drug, actinomycin D,
which inhibited over 90% of hnRNA aﬁd mRNA synthesis, inhibited
poly(A) synthesis only 60-75%. Actinomycin D apparently had
an immediate effect on hnRNA synthesis but a delayed effect
on poly (A) synthesis:‘it was concluded that poly(A) §ynthesis
is partially indepéndent of transcription (31). The drug
cordycepin (3'-deoxyadenosine) suppressed [3H ]-uridine
labelling of mRNA but not that of hnRNA (33); [°H]-adenosine
labelling of both hnRNA and mRNA in the presence of cordycepin
caused a preferential reduction in poly(A) labelling compared '
to that observed in the absence of the drug (31). To explain
these observations it was proposed that c;rdycepin interfered
with poly(A) synthesis specifically by acting as an adenosine ’
analogue. Jelinek et al. have shown thét cor@ycepin
inhibits nuglear synthesis of HelLa cell ﬁoly(A) (34).

On the basis of studies like those described above, it
has been proposed that mRNA is synthesised as large precursors
(hnRNA) by transcription of nuclear DNA, and nuclear mRNA
maturation, {(now known to include polyadenylation, capping
and shortening of the transcripts) occurs before transport
of mature mRNA to the cytoplasm (34). Nucleocytoplasmic tran-
sport may require, or be regulated by, the poly(A) chain
(see "Possible Functions of Poly(A)"); More recent studies
on specific mRNA sequences support this scheme; a 159 poly(A)+
globin mRNA precursor has been detected in chick red blood

cells (36). Molloy and Darnell (37) have compared the poly (A)



chains of HeLa cell hnRNA and mRNA after isolation using just
RNase Ty, In both cases, the poly (A) chain contained about 195
adenylate résidues, two uridylate residues and one or two
cytidylate residues. This suggests nucleotides adjacent, to

the poly(A) chain are similar for mRNA and hnRNA, and this is

again consistent with the proposed product/precursor relation-
ship. )
There has been some disagreement on the exact timing of
nuclear polyadenylation and whether all nuclear poly(A) is
exported to the cytoplasm, EVidénce pertaining to these issues,
as they relate to possible poly (A) function is discussed later.
'However, it is now accepted that hnRNAs are precursors of
mRNAs and that poly(A) tracts are a component of both types
‘of moleculeé. With the exception of the histone mRNAs, poly(A)+
RNA became synonymous with mRNA (38) ana meﬁhods for mRNA
purification have taken advantage of the ease with which
one can selecf for the homopolynucleotide, poly(A). Relatively
non-specific resins, e.g. cellulose nitrate and millipore
filters, which were used previously for mRNA purification (39, 40)
have been replaced with more specific affinity resins:

oligo (dT) ~cellulose and poly (U) -sepharose,.



Poly (A} Affinity Chromatography

(i) ©Oligo (d7)=cellulose

ke
This resin consists of cellulose bound covalently to

oligodeoxythymidylate sequences 10-15 residues in length.
The use of this resin to purify globin poly(A)+ MRNA was
first fully described in 1972 (41). Briefly, a total reticulo-

-~ -

cyte RNA extract was a@plied to an oligo(&@)céllulose column

in binding buffer containing 0.5M KCl. At 0.5M KC1l and room

temperature poly(A) :oligo(dT) hybridization occurred and
poly(A)+ RNA was selectively retained by the column; other
RNA components were washed through in the pinding buffer.
After an intermediate column wash with 0.1M KCl1l buffer, poly(A)+
RNA was eluted with a "no salt" buffer,

Although the procedure for poly(A)+ m%NA purification using
oligo(d?)—cellulose always follows this basic protocol, many
modifications have been reported. In some cases, the inter-
hediate salt wash is omitted (42), and sometimes SDS(0.1-0.5%)
is included in the buffers, either to 1imit RNase activity or
pessibly to reduce non-speéific RNA binding to the resin (43).
Hames and Perry used an application’ buffer which contain-
ed 0.1M KC1 and 0.1% sarkosyl, a detergent similar to SDS (44).

The optimal use of oligo(dT)~cellulose resins has been
investigated. Mercer and Naora (40) showed that the cellulose
itself could bind significant amounts of rRNA and syn?hetic
poly(A); this binding capacity increased with'rising salt

Y
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concentretion; oligo (dT)~cellulose had a 150-fold higher pol}(A)
binding capacity “han cellulose and again pol&(h) binding
increased Qith_risiné salt concentration. The authors showed
however that lower ionic strength binding buffers provide
optimal co;ditions for pelyzk)+‘purification using oligo (4T) -

cellulose since the higher the salt concentration, the greater

.is the proportion of non-specific rRNA binding to the resin.

PolyfA)”ban also be eluted from oligo(dT)—eellulose columns

by increased temperature rabher than by raduced ionic strength,
Temperatures of 50-60° C.,at a salt concentratlon of 0.4M NaCl
were required (40}. A gombination~of increased co%umn tempe}—
ature and reduced ionic strength could also«b; usedl

Bantle et al.” . .demenstrated nonspecific binding of

poly (A)~ RNA to oligo (dT)-cellulose - this RNA was eluted with

f:noly(A)+ RNA at low ionic strength (45). Furﬁhermore, strong

non—specffie binding of poly(A)+ RNA, which is not disrupted
by normal elution procedures, was detected Both types of
non—specmflc blndlng‘were abolished by prewashlng the resin
with small amounts of RMA. Singer and Penman (46) reduced
non=-specific b%pqifg-of RNA to oligo {dT)-cellulose reeif

by including yeast tRNA with their HeLa cell RNA preparations.

A more indirect form

non-specificngA binding to this resin

can occur if poly(A)+ RNA anf rRENA are allowed to aggregate

before application of a total RNA sample to the resin (45).

A
This results in indirect association of the rRNA wfth

the resin, and contamination of the poly(A)+ RNA eluate with
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* rRNA. This problem can be eliminated by treatment of RNA

préparatidns with dimethyl-sulfoxide and heating which
disrupts RNA aggregates prior to loading on oligo (dT)
cellulose columns. Heatingzof RNA preparatioﬁs at 65-70°C.
for a few minutes before application to affinity resins is -
often used to reduce rRNA contamination of poly(A)+ RNA
preparations (47).

Recently, Ochoa et al, have studied the effects of
ionic strength, salt type, pH and temperature on poly (A)
binding to affinity resins, such as oligo(dT)—celluibse, in
order to better understand the physical forces involved (48},
3\ Despite the minor technical difficulties described above,
efficient poly(A)+ and‘poly(A)- RﬂA separation is obtained
with oligo (dT) -cellulose. Paséage of HelLa cell polysomal RNA
through a single column efficiently separated poly (A) -
containing RNA from ﬁof&(A)" RNA, as measured by the presence
of RNase—resistant‘pdlynucleotide in‘bound anﬁ non-bound

fractions (49). Mercer and Naora obtained highly purified

poly(A)+ RNA after a single passage of total ‘RNA through oligo(4T) -

cellulose; 95-98% of the poly(A)+ RNA rebound auring a second
passage throughléhe column.k40). - °
It‘is not surprising that the strength of poly(A) binding
to dligo(dT)—cellulose appears to depend on the length of the
poly (A) sequenée. Elution of a rabbit globin poly(A)+ mMRNA
from oligo(dT)—cellulose with 0.1M to zero KCl gradient
yielded a discontinuous elutionlof globin mRNA (50). Analy?is

of eluate fractions with a poly (A) assay (using PH]—poly(U) -
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see p.24) indicated a non-uniform poly(A) content; mRNA
containing the larger poly(A) chains was eluted at lower ionic /EP
strength. Rhoads (47) partially ftractionated ovalbumin poly(A)+
mRNA into molecules containing shorter and 1ongér poly (A)
sequences by étepwisé thermal elution of the sample from an
o0ligo (dT)-cellulose column. The poly (U) sepharose resin has
been more widely used to geparate mRNAé-of different poly({a)
chain lengths (see next section).

'Oiigo {(dT)~cellulose can also be used to isolate poly(A)+
mRNP; the bound protein does not generally prevent poly(A):
oligo (dT) interactions but it may alter optimal operating
conditions kSl). Occasionally, oligo (dT)-cellulose is used
in batch-wise procedures rather than in columns (46). The
ability of poly (U)-cellulose to separate pOly(A)+ and poly(A)
RNAS has been examined; it is less selective than oligo (d4T)-
cellulose and is less attractive for routine use since poly (U)
is readily lost from the resin (40).

1

(ii) Poly(U) Sepharose

This resin has been used extensively in mRNA purifica£ion;
hen oviduct ovglbumin and rat liver albumin mRNAs have both
been purified by protocols including poly(U) sepharose chrom-
atographj (21 ,26). More drastic conditions are required to
elute poly(A)+ RNA from ﬁoly(U)—sepharose compared to oligo (dT) -

cellulose. Mercer%gnd Naora (40) found that "no salt" buffer
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was unable to elute more than a small fraction of bound poly (&)
from poly (U) -sepharose even at higﬁ temperatures (75°C.). A com-
bination of high temperature and high salt (0.5M NaCl) did
elute most of the bound poly(A)}. More effective recovery
of poly(A) was obtained by washing the resin with solutions
containing 90% formamide at room temperaturei It is éuggested
that poly(A) and rRNA bind non-specifically to gites on the
Sepharose other than poly(U), and this is responsible for the
difficulty encountered in eluting‘bound RNA from this resin.
This association is abolished only by high ionic strength and
high temperature (consistent with theidea that poly (A} associates
strongly with charged groups other than poly (U} in this resin) (40}.
RNA samples are generéily applied to poly (U) -sepharose
columns in buffers containing 0.3-0.7M NaCl, and up to 1% SDS (52,
21, 26). Formamide concentratioﬁs of up to 25% have been included
in the application buffer (52). Once the rRNA has been removed
by washing, poly (A)' RNA is eluted with 70-90% formamide-
containing solutions (21_,52). Firtel et al. reported

that poly(A)+ mRNA from Dictyostelium discoideum was eluted

from poly (U) sepharose equally well by 70% formamide solutions

at room temperature or by water at 50°C (53), Urea-containing
solutions are also used occasionally to elute material from

this resin (54). Phillips et al. ' have recently'studied

the specificity and sensitivity of poly(A) binding to poly(U)
agarose; poly(U)fsepharose had esseﬁtially similar properéies(SS).
Other polynucleotides (e.g. poly(C) and poly(G)) bound to

the resin at 1% of the level of poly(3a) under their
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conditions. Studies using poly(A)/oligo(A) sequences of
defined length indicated that sequences smaller than iO
-nucleotides long will not selectively bind to the resin; very
small oligo(A) seguences t+herefore cannot be retained and
isolated by this method; Sequences of up to 20-30 nucleotides
in length may not be retained by oligo (dT)-cellulose (56 , 57)
and in this respect, polf(U) sepharose would appear to be

the: resin of choice. @

Poly(U);sepharose has been used.on a number of occasions
to fractionate poly(h)+ RNA into RNAs containing different
lengths of poly(A). Bynum and Volkin fractionated
HelLa cell RNA into six preparations containihg from 0.8 to
19.5% poly(A) by stepwise elution using a discontinuous
KCI. gradient, 1% SDS and 90% formamide solutions (58)., Thermal
elution of rat liver poly(A)+ RﬁA from poly{U) sepharose in
low salt yielded'three RNA -populations varying in poly (A)

chain size (59).

Other methods for isolating poly(A)+ RNA from total RNA
preparations have been reported. Nitrocellulose filters (9)and
poly(U)—imprégnated fiberglass filters hawe been used (60).
Greenberg and Perry (61) used a novel procedure, in which
poly (U) was annealed with the poly () of total ﬁNA and
hybrid-containing RNA was isolated<x1hydroxylapaﬁite ¢columns
which separate single- and double-stranded RNA. However,

the high selectivity and ease of use of oligo(dT)-cellulose
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and poly (U) -sepharose affinity resins makes them the best
available method for isolation of poly(A)+ RNA from total
RNA preparations. These resins are now routinely used in
mRNA purification and RNA fractionation into poly(A)+

and poly(A) RNA.
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CHEMICAYX, CHARACTERISTICS OF POLY (A)

It is now clear that the poly(A) sequence is covalently
attached to mRNA moleculés;denaturing conditions alone are not
sufficient to separate poly(A) from the mRNA molecule (62).
Isolated poly(A) chains have been detected in mRNﬁ preparations
only after enzymatic treatment with RNase A and Tl (5, 62).
Solaé et al (63) claimed the existence of "free poly(d) chains"
in preparations of African Swine Fever vifus RNA,- but these
chains had a very short average length (14 moiecules) and
I believe it possible that they were artéfaéts of degradation.
Several approaches suggest that the poly(A) tract constitutes
the 3' terminal section of the mRNA molecule.

- Early evidence for a 3' terminal location of poly(A) came
from alkaline hydrolysis of [BH}—labelied poly (A} isolated
from Xenopus laevis embryo mRNA by RNase digestion. Digestion
of mRﬁA by RNases A and Tl produces an intact poly{A) chain )
as indicated below:
RNase cleavage
5' == XpAp (Ap) n A-0H 3!

The nucleotide adjacent to the 5' end of the poly(A)

. segquence is removed by RNase Tl if it contains guanine or by
RNase A if it contains uracil or cytosine., BAlkaline hydro-
lysis, which attacks ribonucleotide sequences of the 3’

phosphate residue to yield a mixture of 2' and 3' ribonucleo-
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tide monophosphates, attacks poly (A) thus:

¥

ceses A D Ap Ap A “0OH .
It is clear that since neither enzyme treatment nor alkaline
hydrolysis are capable of producing ribonucleosides, any
adenosine residues present in alkaline hydrolysates of RNase-
isolated poly(A) sequences must have originated from the 3'
terminal‘of the mRNA molecule. Dina et al. showed that

alkaline hydrolysis of Xenopus laevis poly (A) yielded AMP

and small levels of adenosine; they concluded that in this -
system poly(A) is 3'-terminal (61).

Exoribonucleases which act specifically at the 3'
terminus have been used in étudying poly (A) chain location.
Molloy et al, (64) treated both L cell and HeLa cell mRNA
preparations with 3'exoribonuclease andlfound that the rate
of poly (A) hydrolysis was greater than the rate of hydrolysis
of the rest of the molecule. This demonstrated that at least
the bulk of the poly(A) was located nearer the 3' than thg 5'-
terminal. Polynucleotide phosphorylase, which can hydro-
lyse RNA in the 3’ 5' direction, destroyed the poly (A}
sequence of vaccinia and HelLa cell mRNAs quicker than
the heteropolynucleotide portion of these molecules (65).
Furthermore, the enzyme was active on RNase-isolated poly(A),
indicating that this sequence contained a 3'-OH terminal (the

enzyme activity requires a free 3' end).
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[3H]- Labelling of the 3'-OH termini ' of RNA molecules
can be achieved very specifically by periodate oxidation of the
terminal followed by [3H]wlabé11qd borchydride reduction (66 -

68). When HeLa cell mRNA and hnRNA were [3H]-lahelled at their
3' termini by this method, a high proportion of the label was
recovered in the poly(A) sequences obtained from these RNAs (69}.
These experiments suggested that while the majority of these
poly (A} sequences were 3' terminal, a group of short poly ()
éequences,(about 20 residues in length, and present only in
hnRNA) might not be located at the 3' end. These findings
of short internal poly(A) sequences in hnﬁNA were later
confirmed (70). This method of introducing [3H]—1abé1
at the 3'-0OH termini of RNA molecules has also indicated a .

3' end location for poly(A) chains of'polié:}irus RNA (4)
and mouse globin mRNA (71). Other fesearchers have introduced

[32p] -label specifically at the 3' end of viral RNA and

shown this to be incofporated into a 3' terminal poly (3)

sequence (72). In this instance the [32P]—labe1 was introduced

by ligation of [5'-32P]—labe11ed CT? to RNA using T

-

4
RNA ligase.

Although poly (A) seguences are generally regarded as 3'
terminal, occasional exceptions to this rule have been reported.
The existence of short internal poly(A) in HeLa cell hnRNA
has already been mentioned. Studies of poly(A) from Sendai

virus mRNA have suggested that although this poly (A) tract
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is located at the 3' terminal, the mRNA molecule is "masked"
or "blocked" at the 3' end and is thus insensitive to poly-
nucleotide phosphorylase degradation (73). It is ppssible
that mRNA secondary structure may héve caused this resistance
to enzymatic attack.

The 3'- terminal location of poly(A) chains has enabled
development of "in vitro" methods.to specifically remove
poly (A) from mRNA molecules. Purified polynucleqtide phosphory-
lase, at appropriate tempefétﬁre and pH, selectively remers
poly {(A) from poly(A)+ RNA and leaves the hq&grogeneous portion
of the RNA molecule intact, (74 ,75). In an alternate method,
the poly (A) chain is ahnealed to o0ligo (dT); the resulting
hybrid can be selectively removed by an RNase specific for RNA-
DNA hybrids, e.g. RNasé H (76).

It is also possible to synthesise poly(A) chains onto
RNA 3' termini in vitro using ATP and the enzyme ATP: poly-
nucleotidylexotransferase (77 ,78). Such in vitro methods
for poly(a) removal from mRNA and poly(A) addition to RNA
primers have proved to be valuable tools in the study of poly (A)
function (see "Possible Functions of Poly(A)").

RNase T, digests of poly(A) chains usually consist
only of adenosine monophosphate and small amounts of adenosineL
The presence of a modified nucleotide has been detected in
one instance, i.e. in maize poly(A)+ RNA (79). This modified

nucleotide was present as a dinucleotide which resisted
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RNase T, digestion, and it was tentatively identified as an
adenylic acid derivative containing 2'-0-methyl ribose. This

modified nuclectide was i

internal position in the poly (A)
chain. b |
This last observation eMphasises one potential criticism
of the RNase®digestion method us for poly (A) seguence
isolation. If paly(A) sequences co d single nucleotides
or oligonucleotides of guanine, cytosine or\uracil within

their structure, these nucleotides would be removed during dig-
estion and long poly(A) sequences interspersed with other
nucleotides would be detected) as smaller homogeneous sequences,
At present there appears to b€ no satisfactory means of
~overcoming such a difficulty. In a later section the presence

of oligo (U) tracts in certain mRNAs will be discugsed(
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POLY (A) TRACT SIZE

One of the earliest methods used to determiné the gize of
poly (A) tracts was to detérmihe the fraction of the mRNA _
molecule consisting of poly(A). Poly(A) can be detected and
quantitatively assayed by its resistance to RNase degradation
or by hybridization wifh [3H]—p01y(U) (described below). The
size of a mRNA molecule may be determined readily by gel
electrophoresis or sedimentation. From a knowledge of the
proﬁértion of poly.(A) in the mRNA molecule and mRNA size,
the poiy(A) Fract lengfh can be eséimated. By this method,
the poly(A) tra of purified Encephalomyocarditis viral RNA
was estimated téﬁbe 38 nﬁcleotiées long (80) and several
preparations of human reticulocyte globin mRNA wefé shown to
contain poly(A) tracts up to 120 nucleotides long (81). The
drawback to this method is that only an average poly () size
can be determined for each mRNA preparation and no indication
of poly{A) size range is provided.

Other methods of sizing rely on isolation of poly (A)
tracts from mRNAs using RNAses A and Tl; these two enzymes
cleave phosphodiester bonds of polynucieotides at pyrimidines
and guanines, and therefore treatment of poly(A)+ RNA with a
mixture of these enzymes digests the entire molecule except
for the poly A} tracts, After such digestion of poly (A)+ mRNA

prepafations, the remaining poly(A) tract may be isolated and

1



4
- 21 -
t

sized by standard procedurés. RNase digestion of poly(A)+ mRNA
is performed at 37° C at high ionic strength (0.1-0.3M NaCl) ;
a relatively high salt concentration is needed to maintain
enzyme sﬁezz?icigy and prevené poly(A) degradation (82 ,83).
Poly (A) tracts have Been recovered from the digestion mix
by ethanol precipitation using E. coli tRNA as carrier (82)
(84) or by phenol/chloroform extraction in 1% SDS followed by
gel filtration (85). In some instances, pol&(A) chains have
been isolated by passing the digestion mix through oligo (dT)-
cellulose or poly (U)-sepharose affinity columns (83 ,86)}. One
criticism of this method of recovery is tﬁat it might result
in loss of any short poly(a) tracts (less than 15-20 nucleotides)
released by the digestion; they would not be retained by these
resins and would be lost from the poly(A) tract preparation.

Alkaline hydrolysis of isolated poly (A) tracts causes
release of adenosine monophosphate and small amounts of
adenosine representing the 3' terminal residue (see p. 15).
Since each poly(A) chain can yie}d only one adenosine residue
on hydrolysié, the molar ratio of adenosine monophosphate:
adenosine is a measure of average chain length. Using this
nethod,yeastnﬁtochondrial RNA was shown to bear poly (A)
chains of average féngth 20-28 nucleotides (86) and Xenopus
laevis embryonic mRNA contained poly (A) sequences of 75-100
nucleotides (6). The drawback to this approach is that it

vields only average values.
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Darnell et al. assessed the actual distribution of Hela
cell poly(A) tract length by sucrose gradient centrifugation (32).
The most practical method for sizing of poly(A) tracts, and
the oﬁe now usually employed, is polyactrylamide disé gel
electrophoresis. This procedure has been fully described
elsewhere (85, 84). A potential hazard in the assignment of.
size to poly(A) tracts on the basis of their mobility .on’
polyacrylamide gels is the. finding thatpolf(A) exhibits
anome lous béhaviour on such gels compared to heteropolynucleo-
tides such as 4.5 and 5S RNAs, i:e. poly (A) migrates much more
slowly than RNA of a similar size (87, 88)., Accurate estimates
of the length of poly(A) tracts therefore require comparison
with synthetic poly (A) sequences of ﬁnown length, and if 45
or 55 RNAs are used as size markers a considerable adjustment
is necessary, otherwise the length of the poly(A) tracts
will be overestimated (88). Early measurements of poly(A)
tract size did use heteropolynucleotides as size markerg (7, 8
30), and the aécuracy of these resulgs is now in question.

In these sizing experiments, poly (A) detéction is
facilitated by the incorporation of radioisotope into poly (A)
- prior to electrophoresis. Several methods by which radioisotope
may be iﬁtroduced iBto poly(A) are described in “4he following

section. . ﬁ
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METHODS FOR DETECTION OF POLY (A)

In general, the amounts of poly(A) sequence available

..from mRNA preparations are too small to be detectable by ultra

violet.absorbanée at 260nm. This problem is usuallyugyeréome

+ L,

by introducing radiolabel into the poly (A) either igfﬁivo or
in vitro.. - . .
Vournakis et al. (89) isolated 32P—labelled poly (A) from
silkmoth chorion protein mRNA after in vivo~32P—labelling of
- ‘
RNA; poly(A) sequences of 10-60 nucleotides were detected.-

In wvivo 3H—labelling of globin mRNA poly(A) using [3 }~adenosine
.

- has also proved successful .(83). When the poly(A) sequenc \\\
N

is isolated from unlabelled mRNA, there are several ways fo Y
introduce a radioisotope label into the poly{(A) chain in Vvitro.
The periodate oxidation - borohydride reduction method

has already been menticned as a useful method for introducing

[3H]-labe1 at the 3' end of a poly(A) tail. Mondal et al

“(90) used this procedure to label poly(A) of chick embryo

myosin heavy chain mRNA; this sequence was found to be 170

nucleotides long. Poly (A) sequences may also be labelled

at their 5' terminus; Negruk et al. introduced 32P--label into

poly{A) from Barley Stripe Mosaic Virus RNA using [7—32P]—ATP

-

and polynucleotide kinase. This poly(A) ranged in size from 8 to

3

30 residues (91}. { 2?]—label can be introduced at the 3'

terminal of RNA using T, RNA ligase and [5'-32P]pCp (72);
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this label is resistant to removal by RNase digestion. Arendes
et al. introduced { H]—label into isolated poly{A) tails by
methylatlon with [ H]-dlmethyl sulfate- it was claimed that
methylated pol§%&) migrated in an identical manner to nonwmethyl—
ated poly(A) and by is method poly(A) of rat liver mRNA and
mouse L5178Y cell mRNA was 150 nucleotides long (92).

A widéiy'u thod for detection of poly (A) éequences,

and one which can]be used in conjunction with poly(A) sizing, is

the [3H]—poly(U) assay, first described by Gillespie et al. (93)

and later developed Ly Bishop et al.(94). 1In is assay, pély(A)

is allo&ed to anneal with a molar excess of ["H]-poly(U);
unhybridized [3H]—poly(U) is then removed by digestiop with
RNase A. 'Résidual hybrids are precipitated, fil ’ and measured
by liquid scintiilation counting.- Since.[BH]—poly(U) is present
in excess, all the poly(A) in the aésay is ﬁ&bridized, and the
amount oﬁn[BH]—label protected from RNase digestion is a direct
guantitative measurement of the leveis of poly(Ai présent. Under
- the annealing conditions of this assay both poly{rA) and poly (da)
chains are detectegf‘ Fornexample, Bishop et al. (94) noted low °
levels of binding of poly (U} to duck DNA, présumably'due to the
presence of poly(dA} sequences,and Gillespie et al (93)

have suggested that RNA preparationé containing significant
amounts of DNA should be treated with DNase as well as RNase

during the poly (U) assay so éé\fo eliminate any contribution

of the DNA to poly (rA) méasureméﬁts.

' )
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Since the developmeﬁ; of the [3H]-poly(U) assay, it has
been uéed extensively in poly(A) research. It has found
apﬁlication in determining’the in vivo subcellular location
of poly(A) sequences (in situ hybridization (95)) and in
guantitative measurements of poly (A) in RNA preparations (24)
(76) . Its ease of use makes it particularly uséful for
detection of poly(A) in sizing experimegtstaftergel electro-
phoresis and elution of gel slices)rit/has'the'further advantage
that it dogs not require the introduction of label until aftef

electrophoresis and thus the size of the poly(A) molecules is

' unaffected by the introduction of radioisotope. In lieu of in

vitro 1ab%lling of poly(A), the [3H]—poly(U) agsay is the

method of choice for detection of poly{A) sequences.

Poly (A) Shortening In Vivo

The studigs on poly(A) sizing described above show that
this mRNA characteristic can vary in length widely from one
species to another. A further complication wﬁich has been
discovered from.suchistudies is that poly(A) size can change
during the lifetime of a mRNA molecule. Pulse-labelling and
pulse-chase labelling of HeLa cell mRNA using [3é]-adenosiﬁe
suggested that once a mRNA molecule reaches the cell cyto- o

plasm, its associated poly(RA) sequence is continually‘éhort-

ened (96). Most of the evidence supporting poly (B) shortening
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/ﬁgg\bqge from studies on globin mRNA. |
Gorski et al. found . that globin mRNAs gxhibited

diﬁfgrent'affinities for oligo(dT)-cellulose and millipore
.filters-and‘that this was due to poly(a) heterogeneity (56).
Three poly(A) size classes of lengths 35—45,'55—65 and
_ 75;120 nucleotides were detected. 95% of thgir mMRNA prep-
arations contained poly(A) chains ﬁith lengths of 65
nucleotides.or less {56 ,97). The kinetics’gf %5 vivo
I32P]—1abelling of mouse globin mRNA indicated that the ‘)
smaller poly (A} chains originated f£rom the iarger ones by ’

a shortening process (985. Merkel et al. found that

while pely(A) chains from newly synthesised globin mRNAs of
nucleated erythroid mouse spleen cells were 150 molecules

in size, those of globin mRNAs from circulating reticulo-
cytes were only 40-60 nucleotides long (83). Similar obser-
vatiens were made for rabbit globin mRNA, although the

actual size of the poly(A) sequences were different (85). These
resu{ts suggest that poly(A) shortened QithAage. Other studies
on the poly (&) of "old" and "new" mRNAs of different

organisms also support this hypotﬁesis, e.g. fhxsarum (99),
Chironomus (100) and yeast (101, 102). Egyhaziet al. (100)
prpébSed,that poly(A) shortening was not age-dependent but

was a stochastic process,

There is evidence to suggest that poly(A) shortening
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is a discrete process involving endonucleolytic removal of
poly(A) (103), possibly in 10-20 nucleotide increments (104).
It is also possible that some polftA) shortening occurs hy
an exonucleolytic process (see p.38 for description of a
poly (A) ~specific exonuclease). |

Although Sheiness and Darnell (96) initially suggested
) that HeLa cell mRNA poly(A) shortening was not prevented by
mRNA translation inhibition, they later reported that
the translation inhibiter ‘emetine inhibits.both mMRNA turnover
and poly(A) shortenihg (103). It was therefore inferred that
poly (A): shortening could be a consequence of mRNA translation. ¢

J‘J
Amino acid deprivation of a strai? of Neurospora crassa to

.

the extent that protein synthesis“ithin the organism was
geverely restricted, resulted in aw§qulation of poly(A)+
mRNAS with’ largexr and more heterogen;;bs poly(A) seguences
compared to tho%e of growing control ﬁeé@\mRNAs. It was
again concluded that poly(A) chain shorfen%ng might be
associated with mRNA translation (105). ‘

Poly(A) shortening-appears to be a JEﬁﬁqn obcurrence
and probably occurs in most living systems. The significance
of Poly(A) size and shortening and their relation to poly(ﬁ)
function will be discussed later. (see "Possible functions

of poly(a)"). ‘
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THE EXISTENCE OF NON-POLYADENYLATED mRNA

Research by Darnell and associates in the early 1970s
on HeLa cell mRNA suggested that all mRNAs of these cells,
with the sole exception of histone mRNAs, bore a poly(A)
tail (38). The subsequent finding that poly(A) segquences
were associated with aglarée number of mRNAs of other tissues
and species strengthened the hypothesis that poly(A)+ RNA
and mMRNA were synonymous; poly(A)" RNA was thought to consist
entirely of ﬁon-messanger RNA {(e.g. rRNA, tRNA) and the
histone mRNA se;uences. |

‘It has since been recognized that poly(A) mRNA does
exist. It is defined as mRNA which does not bind to oligo(dT)-
cellulose or poly(U)-sepharose affinity resins and which
therefore lacks poly{A) sequences longer than 10-20 nucleotides
in length. This‘absence of poly(A) has, in some cases, been
verified using the [3H]-poly(U) assay. The possible existence
of poly(A) mRNA in HelLa cells was first suggested by the
pattern of [3H]—adenosine incorporation into poly(A)+ and
poly(A)  RNA under conditions which inhibited rRNA synthesis.
Milcarek et al. (106) found that poly(A) RNA and poly(A)+
RNA were labelled with similar kinetics, and had similar
sedimentation profiles; furthermore poly(A)“ RNA was

associated with polyribosomes but behaved like mRNA in

being released ‘from polyribosomes by EDTA or puromycin
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treatment. It was concluded that up to 30% of HeLa cell
mRNA was not polyadenylated, and this fraction was too large
to consist solely of histone mRNAs. Since cDNA prepared from
poly(A)+ HeLa cell mRNA did not‘hybridize significantly

with poly(A) RNA, it appeared that these two mRNA popul-
ations contained essentially different sequences.

Although there were valid objections to the work of
Milcarek et al which stemmed from the use of S-flhorouridine
to specifiéally inhibit rRNA synthesis, poly(A) mRNA was
also detected in mouse L cells (107) and in sea urchin
embryos (108) by different approaches.

The sea urchin embryo has been a useful system fo; study
of poly(A) mRNA, since after fertilization mRNA synthesis
is initiated but rRNA synthesis is delayed, Pulse chase
labelling experiments therefore result in labelling of poly
(A)* and poly(A)” mRNA, but not rRNA. These studies showed
that sea urchin embrfos contain two forms of non-histone mRNA,
poly(A)* and poly(n) , and these mRNAshave similar turnover
rates (P8) . Studies on whether or ngl similar sequences
are contained in poly(A)+ and poiy(A)- mRNAs of sea urchin
embryos have been performed by two methods; hybridization
of both mRNA preparatiohs to cDNA prepared against poly(A)+
mMRNA and electrophoretic analysis of the in vitro translation
products of both mRNA prepar;tions.

. Two studies, by the first and second methods re3pectively,
‘indicated that poly(A)+ and poly(d) mRNAS consisted of

essentially different sequences (108 ,109), while two otherga
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investigations--suggested that there was complete sequence
overlap between these mRNA populations (110, 111). Contra-
dictory results have been cbtained in other systems too, '
e.g9. HeLa cells. Kaufmann et al, (112) have suggested that the
interpretation of hybridization measurements between cDNA
(prepared from poly(A)’ RNA) and both poly(a)? and
poly (A)  mRMNAs is unclear; qualitative comparisons of these '
populations are therefore best performed by analysis of
thetr translation products. By this method, Kaufmann et al.
showed that a small number of proteins are produced only
by poly(A) mRNA, a larger number are made by both mRNA
populations and most proteins are produced by poly(A)+
mRNA only (112)., This result has since been supported by
Milcarek (113).

Poly(A) mRNA has now been identified in many systems,
particularly in mammalian tissues, but mRNA population
sbudies have yielded no clear trend with respect to the

distribution of coding sequences between poly(A)+ and

poly (A)  mRNAs. Extensive and possibly complete overlap

of coding géquenées between poly(A)+ and poly (A) mRNAs e
was reported for mouse kidney (114) and AXR mouse embryo
cells (115). Specific sequences did not pecessarily occur
with similar frequency in the two populations. Moffet and
——

Doyle (116) divided mouse liver mRNA sequences into three
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classes: those specific to poly(A)+“mRNA, a small numberlspe—
cific to poly(A) mRNA and those which are found in both
mRNA populations. Translation studies suggested a similar
pattern in rat ascites hepatoma cglls (117) and in rat
brain (118), Up to 60% of pea seedling leaf polysomal
mMRNA was poly(A)— {119) and poly(A)+ and poly(Aj- mRNAs of
pea seedling translated into similar major polypeptides.
Cellular slime mold mRNA 9xisted in poly(A)+ and ﬁoly(A)_ forms;
there was much sequence overlap between these mRNA populations
with actin-as a major translation product 3£;poth (12).
Several highly abundant mRNAs coding for specified
proteins exist in poly(A)+‘and poly (A) forms. Up to 60% of
lactating rat mammary gland casein mRNA was ;eported to
be poly (A) {42) and a-lactalbumin mRNA existed in poly(A)+
and‘poly(A)* forms in the lactating human mammary gland
(120). Only 70% of hen oviduct ovalbumin mRNA was retained
by poly (U) -sepharose, i.e. 30% of this mRNA was poly(A)— (21).
Similarly 20-25% of rat liver albumin mRNA was pply(A)_ (26) .
The parsley plant mRNA coding for phenylalanine ammonia
lyase has also been reported to exist as poly(A)+ and poly(A)
mRNA (121).
Studies‘od the polyadeﬁylation of trout testis péétamine
ﬁRNA are of special interest since protamines replace histones
in the chromatin of trout sperm cells:during development.

Three different protamine polypeptides have been isolated
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and all three were encoded in pbly(A)+ and poly{A) mRNAs
(22, 122). A cDNA prabe, prepared against highly purified
poly(A)+ protamine mRNA, was used to measure the distribution
of poly(A)+ and poly(A) forms of the mRNA in three subcelluld{\x
compartments of trout testis cells: nuclei, polysomes and
\\postribosomal supernatant (123). Poly(A)_'protamine mMRNA

constitutéd less than 10% of total cellular protamine mRNA.
In‘the nucleus, almost half of the protamine mRNA sequenceé
were poly (A) , possibly due to the presence of incompletely
processed sequences. 1In the cy£oplasm, levels of poly{a)
prptamine mMRNA were much‘lower than thoée'of the polykA}+
form (<10%) but while the latter was distributed evenly
between polysomes and postribosomal supernatant, the poly(A)
form was almost entirely in the polysomes. Pufification of
poly(A) protamine mRNA has been achieved'(76). Protamiﬁe
MRNA is one of thle few mRNAs which has been puriﬁied in a
poly (a) form: |

It is worthy of note that althoﬁgh histone mRNAs are
generallywnonpolyadenylated, reports of the existence of
poiy(A)+ histone mRNAs in amphibian oocytes;(123aL123b)and
chick exrythrocytes (l23c)have been made.

The significance of the exis;ence of poly(A)“ mRNA
Ls quite unclear. Since poly(A) chains associated with

~

several mRNAs are shortened with timé, it has been suggested
3 <o
that poly(A) mRNA arises from poly(A)+ mMRNA by complete

loss of the poly(A) sequenaﬁ. In agreement with this,



Zimmerman et al. (124) have reported that Drosophila poly(A)

_PRNA is present in a polyadenylated form in the nucleus.
Iatrou and Dixon (123) have proposed that all protamine

mMRNA is initially polyadenylated but during translation,

the poly (A) eequence is gradually shortened until it is
eventyally lost and then the resulting poly(A) mRNA leaves

the polysomes and is probably rapidly degraded. This would
explain eome of their findings with respect to the sub-
cellular location of poly(A)+ and poly(A) protamine mRNA,

This theoryrwould not explain the existence of mRNA

sequences which predominantly exist in a poly (A). form,

(e.g. moderately abundant sequences in lactating guinea-pig
"mammary gland (125)), and here it is necessary to postulate
that mRNAs other than histone mRNAs can ‘remain nonadenylated
.‘in the nucleus and enter thehcytoplasm in this form. What
mechanisms operate to differentiate the mRNAs éo be poly-
adenylated must remain speculative at this time. However,
several of the findings described above indicate that poly(A)
MRNA is likely to be an important component of total mRNA and
suggestionslthat poly (A)  mRNA is a non-functional intermediate
in poly(A)+ mRNA degradation cannot be fully justified.
Possible relationships between poly(A)+ and poly(A) mRNAs are

discussed further in a recent review (126).

3

—

T .
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. POﬂY(A) POLYMERASE AND SYNTHESIS OF POLY({A) SEQUENCES
\//, .
The existence of an enzyme capable of synthesising

long poly(ﬁ) sequenees was‘first demonstrated in calf thymué
nuclei (2). fhis report detailed partial purification of an
enzyme (now named poly(A) polymerase) which catalysed the
'sy thesis of adenine polynucleotides linked by 5'-3'
phoﬁ??odiester bonds from ATP, Purified calf thymus nuclear
polyzh) polymerase had a molecular weight of 150,000 daltons
anq exhibited a marked prefeSence for ATP as substrate over
otﬂer nucleotide triphosphates. It was activated by Mgz+

and Mn2+

(127). In vitro the enzyme added poly(A) segquences
of 100 to 200 residﬁes to several éolynucleotide primers
including poly(A), tRNA and any RNA fragment bearing a free
3' terminal. DNA was not used as a primer for poly(é)
synthesis (128). A more detailed description of the poly(A)
polymerase reaction, its primer requirements and properties
of the pur%fied enzyme are provided in a review article (129}.

. Ny The poly(A) polymerases of several other species,
including E, coli,yeast, Krebs ascites cells and rat liver,

" have also been examined (129), and there are clear differences -

in size and activity between these enzymes. Nuclear poly(A)

polymerase of rat liver and hepatoma has been extensively

studied, and interestingly the enzyme of the normal and
diseased tissue differed in size and reaction kinetics;.-it

. v
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appeared that in the diseased state, there was an alﬁeratiOn
in the activity of poly(A) synthesis (130). Studies .have
suggested that rat liver poly(A) polymerase activity could
be requlated by polyamines: (131), phosphorylation of the
enzyme (132) and by binding or non-binding of the enzyme to
chromatin (133). Rabbit poly(A) polymerase activity has
béen shown to be stimulatéd by in vivo treatment of rabbits
with the steroid hormones estrogen and progesterone (134);
lthis increase was believed to be due to an increase in
enzymé synthesis as well as stimulation of pre-existing enzyme
(135) . This small number of reports already indicates
that complex control mecﬁanisms may operate to regulate
poly(A) polymerase activity. In view of the interest in the
biological significance of poly(A) sequences, further
research on tﬁe control mechanisms operating on poly(A)
polymerase and poly(A) synthesis should be most productive.
Although it wasrpresumed that poly(A) polymerase should
be found only in‘nuclei of eukaryotic cells, since poly({A)
synthesis was thought to occur exclusively iﬁ the nucleus,
reports of cytoplasmic poly(A) pélymerase have become
numerous (129).° Much of the support for cytoplasmic poly-
adenylation came from studies of polyadgnylation in
fertilised eggs. Immediately after fertilization of a sea
urchin egg, the poly(A) content of the egg increased

twofold but little RNA synthesis.occurred at this time,
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and it appeared that poly(A) was added onto pre-existing mRNA
molecules which had been synthesised and stored in tﬁe cyto-
plasm prior to fertilization (136 - 138). Enucleation
of sham-fertilized sea urchin eggs did not prevent this
poly (A) synthesis, therefore the rise-in pqlﬁ(A) content
of the egg was independent of transcription (139, 136).
Cytoplasmic fractions of both unfertilised sea urchin eggs
and four cell embryos were capable of incorporating ATP
into poly(A) sequences covalently attached to RNA primers;
this observation is the most direct evidence yet obtained
in support of eytoplasmic poly(A) polymerase in sea urchin
eggs (140).

There is eviQ&nce to support a poly(Aﬁ elongation process
distinct from de ggzg_syntﬁesis in the cytoplasm and nuclei
of mouse sarcoma cells (141), Two distinct cytoplasmic
polyT%&*polymerases, one present free in the cytosol and
the other associated with ribosomes,  have been isélated from
Ehrlicﬁ ascites tumour cells (142). A poly(A) synthesising
activity was identified in wheat germ cytoplasmic lysates (143).

The mRNAs of several viruses whose life-cycle occurs

-

entirely in host cell cytoplasm, bear poly(A) sequences,
e.g. reovirus (144),. Gesicular stomatitis Virus (Vsv)
mMRNA bears poly (A) chains of up to 200 nucleotides in length

(145) and synthesis of this. poly(A) is apparently dependent \\\,%_,/‘”

on a cytoplasmic host cell poly(A) polymerase. The sig-



nificance of.cytoplasmic-forms‘of pply(A) polymerase with
respect to poly(A)'function is discussed later (see "Possible
Functions of Poly(A)"). |

The precise signal (s) indicating the site of polyaden-
ylation of a nuclear mRNA precursor has not been elucidated,
but specific nucleotide sequences occurring in the'polyadény—
lation regio%?méy plgy a role. The mRﬁﬁs coding for rabbit
and human o¢- and B-globulin, mouse immunoglobulin light chain,

4

cﬁickeq_ovalbumin, rabbit and human a~ and B-globin all
contained the hexanucleotide sequence Sl-AAUAAA-B. (146) .

In eac% case this sequence was 20 residues upstream of the
poly(A) attachment site, and its conservation and common
position in all these mRNAs would indicate a possible function
in processing events such as polyadenylation (147, 148). .
Other workers have reported the presence of the AAUAAA
sequence in adengairus mRNAs (149, 150), SV40 mRNA (151)

and bovineigrowth hormone mRNg (152). Strong evidence for
the involvemen; of this hexanucleotidé sequence has come
from studies on the polyadenylation of mutated SV40 mRﬁAs
(153). Deletion mutations in the 3' non-coding region
between the -AAUAAA - sequence ahd the normg@ poly (A) site
resulted'in movement of the polyadeﬁyiation site so that

polyadenylation always occurred 11-19 nucleotides away from

the hexanucleotide AAUAAA;. Deletion of a 16 residue

seQuence, including part of ﬁﬁisihgﬁsnucleotide, prevented

ion. More régént studies on the possibility
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that the -AAUAAA- sequence is a polyadéﬁyIEEiOn signal are
contradictory. QOle and Sén%angelo (154) supéort this
hypothesis but polyadenylated mRNAs 1éckiﬁg this sequence
have ‘been detecfed for chicken histone HS5 (155) and mouse dihydro-
folate reductase (156). "Other‘poly(A) addition signal
sequences ?j;é been proposed; all are rich in uridylic acid
(157 , 158).

Although the enzyme responsible for poly (A) synthesis
is now well characterized in many systems, it is clear that
the precise signals controlling ?he cellular location;
timing and RNA location of polyadénylatioﬁ are not under-
stood. I£ is of interest in this resbect that the existence
of several enzymes, which preferentially degrade poly{A)
chains, has been reported.' Two ribonucleases which specific-
ally degrade poly(A) have been purified from guinea pig
adrenal cells (159). Three polyiA) degradipé enzymes were
found in éalf thymus nuclei (160); one was an exoribonuclease
which degraded singie— or double-~ stranded poly (A} in prefer~
ence to heteropélynucleotides (16l) and the other two were
endoribonucleases. {160 , 162). Phoéphorylation of a calf
thymus poly (A} endoribonuclease has been shown to stimulate
this enzyme activity (163)._ Poly (A) -specific endoribonuclease
IV and poly(A) polymerasgse of calf thymus have been reported
to exist as a complex together with G-actin and tubulin;

these proteins both inhibited the enzyme activities (160).
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. The existence of complexes of poly(A) synthesising and
degrading.activities clearly provides potential for fine control
of poly(A) metabolism; this is likely to be especially
important during cell growth and development {see "Poly(a),
development and aging"). Further studies on the inter-
relationships between the enzymes involved in poly(a)

metabolism and the control mechanisms operating on these enzymes
are needed since these may provide a better understanding

of poly(A) function.
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POSSIBLE FUNCTIONS OF POLY (A)

A great deal of research and effort has been directed
towar@g'the elucidation of the function of poly(A). Processes
likely to beinfluenced by poly(A) are nucleocytoplasmic
transbort of‘RNA, mRNA translation and mRNA stabilization.
Evidence for and against these possible roles of poly(A)
will be discussed in thig section.

Ay
@

(i) Nucleocytoplasmic transport and/or nuclear processing

or

of RNA

Most of the evidence supporting a transport functidn has
been provided by studies on Hela cell mRNA metabolism. As
early as 1971, HeLa cell labelling studies indicated a
nuclear site of poly(aA) synthesis followed by traniéZr of
this poly(A) attached to mature mRNA into the cytoplasn (31).
This sequence of events prompted the suggestion that poly(A)
chains might be actively involved in either selection of the
RNA sequences destined to be transported into the cytoplasm
and/or the transport process itself.

Salditt-Georgieff et al. reported that most HelLa cell
hnRNA molecules are polya&enylated promptly after synthesis
(164) . Ithad already been shown that polyadenylation
of adenovirus 2 RNA in host cell nuclei precéded the splicing
events which convert this large molecule into smaller mature

mRNAs (165). It was suggested that there was a causal

LY
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relationship between polyadenylation and processing (e.g.
splicing) of RNA. 1In 1980,'Bina et al published a theor-
etical paper whiph proposed that poly(A) might facilitate
processing and splicfhg of RNA by promoting formation of
triple-stranded s%ructures.within the mRNA precursor and
thereby aligning splicing sites in preparation for cleavage
and ligation of the.molecule (166) . There is now mounting
evidence that polf(A) is not fequired for RNA processing.
;eevi et al.reported that although polyadenylation usually
precedes splicing nuclear adenovirus 2 RNA splicing can occur
in the absence of poly(. synthesis (167). Spohr et al.
detected nonadenylated But shortened nuclear RNA precursors
of globin mRNA in immature duck erythrocytgs; this suggests
that in this system polyadenylation is preceded by certain
processing events (168).

One of the earliest suggestions regarding poly (&)
function was made by Adesnik and Darnell (29)}. .On the basis
that histone mRNAs were the only HelLa cell mRNAs known to
lack poly(ﬁ) and these mRNAS were able to exit from the cell
nucleus more quickly than'other poly(A)+ mRNAsS, they 5
sqgge;ted that the poly(A) chain played a role in nucleocyto-
plasmic transport. This idea was supportéd by the observed
labelling-kinetics of Hela céll RNA, which were reported
to indiczgé,' that all éytoplasmic poly (A) originated from
the nucleus and that all poly(A) wés transported to the :

cytoplasm (169). Perry et al, claimed that there was.

substantial nuclear turnover of Hela cell poly.LA)+ hnRNA-

-
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and not all nuclear poly(A)+ RNA entered the c&toplasm (170Y.
Soﬁe of the strongest evidence supporting a- transport

function—for poly (A) resulted from studies on the effect of

the drug cordycepin(3'-deoxyadenosine). This drug was .

found to inhibit synthesié of Hela cell mRNA but not hnRNA

synthesis in these cells (33). This action was later suggested

to be due'to specific inhibiti of poly{d) synthesis (the

drug is an adenosine analogﬁe{ji}d a correlation between

inhibition of poly(A) synthesis ‘and reduced appearance éf

mRNA in the cytoplasm during cordycepin treatment supported

the idea of a nucleocytoplasmic role for poly(a) (31, 34).

Similar conclusions were drawn from in vitro studies of

the effect of cordycepin on rat ldver nuclei (171).

Studies on nucleocytoplasmic transport'of a 755 RNA

synthesised from Balbiani rings' of Chironomus tentans have
indicated that the polyadenylated form of this RNA exited
ihto the cyt0plasm rapidly, but the nonadenylated form remained
in the nucleus for long periods and never entered the cyto-
plasm (172). The author concluded that polyadenylation of
//“the 758 RNA transcript was essential for its transport
into the cytoplasm.
In spite of these observations, several studies suggest
that polyadenylation itself is not sufficient to ensure

nucleocytoplasmic RNA transport. Comparisons of the com-

plexity of cytoplasmic and #iclear poly(A)+ RNAs in Xenopus



- 43 -

liver and mouse Friend cells indicated that not all poly(A)¥
RNA sequences exit Ezom the nucleus (173 ,174). Interpret-
ation of thehresults obtained with cordycepin is dependent
on the specificity of this drug and this specificity has
begn qﬁéstioned by Maale et al. (175). These authors claimed

that the primary effect of cordycepin was inhibition of

AN

hnRNA synthesis and not inhibition of poly(A) synthesis

ary

as réported by Darnell et al, (31). Finally, Zeevi

et al have shown that nonadenylated éorms of nuclear
adenovirus type 2 RNA leave the nucleus with a similar exit
time to adenylated forms, and they concluded that poly (A)
does not have a role in this transport process {176) . Other
factors which make this hypothesis unattractive is the
discovery of poly(A) tratts in association with mRNAs that.
never pass through nuclear membranes (ie. prokaryote mRNA
and the mRNAs ©of viruses whiéh restrict their life cycle

to the host cell cytoplasm). The existence of cytoplasmic
forms of poly(A) polymerase  (see p.35 ) also argue against'
an exclusivelflnuclear role of poly(A) sequences.

Although there is now little evidence in support of"
nucleocytoplasmic transport of RNA as a geﬁeral function of
poly(A), it is possible that poly{(A) does modulate this
process in some situationé, e.g. balbiani ring RNA. The

only recent evidence for a transport role of poly(A) came

from a report that the nuclear -membrane enzyme, nucleoside
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triphosphatase, which may supply the energy requirement for
nucleocytoplasmic transport, was stimulated by poly(a)

and poly(A)+ mRNA but not by poly (A)  RNA (177). The sig-
nificance of this report remains to be clarified and recent
experimentaﬁion on poly{A) function has concentratea on
possible effects of poly(A) on mRNA translational efficiency

and stabilizatmon.

(ii) Efficiency of Translation

Early research on the translation of poly(A)+ and poly(A)
RNA samples (see "Nonadenylated mRNA"™) showed thaf the presence
of a poly(A) tract was not esgential for mRNA translation
in vitro.® This result has been supported by experiments on
specific mRNAs in which the translation of poly(A)+ native
and synthet;c'poiy(A)_ mRNAsS was compared. Poly(A)" mRNA
was prepared by RNase H digestion of the corresponding
poly(A)+ mRNA after hybridization t0‘poly(dT)(see P.18 ).
Usiné‘this method, poly(A)+‘%nd poly(A) forms of rabbit
globin mRNA (178) and poliovirus mRNA (179) exhibited similar

in vitro translational ‘efficiences. ’ Deadenylated. *

mouse L cell mRNA, prepared by limited 3'-exoribonuclease

digestion of L cell poly(A)+ mRNA, had a similar template

activity in vitro compared to its native undigested form

. (180). Nevins and Joklik isolated naturally occurring ¥

vaccinia virus poly(A) mRNA and showed that in vitroithis

RNA was utilised as efficiently as the poly(A)+ form (181).
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Poly(A)-rich and poly(A)-poor rat liver mRNAs, prepared
by differential oligo(dT)-cellulose chromatography and
bearing poly(A) tracts of average lengths 173 and 40 nu-

cleotides repectively translated equally well in both the

wheat germ cell-free- system and in Xenopus laevis oocytes
(182). This result suggested that over the size range
examined poly(A) tract length has little effect on mRNA
‘translation. -
Munoz and Darnell reported an experiment in which
in vitro translation of a native poly(A)_'+ mRNA was cam-
pared with that of poly(A)* mRNA which had been hybridized
to poly(U) to form a poly{A): 2 poly(U) structure at the
3' terminal (183)., ©No differences in translational
activity between the two mRNA preparations were observed,
and it was concluded that poly(A}) played no role in the
translation procegst |
Two other reports gave opposite results. Deadeﬂylated

forms of mouse globin mRNA (184) and hen oviduct ovalbumin mRNA
(185) Aid not translate as efficiently as their polyadenyl-
ated counterparts; translational efficiency was reduced
by up to 50% on loss of poly{A). In both studies, de-
adenylated mRNA was prepared from poly(AY* mRNA by limited
digestion with polynucleotide phosphorylase and évidence

' was presented suggesting that while poly(A)‘tréct removal
was complete, the coding portion of both types of mRNA was

left intact.
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Attempts to assess the relative translational efficiency
of poly(A)+ and polk&ﬁ)ﬂ mRNAS in vivo have involved
measurements of the subcellular distribution of the two
forms of the mRNA, In neurcblastoma cells both polysomal'-*g'il
and non?polysomal mRNAS consiste§ of 70-75% poly(A)+
RNA and the remainder wgf poly(A)_ {186). There was there-
fore no preferential enrichment of poly (A) mRNA in either
subcellular fraction. Iatrou and Dixon {(123) observed
.preferential enrichment of poly(R) protamine mRNA in
trout testis polyscmal RNA compared to the postribo;omal
component. Both studies-indicated that on the basis of
subcellular location poly{A) mMRNA was translated with-
equgl or even greater efficiency than-—fpoly(A)+ mRﬁA.

In summarizing these translation studies, there is only
very limited evidence to suggest that poly(A)+ and poly(A)-_
mRNAs are translated with different efficiencies, and most
reports ipdicate theré is no differencé at al}» However,
two in vitro -studies suggested there may be. long-term
differences between the translation of poly(A)+ and poly(Af_
MRNAS. A comﬁariéon of poly(A)-rich and poly(A)-poor EMC
viral mRNA trahslation in Ehrlich ascites cell-free extracts
indicated that differences in translation of the two mRNAS
‘became apphrent only later in the reaction ‘(187). It
was proposed that poly(aA).might function to stabilize mRNA
molecules and this idea was supported by a study involving

preincubation of poly&p)+ and deadenylated globin mRNAs in

»
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a Krebs II ascites translation system (178). It appears likely

that an effect of poly (A‘ on mMRNA translation is due to

functional stabilisation of the molecule rather than any direct

effect on the rates of initiation, elongation and termination,

(iii) mRNA Stabilization

Some of the most conGincing experiments supﬁorting a
poly {(A) role in mRNA stabilization are based on comparisons of
the translational capacities of poty(a)* and poly (A) mRNAs in
X. laevis oocytes. This work has been performed by two_pAIl—
aborating groups from Belgium (Huez et al)and Israel (Soréq etal),.
host of this work has utilised rabbit globin mRNA in its
native poly(A)¥ form and in a deadenylated (poly(a) ) form
produced by limited digestion of poly(A)+_mRNA by polynucleotide
phoﬁphorylase k188). These poly(A)T aﬂa‘poly(A)_ mMRNAs were
initially translated in a Krebs II asciées tumour cell-free .
system. Initially the two mRNAs were functionally comparable
but later in the reaction the poly(A) mRNA was not as active
as the poly (A) mRNA (189 ,190). A major limitation of cell-
free systems such as that from Krebs asqites cells is that they
will support translation for only 1-2 hours (189). Since it
was felt necessarf to examine the translation of these mRNAs
for longer time periods than 2 hours, these studies were
continued using the ig_gixg_transiation system provi@ed by
intact Xenopus laevis oocytes. This system will support

translation of mRNAs injected into the oocyte for

]
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seveféi days (189); e.q. poly(A)+ globin mRNA was translated,
as measured by incorporation of [3H]—histidine into globin
polypeptide,at a high level_gor over two days. Two days
aftef introduction of poly(AB_ élobin mRNA into oocytes,
this mRNA was translated at a rate over 10 fold lower than
that of poly(A)+ glébin mRNA, even though initially the

two mRNAs were‘translated equally (190,189). It was
concluded that the ﬁoly(A)/;;quence of mRNA is necessary to
ensure long-term functional stability. The possibility that
the incrgased rate of loss of poly () mRNA function was

due to a higher rate of mRNA sequence degradation was invest-—
igated. The amounts of_;oly(A)+ and poly(A)  globin MRNA
éequences remaining in X,laevis cocytes at various times
after their introduction were measured using a cDNA probe
prepared against poly(A)+ globin mRNA. PFifty-six hours
after injection into ooc?tes, about 85% of the poly (A)
globin mRNA was no longér ableﬁto hybridize to globin

cDNA and had presumably been degraded, while the poly(A)f
globin mRNA sequences rema%ned almost entirely preserved
(191). ©Loss of translational activity of the poly(A)  mRNA
was therefore showp Fo cgirelate with loss of mRNA sequence,
and Ehese results supported a role for poly(A) in stab-
ilization of mRNA sequences.

One potential objection to the validity of these studies

was the possibility that the enzymatic process used for
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the production of‘poly(A)_ mRNA from its poly(A)" form
waS‘causing‘some degradation or chanées in the mRNA coding
sequence itself as well as removing the poly{A) tracts.

. It was therefore necessary to demonstrate that the apparent
differences observed between poly{a)* and poly (A) mRNAs
were in fact due to poly(A) tail-removal and were not simply
an artefact due to the eniyme treatment. .This_was achieved
by readenylati;n of the poly(A) globim mRNA in vitro using
the E. coli enzyme ATP:RNA adenyl transferase; this enzyme
synthesised a 30-nucleotide long poly(A) sequence onto the
"3' terminal of tﬁe pdly(A)— mRNA {(192). This reconstituted
globin mRNA behaved similarly to nagive globin poly(A)+

mRNA in X. laevis Bocytes; in other words readenylation
restored functionél stability to poly(A)  mRNA (192). This
observation strongly suggested that the observed differences
between these poly_(A)+ and poly(A)_ mRNAs were due sclely

to the.presence and absence of poly(A) sequences.

The effect of varying poly(A) chain length on both
functional and structural'stability of mMRNA has also been
investigatedixlthe<§4 laevis oocyte system. Nudel et al.
(193) prepared rabbit globin mRNA bearing poly(A) segments
of various lengths by treatment of native globin mRNA with
polynucleotide phosphorylase under a.variety of conditions.
0ligo (dT) —cellulose chromatography of the digests resulted

in seven different globin mRNA preparations bearing poly (A)
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tracts of approfkimately 16, .21, 32, 39, 68, 95 and'122
nucleotides . The functioﬁal stability of each of these
mRNAs was compared to that of native poly(a)! mmwa
-lcontaining poly(A) of length 149 nucleotides and poly(a)
globin mRNAs in X. laevis oocytes. All the mRNAs bearing
a poly(A) segment of 32 residues or more were of comparable
stability to poly(A)+ mMRNA while the mRNA with-a 16 residue
oligo(A) tail had similar stability to poly(A) mRNA. The
mMRNA with a 21 adenylate residue tail exhibited a stépility
in between that of native poly(a)¥ and poly (A)” mRNAs. It
appeared that mRNA stabilization by poiyjA) was independent
of poly(A) length provided it was greater thap 30 residues.
Below this size, the poly(a) tail did not effectively
protect its associated mRNA sequence (i93). The poly (A)
tail was also found to stahilise globin mRNA in intact
human HeLa cells (194). Native globin mRNA was translaééd
in these cells for over 26 hours, but globin synthesis was n
undetectable after injection of.deadenylated'globin MRNA
into HeLa cells.

'Tﬁe generality of poly(a) tail stabilization of mRNA
sequences has beenlinvestigated using mRNAs other than
globin mRNA, e.g. HelLa cell histone mRNAs. Native pbly(A)_
and poly(A)+ histone mRNAs (prepared by ponadenylation
of poly(A) mRNA using ATP:RNA adenyltransferase) were comp-
" ared in X. l3evis oocytes (195). When native poly(a)

histone mRNA was introduced into cocytes, it was trans-



lated at a ﬁigh rate. for the first seven hours, but

the rate decliﬁed-over the mext 13 hours and by 43 hours
histone synthesis was hardly detectable. Synthetic poly(A)+
histone mRNA, which contained a poly(Ab éequencé of 40-50"
residues, was.tranglated at a high rate for over 19

hdu;s and translatioﬁ was still high a£ 43 hours. These
observations are clearly consistent with a poly(A) role

in mRNA stabilisation.

However, native poly(A)+ and deadenylated interferon
mRNAs were translated equally well in X. laevis ococytes ‘
(196); in both cases interferon synthesis was reduced to
undetsctable levels 24-48 hours after introduction of mRNA
into the oocytes, And it appeafed‘that this intérferqn mRNA
was especially labile whether or not it was polyadEnylateda
’ It has been proposed that degrgdation of deadenylated
mRNA is linked to the translation process. The degradation
of deadenylated a-globin mRNA in X, laevis oocytes, as
measured by an inability to hybridize to a globin cDNﬁ’
ﬁ%obe, was significantly higher in the preseﬁ?e of haemin
‘(l§7f. -Since haemin stimulates oa-globin mRNA translation and
 itse;f has no degradative effect on gloﬁiﬂ'mRNA, this highe;
rate of degradation could bg related to the translation pro-
cess. Other reports that poly(A)” mRNA must be translated
in order to allow its degradation have been made (189).

Although the work of Huez, Soreg and»aégociates

4 -

has provided most ef the evidence suggesting a role in 2

ke ! (\
; .
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mRNA stabilization, for po;y(A) tracts, supporting research
_from other groups is available. A correlation between mRNA
half-life and the rate of shortening of mRNA—associateé
poly(A) has been reportgd for adenovirus mRNA (198), anﬁ
mammalian mitochondrial mRNA (199). ’

Differences in the turnover kinetics between poly(A)+
and poly(A) mRNAs of mouse L cells were reported in an
: _early'gtudy by Perry and Kelley (200); poly(A)“ mRNA
had a-lowér mean lifetime than poly(A)+ mRNA and it was
'sqggested thatlpoyy(A) may have a stabilising role during
the period in the cell cycle when histone poly(A) mRNAs
are destro&ed. '

A few reports have suggested tha; poly (A) does not
stabilize mRNA. Naturallyjoccurring non-polyadenylated
mRNAs of reovirué were all found to be as stable in X.
laevis oocytes as.other native poly(A)+ mRNAs (201). On
the basis that ;diY(A)- reovirus mRNA was functionally
more stable than poly(\-; giobin and histone mRNAs, these
authors argued that mRZ; characteristics other than the
poly (A) segment (e.g. the cap structure) might be involved
in mMRNA stabilization. Comparison of the translation
products of poly(A)-rich‘ahd'poly(A)-poor mRNAé of Qig;z;'A
ostelium discoideum before and after treatment in wivo

with concentrations of actinomycin D that inhibited mRNA

synthesis indicated that short—-lived mRNA sequences occurred

LY
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predominantly in the p&ly(A) rich fraqﬁion. It was there-
fore concluded that mRNAs bearing ;ﬁort‘or even no poly (A)
tracts were more stable than those with long poly(A)
sequences (202)-'_\__//\""‘\t |

In‘spite.of the few reports to the cont;a;y, the
evidence that poly(A) sequences play a role in spabilization
of MRNA molecules is strong and this proposed function is
the most popﬁlar of all the suggested roles for poly({(A).
Of course, it mustlbe remembered that there is no a EEEEE?
reason why poly(A) role should be limited to one process;
it is conceivab}e that poly(A) can have several roles and
the predominant role could vary from one system to another.
A review by Littauer gnd Soreq summarises current
ideas and thinking on poly(A) functions (203).

Possible mechanisms by which poly(A) could ﬁediate RNA
stabilization have been investigated recently, and a short

summary of these studies is presented here.

{iv) Pogsible Mechanisms of mRNA Stabilization by Poly(a)

It is generally assumed that in order to stabilize
mRNA, poly(A) sequences inhibit RNase activity. 1In a
relatively early study, Allende‘et al. (204) examined the
rates of degradation of a variety of RNAs after injection

into X. laevis ococytes. Poly(A) sequences, either attached



or unattached to mRNA coding sequences, were especially
resistant to degradation but they diﬁ not appear to
appreciably'protect heteropolynucleotide sequences covalently
dattached to ﬁhém. Huez et al. concluded that in order

to protect histone poly(A)+ mRNA against loss of functional
stability; éhe poly(A).seéuence had to be covalently attached
to the mRNA (195). Injection of free poly (A} (100~200 residues
in length) togethér with poly (&)~ histone mRNA into X,

laevis oocytes, resulted in no protection of the mRNA compared
to poly(A) histone mRNA injeéfed alone. Thus, in this
system, poly(A) did not protect the mRNA molecule b; simple
competitive inhibition of ribonuclease (195) . Hieter et al
found that human spleen endoribonuclease activity was
reduced. in vitro.by the inclusion of synthetic poly(A)

or several poly(A‘)+ mRNAs including rabbit globin mRNA, but
not by poly(A)-free globin mRNA (205). Furthermore, .inclusion

of polyadenylated 5SrRNA, but not 55 rRNA, reduced endo-

nuclease activity, the extent of RNase inhibition depending
on the length of the poly(A) segment added to S5SRNA.
These studies were generally supported by Karpetsky
and co-workers who have examined the effects of 55 rRNA
and polyadenylated 5S rRNA on sevefal ribonuclease activities.
Compared to 5S rRNA, poly(A)’ 55 rRNA inhibited the endo-
Y

nuclease activity of RNase A and RNases from human plasma,

human spleen, Citrobacter and Emerobacter, but in some

cases inhibition was very dependent on ionic strength (206).
' o
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The evidence on whether or not poly(a) pust be covalently -
linked to 55.rRNA in order\ko effect inhibition of RNase
activity is confused. One report statéd that free poly(Aa)
was_unable to protect 55 rRNA from degradation (206) but an-
other report did not support this statement (205). Karpet-
- sky et al. have reported that short chains as.small as 18
residues protected 55 rRNA wﬂén covalently bound to this
molecule and lengthening the poly(A) tail increased the in-
hibition (207). Furthermore thepresenée of poly(A) covalently
" bound to a small percentage of molecules in a 5SRNA preparation
was apparently sufficient to protect all rRNA moleéules.
Poly(A) mediated inhibition of .RNase activity was repérted
to be reversed by poclyamine (2b8, 205) and it has been
suggested that variations in poly (&) length and polyamine
éoncentration could determine the overall role of RNase
activity EE.EEEE.an hence the rate of RNA degradation (508).
The physiological significance of these in vitro
findings using poly(A)+ 58 rﬁﬁA as a model substrate for
poly(A)+ remains to be demonstrated, particularly since in
vivo studies in X. laevis ococytes (195) yielded quite differ-
ent conclusions. One potentially important finding is
that poly(A) addition dramatically changed 55 rRNA second-
ary struéture (206) . There are indications that poly(A)

also influences secondary structure of mRNAs. Thermal
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denaturation studies of poly(A)+‘and poly{(A) forms of
rabbit globin mRNA showed that poly(Aj+ mRNA had a highly
ordered secondary structurelbompared to poly (A) RNA.(209).
Jeffery and Brawerman suggested that the poly(A) sequence
associates with other regions of mouse sarcoma mRNA since
limiﬁed digestion of polysomal RNA by RNase A ga?e rise to
specific structures consisting of poly(A) and heteroribo-
nucleotides (210).

When considering possible mechanisms by which poly ()
tracts might effect théir function it is of interest to
discover the existence of sevgral types of RNA whiéh contain
tracts rich in UMP residues. The presence of uridylate-
rich oligonucleotides was first shown in HeLa cell hnRNA
(211), and these structures were later shown to bé present
in ¢ytoplasmic mRNA of Helia cells (212)., Molloy
has divided HeLa cell mRNA into four classes: poly(A)+—
oligo(0) ¥, poly(A)+—oligo(U);, poly(A)_—oliéo(U)+ and
poly (A) “-oligo4l) " (213). The two oligo(U)” mRNAs constituted
about 85% of the total mRNA population, and thus only 15%
of HeLa cell mRNAs contained an oligo (U) tract. Oligo (U)
tracts isolated from HeLa cell RNA by.RNase Tl treatment
consisted of 80-90 mol % UMP and had lengths of 20-50
nucleotides (212 , 213). UMP;rich tracts have been found in
RNAs of other systems: nuclear and cytoplasmic RNAS of

cultivated hamster fibroblasts (214) and sea urchin embryos
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(215). Tomaszewski (216) has compared the translation
products of a wheat embryo poly(A)_-oligo(U)+ RNA fraétion
with th@se of poly(A)+ RNA from the same source and found
that theyxe were distinct differences. Nichols and
Pryhitka have reﬁorted " the | presence of UMP-rich
tracts up to 70 residues in length in rat.liver RNA (217).

0ligo (U) and poly(U) tracts have also been demon-
straézgyin RNAs which do not appear to function as mRNA.

w

Dobrzanska et :al: reported the presence ofHPMP-rich
tracts 10~150 nucleotides long in wheat embryo RNA (218); this
RNA originated from the nucleus but only a fraction of the.
nuclear form resisted degradation to reach the cytoplag£>
Bester et al have isolated +two types of translational
control RNA from embryonic chick nuclei; one of these
translation inhibiting RNAs consisted of up to 50% UMP angd
was capable of forming stable hybrids with'poly(A)+ RNA (219)
Finally a series of small RRAs (4.5-5.58) differing
essentially in the number of uridylate residues attached to
their 3' terminals has been reported (220). These RNASs
associated with the genome of sﬁleen focus forming virus
(SFFV)} and the poly(A)+ RNA of SFFV-infected and non-infected
rodent cells (220 ,221), It has been proposed that these
UMP~rich non-messenger RNAs function as poly(A) binding
sequences and eitﬁer effect or modulate poly(A) functions

such as mRNA stabilization or RNA nucleocytoplasmic

transport (221 ,ZfB). Regulatory functions have also been
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. proposed for oligo(U) sequences contained within hnRN2s and
mMRNAS . There is evidence that oligo(U) and poly(A) of
HelLa cell RNA are involved in secondary structures since
these oligo(U)+ RNAs would bind to poly (A)sepharose only
after disruption of hydrogen bondiﬁglby formaldehyde
denaturation (222). 7

Investigation of possible mechanisms of poly (A} action
have been significantly stimulated by the discovery of
proteins which have a high affinity for poly (AR) tracts.
The following sectiop summarises present knowledge of the
characteristics of poly(A) binding proteins and discusses
their biological significance in relation to poly (3)

function.
-~
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POLY (A) BINDING PROTEINS

The first‘report of specific poly(A) tract binding
proteins came in 1972 when Kwan and Brawerman isolated a
complex composed of poly+{A) and protein after limited RNase

d%gpﬁzzgn of polysomes from mouse sarcoma ascites cells (223},

This complex had a sedimentation coefficient of 12-15g,
compared to 45 for free poly(A) from these polysomes, It,

was disrupted by pronase treatment, tﬁéfeby indicating some
protein content and it contaiﬁed exposed poly(A) since the
intact complex was capable, of binding poly (U). Blobel reported
that the mRNAs of mouse L celis,aﬁd rﬁt hepatocytes were
tightlg associated with two different proteins (224).

The larger protein, 78,000 daltons, was bound specificall

LY -

to\the poly (A) tracts of these mRNAs. Since these two

early reports, there has been gxtensive analysis of the

proteiné associated with specific mRNAs. Most mRNAS

associate with éeveral different polypeptides and some of

these are specificéily bound to the poly{A) sequence. Only

the proteins. which appeaé,to associate specifically with

poly (A) are discussed here. .
Tomcsanyi et al.discovered a total of 6 polypeptides

ranging in nuclear weight from 50,000 to 90,000 daltons

which associated with poly(A) of rat liver mRNA (225). f

Duck globin mRNA poly(A) has been found to associate with

a 73,000 dalton protein (226) and a protein of 76,000 daltons
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which bound strdnély to poly(A)-sepharose was present iﬁ
Ehrlich ascites cell cytoplasm (22%). Poly (A) of wheat
mRNA was shown to associaté with two proteins of molecular
weights 36,000 and 52,000 daltons (228). Smaller poly(A)

binding proteins were found in Artemia $alina; the major

component was 38,000 daltons and the minor component was

only 23,500 daltons (229). The association of these proteins
with poly(A) is frequently dependent on the subcellular
location of the mRNA. éoly(A) of duck Qiobin mMRNA bound

to the 73,000 dalton protein only when in polysomes and

not when in free MRNP particles (226). In general, the
proteins, associated with translationally active and inactive
globin mRNA (polysomal vs nonpolysomal) are guite different.
However, the poly(A) binding protein -of Artemia was present

in nonpolysomal poly(A)+ mRNP (229} and poly (A) binding

proteins of Physarum polycephalum were entirely restricted
to free mRNP (230). Polysomal mRNA of Physarum contained
short poly(A) sequences of about 15 residues, wh%le non-
polysomal poly(A) tracts were 65 residues long. There is |
evidence that entry of Phisargm MRNA into pelysomes mig?t
result in a concomitant loss of most of the poly(A) tract
an heﬁce loss of the poly{(A) binding proteins. In this
systém it appeared that the process of poleome éroductibn"
was‘fesponsible for both the disruption qf_pgiy(A)/protein
complexes and poly (A) degradation (231), énd éhese obser-

vations are in agreement with those suggesting that poly(A)

' *
[

a
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- shortening is a product of mRNA trenslation (see p.27 ).
Attempts have been made‘to characterize and purify

poly (A) -binding pioteins. The 38,000 delton protein'of

Artemia has been purified to near homogeneity (232); it

has approximately 357 amino ecids, is high in glycine and con-

tains dimethylarginine. Rat:- liver poly(A)-binding proteins

have been found to be high in acidic and hydrophobic

amino acids (225). Other studies have examined the assoc-

A

iation of poly(Aa) and specific poly(A)~binding proteins. .
Tomcsanyi et al,showed that poly(A) of poly(A)-protein

complexes from rat liver mRNA was only 50% degraded by

RNase Tye thus indicating that the poly(A) was only partially
protein covered (225), It was suggested that several

molecules of the 73,000 dalton protein, which bound poly (A)

of polysomal duck globin mRNA,.were lined up along each

poly (A) tract since limited nuclease digestion of the poly (A} -
protelp complex fragmented the poly(A) sequence perlddlcally (233).
A 51m11ar model was suggested for Artemla poly (A) protein com-
plexes where each protein molecule.was calculated to bind

to 9-11 adenylate residues (132). Goldenberg et al, also

showed that globin mRNA sequences both adjacent and non- -
adjacent to the poly(A) sequence were protected by poly(A)

binding proteins (233). Baer and Kornberg favour a model

in which the poly (A)-protein complex is composed of repeating

units of poly(A)-protein structure, but they proposed that

each structural unit contains about 27 adenylate residues (234).

A PR
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Recently, they purified a 75,000 dalton protein from rat liver
{235). This protein was similar to the poly(A)-binding
protein described previously (224) and when it was combined
with purified poly(A) in vitro poly(A)-protein complexes.

- exhibiting a 27 residue periodicity were formed. This

- reconstitution was specific for poly{A). Adams et al. have
suggested a different model in which a single molecule of

the Physarum protein covers the 5' terminal of thelpoly(A)
sequence and the adjacent 45 residues t236). They detected

no periodicity in the poly(A)/protein complex of Physarum.

By studies involving UV-light-induced crosslinking of
proteins to RNA, éély(A) of mouse I, cell RNA was shown to com-
bine with a 78;000 dalton protein when in cytoplasmic mRNA
but with a 60,000 dalton protein when in hnRNA (237, 238).

It appeared that in these cells a different set of pfoteins
was associated with cytoplasmic mRNA and its nﬁclear pre-
cursors. In the cytoplasm continuous exchange of mRNA bound
pfoteins with free cytoplasmic prateing has been proposed,
and the poly (A)-protein complex might consténtly be in a
dynamic state,

The functional importance of poly(A) binding proteins
is suggested by the finding that a high degree of conservation
is found between the p}oteins of duck, mouse’and rabbit (239).
Standart et al.suggested that poly(A)~binding proteins have

a purely structural role'analogous to the histones of chrom-
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atin. Rose et al, fqund. several similarities between
rat poly (a) polymerase.and Hela ceil poly(A)-binding protein,
e.g. in aminésacid composition, .molecular weight and anti-
genic properties (240). They proposed that poly(A)fbinding
p;oteins are responsible for poly(A) synthesis and/or eiong—J
ation. Other poly(A)-binding prbtein preparﬁtions have failed
to exhibit poly (A) polymerase activity, e.g. the 38,000
dalton protein of Artemia had no RNase or pply(A) pblymerase
activity (232). Othér observations have suggested a:transport
role for poly(é)-binding proteins; .cordycepin%treatment of
HeLa cells not only prevented labelling of new poly (A}

3Ss—-methionine label in

but also inhibited the appearance of*
the 75,000 daltén poly (A) binding protein of newly-formed
poly (A} /protein complexes (241). Chisick et al. |
studied mRNA transport out of isclated nuclei ahd found that
cordycepin triphosphate-induced transport inhibition was
restrictefl to poly(A)+ RNP (242) . It was suggested that the
poly (A) /protein comple%ﬁis involved in traﬂéport of poly(A)+‘
mRNA ffom nﬁcleus to cytoplasm in Xi!é: TH}ee proteing of
molecular w%ight 78,000, 100,000 and'120,000 dﬁltpns were
associated with the poly(a) of nuclear RNA in this
system. DéHerdf et gl.‘recently.,demonstraéed nuclear X
accumulation of the cftopiﬁsmic poly(A);bin&iné proteiﬁ,of
Artemia after injection into X. laevis ococytes (243f. On.this

basis it was suggested that this protein is functional ih

-
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both cytoplasmic and nuclear events, and this could include
nucleocytoplasmic transport. . . . \\-

‘ Altérngtively, poly (a) /protein complexes may fun;tion

to R;otect‘mRﬁA sequences from RNase-mediated degradation.

The polygA) sequence of mRNA in mouse sarcoma polysomes was

not degraded by §nake venom exonuclease, but after de-

proteiniéatipn this mRNA was hydrolysed exteﬁSively (244) .

Similar‘ results were obtained using free cytoplasmic nucleo- &
protein particles, therefofe protein/mRNA associatiéns are

likely to be respoﬁsible EOr this protection. 'Polysomal poly{A)

was also degraded by cytoplasmic s—IEE cell extracts and this

- degradation was increased by snake Qenom exonuclease. It

appears that this\E:EBO cell cytoplasm containgd a facﬁor

which interfered withkb 1 (A)/protein_associations thereby

increasing the suscepéﬁ i3ity of ﬁoly(A) to exolﬁclease )
attack. It was suggested that poly (A)/protein interactions !
could prevent exonucleolyti.c' attack o poly (A).+ mRNA, but - =
cytoplasmic factors_modulated such protection by destabiliz-

ing mRNA/protein associations. ‘M#illler et al.examined the

effect of poly(A)-binding proteins.on the susceptibility

of boly(A) sequences to two enzymes which-ﬁreferenfi;}hg_\\\

degrade poly(A}: alkaline exorib??ﬁclease and endoribo- NG
nuélease IV (see p. 38)(245). The degradation of the poly (A)

.sequence of mouse cell mRNA was reduced for exoriboﬁuclease

and tetally abolished for endoribonuclease when the poly (A)

-

'
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was contalned‘L? polysomes or assoc1ated
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Cu.th poly (A) -binding
protelns. In the/égsence of proteln both enzymes degraded
the poly(A) rapidly. The two protelns a iated with poly (3)
of mouse cell mRNA (79,0000and 51,000 é;?iiis) were clearly
able to pretect polf(Af_against RNase degrad%tion.

This short summary.illustrates that many systems

r'a
contain a 73,000-78,000 dalton poly(A)-binding protein;héL

some cases (e.g. Artemia) smaller proteins are found in

_their place. No consensus can be drawn regarding the

subcellular distribution of these proteins; it is likely that
different protein populations associate with ty/ oly(a)
seqguence dependlng on whether the RNA molecule is nuclear

or cytoplasmic and polysomal or free, and in some situations

. no proteln assoc1ates w1th thls sequence. Likely structural

models have been proposed for the poly(A)—proteln complex and
possible funct;ons for these propelns have beeq discussed.

It is of popul®r opinion that these proteins play an important
regulatory role in the expression of mRNA molecules but the
mechanism by whics-this is achieved requires'ﬁuch further'
study. They may, for example, protect the 3' terminal

region of mRNA molecules and thereb& protect this terminal
from RNase-ﬁediated hydrelysis; Poly(A)-proteih interactions
themselves cou e reguiated by a large range of fectors

and could thus act as a sensitive post- E;anscriptlonal

control of gen% expression (e.qg. protezg hosphorylatlon (246))

Further studies on poly (A) -protein interactions and their

biological effects are clearly of imfportance.
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CHANGES IN POLY(A) DURING GROWTH AND DEVELOPMENT

In view of the suggestion that poly(A) tracts might
regulate mRNA function (e.g. via mRNA stabilization) it
is a posgibility that changes in mRNA polyadenylation occur
during cell growth and development. Polgadenylation of
mMRNAs has been studied in a small number of systems in
ordér to evaluate the effects of growth, development and
aging.

Sogin and Saunders found a reduced poly(A) content in

stationary-phase cells of Saccharomyces cerevisiae coméared
to exponentiallyrgrowing cells (247). The réduction in
.poly(A) content qf non-growing cells was due to both an
overall reduction in the number of. sequences containing

poly (A) and alsq a relative reduction ;n the amount of tﬁij

. larger poly(Ax tracts. .ngdel—éugiowska and Kumar also -
‘found higher"émounts-of pbly(A) in'growiné-mouse T3 cells
compared to resting cells (248). Furthermore, Ef% was a
different subcellular_diS?ribution of poly(A) in tke two_
states; growing-cells contained more poiy(A) in ﬁhe nuclear- .
and polysomal fractions but less in the solubi;’cytoplasmic
fraction compared to resting cells. However, in contrast

to the results'of-Sogin and Saundess, these researchers noted
that growing 3T3 ceiigxbeﬁtained shorter poly(A) sequences

than resting cells, and they suggested that an increase in

R
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poly (A) processing accompanied growth.

One developmental process which has been investigated
with-respect to poly (A) size and content is oocyte  production.
caBada et al.showeddtﬁht mature X. Iaevié.oocytes contained
poly(A)+ mRNA beariné two size classes of poly (A) with a
mean size of 20 and 60 residues (84). Oﬁly the larger poly(A)
size class was found in previtellogenic oocytes,/ The smaller
poly (A) size class accumulated from vitellogengéis througﬁ
to oocyte maturation; and this accounted for a lo-fald increase
in the number of poly(A)+ RNA molecules pér'oqpyte during
oogenésis. ”Other researchers reported thét during pro-
gesterone induced X. laevis oocyte maturation there was a
rise in poly(A) content (249, 83). This was due in part
téia slight increase in' the number of poly(A) sequences but
the rise was predominantly caused by cytoplasmic extension

-

of pre-existing poly(A) séquences by 10-30 residues. After
(i:;\ -  germinal vesicle‘breakdown, there was extensive degradation

of poly(A) sequences. Sagata et al. extended these studies

to post-fertilization events. During early dévelopment, there
(\\gere.many rises and failst1poly(A) content with an upward

trend overall (250); by the 'heartbeat' stage three poly(A)

size classes of meal size 100, 80 and 20 residues could be

det

ed, and as development progressed the proportion

of( the largest poly(A) size class increased. The smallest
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poly(A) size class appeared to be asgsociated with trans-
lationally inactive‘;RNA. Fromson and Duchastel found that
a high proportion of sea urchin embryo polyribosomal RNA
was not polyadenylated, but that during development the
proportion of poly(a)’ polyribosomal RNA increased (251).
The poly(3) content of mouse ococytes and embryos has been
found to change in a manner resembling that of sea urchin
oocytes and embryos with an overall accumulation of

poly (A) (252)3' This was aéhiéVed with very little change -

in poly(A) size and was therefore due to changes in the

poly (A} sequences (253) . : N

N\

t least one situation, reduced poly(A) productimn

Jumber
" In

has been nd

correlate with reduced pol&(A) polyge ase
activity (254)./ Liver and bdein of 25 day old rats coﬁtained
‘significantdy more poly (A) polymerase.activity than those
s frbHm 300 day old rats; this reduction in poly (A) -
olymerase activity.during ageing was consistent withvthe'-
- reduction of poly(A)+ RNA synthesis and hence the reduced
protein synthesis of phe tissues of older rats.
‘Another process which has been investigated with respect
to de?aded&lation.is the series of eveéts accompanying
s "heat-shock". Exposﬁre of Dfosophila to a temperature of
37°C.  (heat-shock) causés.major';ranscriptional changes

in Drosophila cells. The size pf the poly(A) taillattached
s

to mRNAs made after heat shock w{f’reported to be similar to
U“ T

!

-
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that attached to control mRNAs (255). However, heat-shock did
cause a rapid and dramatic reduction in the cytopl;smic

poly (A) content of these cells, and thie appeared to’
correlate qrth degradation of up to 80% of the mRNA. More

detailed study of is cytoplasmic poly(A) decay suggested

two components (256)% the first comprised 46% of the total
' ¥

cytoplasmic poly (A) an decayed with a half life of
only 10 min., while the rest of the poly(A) was more stable
and its half-life could not be determined. At this time
there was a rapld ease in nuclear poly(A) to 2-3 times
th; normal level; e njclear poly(A) was believed to be
added to preexlstlng nona lated primers.

The differentiation process has occasionally yielded
interesting pattérns of cellular poly(a) size and content.
vDurlng terminal differentiation of rat L6E9 myoblast cells
into myotubes, a rapid rise in the level of mRNA coding for
MHC (myosin heavy chain) protein was reported (257} . %ce
high levels of this protein have been produced, MHC andMHC mRNA
synthesis were rapidly reduced and-thenlnductlon of MHC
mRNA was therefore transient. This short~lived mRNA was
associated with a ﬁery short poly(A) tract of less than 20
residues (257). If poly(A) size does indeed control mRNA
lifetime, it would oot be surprising that such a shorE—lived

mMRNA bore a very short poly(A) chain, since the mRNA did

not need long term protectlon from degradatlon._ .
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Lectin-induced}differentiation of lymphocytes was accom-
panied by an initial doubling of RNA polyadenylation followed
by increased.rates of RNA synthesis. The average poly(a)

- tract length was slightly shortened on stimulation and the
synthesis of several proteins (g;g. actin, tubulin and
'-calmodulin) was st%mulated. Uﬁ to 50% of actin synthesis was
due to ,poly(A) mRNA whereas the other two proteins were R Sy
encoded in mRNAs that were predominantly poly(A)+ (258) .

MRNA sequences codingofor different proteins therefore respon-

ded differently With respect to polyadenylation upon stim-

ulation of celld;fferentiation.

However, not all cells have exhibited changes in poly (&) .
in response to growth and differentiation. Mouse neuro- ’
blastoma cells exhibited similar pétterns of poly(A) size _
and poly (A) processing Hhethé}\the cells were growing (cpntfols)'
or were treated with agents to inhibit growth by-raising‘ '

intracelxular cAMP ievels (259);-

The-studieslaescribed in this  section suggest that

variations in poly(A) content and size can occur during

growth and development, but Bo general conclusions be

reached. 'Oné-of'the major drawbacks of many of these studis
is that polyadenylation of mRNAs coding for épecific products
coq}d not be measured in these systems and overall measure-
ments of.poly(A) content are difficult to interpret during
growth dug to concomitant increases in QPNA content;‘ Changes

in EPly(A) size do appear to correlate with changes in

-

~

| N . ' o
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cellular growth or development but not always in a
consistent manner. ° )
In this work a developmental process has been used to

study mRNA polyadenylation of specific sefuences., Ehe—L’/

" Process, milk protein synthesis by the mammary gland, will -

be described in detail before the aims of this }esearch'

-

are discussed.

°?
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MILK PROTEINS AND JHEIR SYNTHESIS BY THE MAMMARY GLAND
/ .

The mammary gland functions essentiallf to provide
newborns with a well-balanced supply of nutrients in the form
of milk and this fundtion (lactétion) is required only‘in
the period immediate%§ foliowing parturition. In viréin
and nonpregnant animals the glaﬁd is not well developed but
duging pregnancy the gland proliferates as maasured by
increases in the tissuq'é.DNA contant (260), and there is
a significant increése in the relative numbers of md 1k

secretory (alveolar) cé;ls. By the end of gestation or

thekbegiﬁning of lactation the gland has fully differentiated

surrounded-by a‘single lafer of alveolar cells. Milk is

secreted into the alveolar lumina which connect by a system
of ducts to the teat Fhrough yhich the young obtain n?lk.
During gestation the alveolar cells accumulate mitochondria,

polysomes (261) and rough'end0p1asmic reticulum (262) and

. they assume the typical characteristics of secretory cells.

This growth and diff

iation of the mammary gland is

closely correlated with pregnancy in order that milk secretion

may be iﬁltiated'immediately after parturition. Gland

»>

development and milk productibn are both under complex

hormonal coritrol involwing bgth prdfein and .stercid hormones.

N A
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Oka and Topper reported that i&_zigzé_mouse mammary
cells required insulin, corticosteroid and prolactin for
normal development (262)., The precise h&gmonal reguirements
appear to differ from one species to another, but in all
cases studied prolactin is found to-be a very important
regulator .of lactation. For a more detailed review of the
physiology of the mammary gland and the endocrine controlé
operating on this system, see Mepham (263).

The biosynthesis and composition of milk has been re-
:viewed in detail (26;,264) ﬁnd only a brief description is
given here. Although there are large guantitative
differences‘ih certain milk components between species,
qualitatively milk is quite similér—from one species'to
another. The major milk cer?ﬁydrate is a disaccharide,

" lactose, which is readily syngh@SLSed from glucose in al-
veolar cells. 'The final and rate—llmltlng step in lactose
bloiynthe51s is catalysed by thewenzyme lactose synthetase
in the reactloh. \\”'/

UDﬁLgalactose + glucose —>UDP + lactose
This enzyme has been resolved 1nto two polypeptide compon—
énts (265'. Catalytlc act:.v:.ty is- found in only ohe com-
ponent; this 1solated polypeptlde catalyses the addltlon of
Cgalactose to N-acetylglucosamlne in place ‘of glucose, The
second component has a regulatory role; it modifies @he
catalytic activity ofrthé first component by increasing the

enzyme's affinity for glucose so that the production of  ®

(
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lactose by thé,above_reaction is favoured. This regulatory
‘polyéeptide is a-lactalbumin (aLA) and it is one of the
major milk proteins (267). oLA is a whey protein, which
means that it is not precipitated from milk by acidifica-
tion‘éo a pH of 4.5, unlike the caseins. Eesides *egulating
lactose synthesis, oLA proviéés a source of amino acids

for the new-born.

The caseins are a series of acidic phosphopioteing
which afe charactefised by a high content of essential
hminp aci?s, and they constitute a maﬁo; fraction of the
proteins of milk. In experimental terms, the caseins are
defined as proteins that precipitate from milk at a pH.;%
4.5; most of thelcaseins contain carbohydrate reSidueé.
They are priﬁcipa@ly nutritive in funétion but it is
believed that through the formation of caséin micellés in
the presence of calcium and phosphate ions theselproyeigs
may pl%y a role in concentrating these ions in milk (£63).
Other proteins which are found in milk in small amounts
inglude blood proteins like iron-binding protein, seérum
albumin aﬁd immunoglobulins.

' ?Milk lipids con;ist‘predominantly of triglycerides’
with smaller amounts gf phospholipids, sterols and ce?epro~

sides. Milk contains several ions including'Na+, K+,and'

.Cl” and the secretion is isotonic with plasma; water

 makes up 80% or more of milk weight (264).

< /
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Tﬁe foilowing‘detailed description of the maﬁor milk
proteins will be restricted to.the rat forms, since this is
the system used in the present study. The pericd of
gestation lasts‘for 20 déys in the rat, while the'follow— .

ing period of lactation is completed by 18-20 days.
"1

1
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Rat a-Lactalbumin.

-

One of the first reports on the isolation and charac-

terization of g~ILA from rat milk .came in 1977 (268). The

_Protein was reported to contain carbohydrate which appeared
v . -] '
‘to result in anomolous behaviour of this protein on SDS

. /
.pol¥acrylanide gel eleg;rophoresis. An average of 11 carbo-

hydrate residues per mole protein was reported, although tﬁis
might vary from one protein molecule to another since-multiply
charge&fqrms of the protein were observed. McKenzie and
Larson found up te six different forms of o-LA and these

were believed to represent two genetic forms with variation

in carbohydrate content resulting in three forms of each

.gene product (269). Prasad et al. resolved rat o-LA into

three charge forms by ion exchange chromatographx, but/the
differences resided in the carbohydrate portion of these
molecules, not in the amino acid composition, (270) All
forms were active in the lactose synthetase reaction. The
carbohydrate portion of rat a~LA was reported to occur at
Asn 45 and. subsequent work has provided a 90531ble structure
for thlS polysaccharlde {(271). 4

Qasba and Chakrabartty (272) claim to have purified
two -a~LAs differing in moleculer weight . a-LA; had a
molecular weight of 21,500 Qaltons'irrespective of the

method of determination, while a-LA2 Qas 16,000 daltons when

' measured by sedimentation analysis. and 22,500 daltons by

SDS polyacrylamide gel electrophoresis."Beth forms were

¥
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glycoproteins'and the& exhibited identical immunological "
, activities. It was ptoposed that aLA,; was a precursor of
aLAz, since Mlld proteoly51s apparently converted aLAlto -
‘uLAé. Recently, Prasad et al. reported the entire amino
acid sequence of a rat aLA(273); the protein consisted of
140 amino acid residues égggared to 123 for the aLAs of
most other species, Compared to other oLAs, the rat
proteiﬁ’hasa 17 amino acid e&tension_at the carboxyl
L a o
jﬁ}:ermlnus- it is proposed that the extension could have arisen
through a termination codon mhtatlon in the rat alA gene.
These dlrect amino acid sequence data are in good
agreement with that predicted from the nucleotide sequence
of a cloned cDNA prepared agaiﬁsé rat oLA mRﬁA,1274). However
the question of whether or not multiple genetic forms of
‘this protein exist has not yet been resolved.
The mRNA coding for rat aLA has been isolated from
3~5 day lactating mammary glamd (23). A wheatgerm cell-free
translatiom system was used.to assay mMRNA ao}ivity and the l
translatlon product of aLAmRNA was identified with the ‘
use of specific aLA anti-serum. Of the total mammary -
¢£A§T§(A) mRNA translatlon products, 40-50% were immuno- .
precipitated with ?ntl-serum. The mRNA.coding for aLA has been
prepared from totai:mammar§ RNA bY-polykA) affinity chrom-
atography and eubsequent size ftaztionatioh of'poly(A)f
.RNA by sucrose gradient cent fugetion. aLAvaNA was~ehown

LA

L.J
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to.be present in a, distinct size class of mRNA (8~10.5S)

. . . .
(23); in v1tro translation @f this mRNA gave a translatlon

) product 1dentlcal to purlfled aLA in a fingerprint analy51s
E 7
(275). Untll recently, 8-10s mammary ‘RNA was belleved to'
consist exclusively of aLA mRNA; it now appears that this - i

RNA contains mRNA for a second whey protéin-(see Chapter 5).

Rat Caseins S . -

N

Caee&?s are defined as acid precipitable milk proteins
and separatlon of the rat forms has been achieved by e -._p'
DEAE-cellulose chromatography (42 276) . Thls.resolved
three separate proteins of molecular we1§hts-42,000 (casein
1), 30,0b0'(casein.2) and 25,000 daltons (casein 3) (42). . '
The last casein was partially resolved into two forms thé%?ﬁl)

“probably dlffer oﬁly in their carbohydrate or,pﬁgi— 4

. phate content, Howeverl.caselns 1, 2 and 3 appeKred o be

dlfferent protelns based on size and amino a01d content cn

(276 278), but their amino acid sequences “have not‘ een "
e
b

'“\s ' determlned. A pur;fled caseih mix waéfused to g nerate
- J . specific anti-serum which could be used to assa

Ior caseln

-ﬁroducts in eell-free trapslatlon“syetems‘air »oda by ratj:y
.Zmammary RNA (42) B .

ol

L

~ e CaSEln mRNA was found tOIEBldeln.the lzs ans 16 lﬁs

. \ - poly(A) RNA molecules of mamma;y RNA, and purlfled fradﬁions-
. ' Ge o &

- of these mRNAsg showed that the 158 mRNA coded for the twob

o - largest casefﬁs (molecular weights 42 000 and 30 000 dalﬁons)
_ iy, : . ' ' '
¢ . J ' e * » L " ‘ -

1-
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‘while the 12S mRNA coded for the smallest casein_(molecular

weight 25,000) (24). These mRNAs had molecular weights (T
of 450 and 320 kllodaltons respectively. The purity of

these mRNAs was monltored by electrophore313 on 3% agarose—

-

urea 'gels and examlnatlon of the cell-free translatlon

products of these mRNAs. The 155 casein mRNA contained

at least 90% casein mRNA activity, but the 125 tasein mRNZ

- did not appear to be as pure.. Further resolution of the 158

MRNA doublet into two components codiftig for caseins 1 and

2 respectively ha% not been .achieved and all 15S mRNA

preparations therefore consist of two mRNAS..

Rosen and Barker have reported the preparation and
characterization of cDNAs prepared against 123 and. 15§
casein mRNAs (278); appropriste reaction. conditions yielded
almost full copy 158 chA(mlBOO nucleotides).This 155 cDNA
hybridized with 155 casein mRNA in a pseudd. first orde;

reaction with a Rot 1 of 0.0023 mol. s.171, rotal lactating

2
mammary RNA hybridized 166 times more slowly than purlfled 158

casein mRNA and this indicated the degree of. purlflcatlon

obtained for this casein mRNA Hybrldlzatlon of 158 cDNA

with_gat genome DNA indicated that casein mRNA was trans-
cribed from non-repetitive DNA sequences (i.e. a single copy °

gene) , both in the lactating gland and in tumour tissue (278).

Variation of Milk Proteins and their mRNAs throughout

Mammary Gland Development

Specific radioimmunoassay measurements in the 4 day lac-
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.tati}ag rat gland by Qasba.and Nakhasishowed that aLA made up 0.6%
_ of total protein while casetns ], 2and 3 made up 6.6%, 1.0% and
1.8% respectively of total protein (275) . These proteins
were present in similar”proportions in rat milk. There
..was up to a ten fold dlfference in the amounts of these
) protelns present in the fully 1actat1ng gland, but the milk
'proteln mRNAsS were present in the- gland in approximately
equal amounts. Quantitation of 9SoLA mRNA and 1585 casein
mMRNA in total mammary RNA was performed both by analysis of
: wheat germcell-free translation products and by hybridization
to‘cDNA 95 and cDNA 155 probes. Both analyses indicated
_that total- 155 casein mRNA was present in approximate&y
.double the amounts of 95 aLA mRNA, but it must be remembered
that the 155 mRNA consisted of two separate types of mRNA;
alA mRNA made.up 0.9% of total RNA and 158 casein mRNA made
up 1.8%. The difference in proportions of the milk proteins
and their corresponding mRNAs‘ﬁas prompted the suggestion
that postranscriptional controls operate during milk
protein.productton {(275). .

Rosen and Barker reported the quantitation of the 1585
mRNA in total mammary RNA fteh glands at various stages of
gestation, lactation and involution (278). Totel RNA of
5 day pregnant gland contained 0.027% casein mRNA‘and this
rose slowly during pregnancy and lactation until it teached
0.52% at 8 days of iactation, a rise of 19 fold. The absolute

amount of casein mRNA reported here is a little lower than

<

T
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that found by Qasba and Nakhasi (275). After 7 days of
involution, the casein mRNA content had dropped to 0.014%
(half of the 5 day pregnant value}. Nardacci et al. also

measured levels of rat aLA and total casein ﬁRNAs through-

P :

out gestétion and lactation (276).CTotal mammary RNA was
translated in a cell-free system; the milk protein trans-
lation products were quantitated after isolation with milk
protein anti-serum and separation by SDS/polyacrylamide gel
electrophoresis. ,Fhis method, which measured only biol-
ogically active mﬁNA, indicated that whereas caéein mRNA
levels increased throughou? pregnancy and up to 15 days . Lo/
of lactation, alA mRNA exhibited only a’small rise over
pregnancy but increased substan}ially from 2-15 déys lac-
tation. On weaning for 6-days both mRNA levels dropped
from lactatiné levels and approached the'amoﬁnts -
observed in early.pregnancy.} |
The most comprehensive study of gquantitative changes
in milk proteins:and their reépective‘ﬁRNAs throughout
gestation and lactation of-ra£ mammary gland was undertaken
by Nakhasi and désba (279) . Pfoéein levels were expressed
in ug/ug DNA. The levels of oLA and casﬁin prqyeins increased
dramatically (5—25.fold) especially duriné the latter half

of géstatibn but remained reasonably conétant for the first ,

14 days of lactation. Casein 1 was the mest abundant protein

with levels about 5 times higher than those of either ola

or casein ﬁ.w\CaBein 3 levels were slightly higher than
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thbse of casein 2. All four milk oroteins.rose 3~; foia in
amounts between” days 12-1¢6 of lactation but thlS rj,se was short-—
11ved and levels guickly aecllned thereafter. -
- LeVels of the mRNAs COdlng for ¢LA and the two. largest
caseins were measured by _cDNA\hybridiéation of £otal

RNA from glamds at various stages in development

(279). This provided a measure of total_‘sequenoe

present but not all of this mRNA is necessarily fupctional'

in vivo. There was an increase iq oLA MRNA in the first

week of gestation followed by a ‘decline and then a'eteady rise
until the lactating ievel (0.8-1.2% total ﬁNA) was reached.

In the rirsr day of-gestation, o¢LA mRNA was l%@s-than-O.GS%

of total RNA, thus a 20 fold iqcrease in this mRNA was -
observed Casein.mRNAmleGefs rose throughout gestationlwith'
lactating levels being reached by day 20 of gestation. .Thié
increase, from 0.l%total RNA ‘at day 1 of géstation-to \
2-3% duriné lactation; represented a'26-30 fold accumulation.
Both milk prorein MRNAS exhibited pe;k levels at 12 days of

lactation and thereafter levels declined.

Since mammary gland milk proteins are secreted from

-

"the alveolar cells, it is likely that they are synthesised

and packeged like other secretory proteins, i.e. via a
mechanism like the signal hypothesis (280). This hypothesis
suggests that secretory proteins are synthesised on ribosomes
associated with the endoplaemic reticulum (hence rough
endoplasmic reticulum - RER) and that during peptide

production, a signal sequence of high hydrophobicity is made
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At‘khé N-terminal: This'séQuencé allows the peptide to-
téaverse the ER memb;agérbﬁt'in the process if.is cleaved
from the rest of the pol&peypide molecule. The protein
then progresses along the endomembrane system ({through
the golgi ;pparatus) and igto secretory vacuoles which
release the enciosed’prﬁteins £rom the cell by reverse
pinocytosis.' |

" There is evidence supporting such a mechanism for
the milk proteins. Translation of mRNA from 13-15 day lact-
ating rat mammary gland in awheat germ cell-free systgm
résulted in synthesis- of immunoprecipitable aLA; this
peptide was not gl&cosylated and it contained a 19 amino
acid giénal peptide sequence at the amino_terminal (281).
When dog pancreas microsomes were included in the trans-
lation, the resulting ®LA lacked the signal peptide sequence
apd was apparently core glycosy;ated. Processing and .
glyéosylation of the protein was linked temporally to -
translatioﬁ’and-resulted in a ﬁrotein which was protected
from proteolygls, presumably because the p;otéin was
sequestered within microsomes (281). . S%milar‘observations
‘have been made for rat caseins (282). Casein phosphory%;;ion,
which occurs at specific serine/threonine residues, is now

known to occur thfough the action of a M’g2+/Ca2+ dependent

kinase localised in the Golgi apparatus (283).
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rat aLLA and the three indiv-

Milk Protein cDNA clones

Recently, cDNA clones fo
‘idual caseins ﬁave been prepared {234 ,284). The cLA cDNA
clone has béen sequencéd and this yYelded an amino acid '
sequence for part.of the aLA protein (274). The three
casein ¢DNA clones stﬁdied represent 77%, 95% and 99%
of the mRNA sequence for caseins 1, 2 and 3 respectively (284).
Restriction site maps for all three casein clones have been
reparted (285) but only the casein 2 clone has been completely
fsequénced (286). This nucleotide sequence enabled
_prediction of the en?ire amino acid-seqﬁence of the protein
and has‘indicated the ékistence of a ls'émino acid signal
peptide which exhibits a very high degree of conservation
compared with the signal peptide of ovine caseins. Much
more limited sequence homology was evident for the‘rest
of the casein sequence. Restriction enzyme mapping and
heteroduplex analysis of the three casein cDNA qlonés
both suggested that there is Wide sequence divergencg
amongst the casein genes (285).

Now that cDNAs for the individual caseins -are
available, more thofouéh'én&lysis of the accumulation of
' Ehese MRNAS during mammary gland development in zixgj
and hormonal treatment of organ explants ih vitro will

be possible. Until now, studies of the 128 casein mRNA
- E

have been hampered by a lack of sufficiently

| ' ‘ \-

é



"gpecific 128 cDNA; and it was imp ) ibie to study the two 158
“caggin mRNAS individually. ;reliminary work on the

eéfécﬁs of prolactin and hydrocortisone on the individual
casein mRNAs has been reported (287). 1In early pregnancy,
it‘appeared that the relative proportions of these

mRNAsS changed drama;ﬂgélly, but thereafter their le;els

increased coordinately.

Hormonal Control of Milk Protein Synthesis f’ ,
The changing levels of mammary gland eins and

[}

o ¥
their corresponding mRNAs during pregnancy, lactation and

involution are due to the complex effects on this tissue

of several hormones, Studies of this tissue especially

using in vitro systems have attempted to dissect the actions
of individual hormones on lactogenesis and specifically on
milk protein synthesis. Early studies on pregnant mouse
mammary gland in vitro suggested that insulin} hydrocortisone
and prolactin acted synergistically to stimulate milk protein
synthesis (288). The action of insulin in this system might
be simply to.maintaiﬁ‘cell §iability, and this hormone might
not have any specific effects on milk protein synthesis.

Both hydrocortisone and prolactin had a stimulatory effect

on rat mammary gland lactogenesis but, in contrast, pro-
gesterone inhibited both casein synthesis and casein mRNK.
accumulation (289), and it has been suggested that the

sudden drop in circulating progesterone at birth is the



trigger for the. commencement of 1actatidp.

The mechanism of proiactin action has been investigated
using explants of rat mémmary gland taken from p?egnant
animals (290). 'Prolactin_addition to this tissue causéd
casein mRNA accumulation, measured_with the ¢DNA 15S probe,
within one hour 6f hormone treatment and mRNA accumulated
for up to 48 hours thereafter. 1In thié system, hydrocor-
‘fisone was not essential for prolactih-induced casein mRNA
accumulation, but this hormone did potentiate the prolactin
effect. Progesterone inhibited casein mMRNA accumulation when
given with prolactin. There is evidence that prolactig
increased casein mRNA levels in the mammary gland in two
ways. The hormone increased casein mRNA transcription rates
by 2-4 fold but it also increased casein mRNA half-life by
17-25 fold (291). It was therefore suggested that casein
mRNA accumulation in response to prolac?in oécurred by a

combination of transcriptional and,post—trahscriptional
events.

Possible'modes of action of piolactin have been reviewed
(292). There is little evidence to suggest that prolactin
acts on its target tissue by thé classical peptide hormone
pathway, via activation of adenylate cyclase. There is
evidence that at least part of the prolactin molecule is
internalized by mammary alveolar target cells. An internmlized -
hormone-receptor compléx céuld act d}rectly or through a

chemical mediator. Polyamines, cyclic nucleotides and

-



prostagiandins have all been\Euggestgd as possible mediators
of prolactin action bﬁt the-evidence in_eéch case is not
strong {(293).

In agreement with studies on casein synthesis, éay
et‘al (294) found that long-term rat mammary cell cultures
would produce oLA only in the presence of insulin, prolactin
and corticosterone, The importange of these hormones in,
stimulation of milk protein synthesis by the rat is thus
clear, but the precise mechanisms by which these hormones

elicit such specific effects remains to be determined.

The Polyadenylation of Milk Protein mRNAs

Measurements of rat casein mRNA translation during
purification from total mammar§ RNA have indicated that up
to 60% of this mMRNA was not retained by oligo(dT)-
cellulose ehrom;tograpgg. ft therefore aﬁpeared that a large-
fraction of casein MRNA contained either no poly{(A) tails
or poly (A} tails of less than 20 nucleotides.in length (42).
Up to 50% of lactating ewe and pseudopregnant rabbit casein
mRﬁAs have also been reported to'ekist in poly(A) deficient
forms (295 ,236). Rat LA mRNA has been partially purified‘
usiﬁg poly (U) -sepharose columns, and therefore was in part
polyadenylated, but no indication of the recovery of oLA
MRNA from these columns was reported (23). Human ¢LA mRNA
has been reported to exist in poiyadénylated and nonpoly-
adenylated forms at various stages of pregﬁancy, lactation

and involution. ‘The poly{A)  form appeared to be present



at a concéntration of approximately one huhdredth that of the
poly (A)' form at all stages, but values of the absolute

amounts present were-not given (120). °

The size oflthe poly(A) segment attached to’ISS casein
mﬁNA has been determined (24). [3H]-1abe1 was introdueed
into 155 casein mRNA using'periodate oxidationf[BH]-boréhydride
reduction and the resulting [?’H]- labelled poly (A) segmenvts \
ranged from 15 to 150 residues, witﬁ a number average size

of 42 residues. No report of the length of the poly (A)

associated with rat oLA mBNA has been presented.

-



— AIMS OF THIS RESEARCH

Developmental processes often provide the researcher
with good model systems with which to investigate cellular
control mechanisms.since during development at least one
cellular function is being either stimulated or depressed.
In view of the roles postulated for poly (A) sequences, it
would seem reasonable to suppose that mRNA polyadenylation
could be modified during cell development. Indeed,lstudies‘
discussed previously have indicated that there is a variation in
mRNA polyadenylation during cell growth, developﬁent and
differ%Ftiation but many of these studies were unable to
study polyadenylation of specific mRNAs and thérefore
ohly very general observatiqns were possible,

In this study, polyadenylation of specific mRNAs has
beep investigated during tissue development in.attempts
" to further understand the functioning and significance of
the poly(A) sequence in development. The system éhosep
for this analysis was the rat maﬁmary gland and there are
several reasons why this tissue is a good choice for such
a study. First of all, the development of the mammarf gland
has been extensively}studied'already.and the major gene
products of the developed tissue, the milk proteins and
their corresponding mRNAs have been characterized. The

milk proteins represent a series of genomic products, the

1)



...90_

production of which is highly stimulated during gland develop-

ment. Two milk protein mRNAs, 95 whey pratein and 158 casein

mRNAS, are EOEP readily purified from the 1ac£ating gland

and this permits synthesis of cDNA probes directed specif-

ically against these sequences. O¥ce such probes are avail-

able, they can be uséd to measure .the amounts of.these

mMRNA sequences in a RNA population. Another reason for

choosing the rat mammary gland system is tﬁatﬂthis is one

of. the few systems in whigh therg is good evidence for
post-transcriptional control of protein synthesis. Pro-

laétin is believed to‘éffect‘casein MRNA accumuiation by

both an increased rate of transcribtion and a reduced rate

_‘of degradation; in other words prolactin stabilises casein

mRNA and this effect is believéd to be spéc{fic for the |
milk proteins. One possible function of poly(A) is to *J///"\\\\
slabilise mMRNA molecules; so it is c?nceivable that the
stabilisation of milk prbteip mRNAs by prolactin might be
mediated by differences in the polyadenylation of these
molecules compared to non-stabilised mRNAs,'e.g. they might
receive longer poly(A) sequences. A final advantage in the
uée of the mammary gland system is that the development pro-
cess is reversible; once the production of milk is no longer
rquired, the gland involutes and it returns to the pre-
pregna;L state both structurally and biochemically. It is

therefore possible to study both the onset (during pregnancy)

‘and offset (during involution) of milk protein productlon,
-
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as well as peak synthesis during lactatlon. o

. Preliminary studies of 15S casein mRNA had lndlcatea
that up to 60% of the sequence existed as poly(A)- mRNA in
thé;lactating rat gland; this is an‘unusuqllg high level of
poly(A)” mRNA for an abundant seqﬁgnﬁe (see Introduétiéﬂ,p.B;).

In thié study three main-ﬁueStions havg’begn asked :

(i) Does a high percentage of the whe§ p}otégh és mRNA: alse
exist as poly(A) mRNA in the lactating gléhﬁ ?
(ii) Po the relative amounts of poly(A)+ ﬁnd'poly(A)é MRNAS
for'eaéh mikk.protein change éuring development and,-if so,
are the two types of mRNA affected co-ordinately in this
respect ? |
(iii) Are there variations"in the size of the poly(A) tracts

associated with total mammary RNA during déﬁélopment, and

is any such variation reversible durimg gland regression ?

The results of a series of studies of thi& nature-should
show whether or not mammary gland development is accom-

panied by any changes in the degree of Qolyadenylafion bf‘

its mRNAs. The nature of any changes detected may

suggést possible mechanisms which are responsible for the

changes.
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FRACTIONATION OF TOTAL MAMMARY RNA BY OLIGO (4T) -CELLULOSE

AFFINITY CHROMATOGRAPHY

As indicated in the preceding page, one of the major
goals of this work involved determination of the digtribu—
tion of milk protein mRNAs between poly(A)* and poly(a)~
RNA populatidns. In-order to perform this analysis, a
method which efficieétly separates total RNk into poly (a)*
and poly(A)  RNA fractions was néeded. It has already
been stated in the introduq?ion that the best procedure
currently available for this separation is affinity column
chromatography. Two types of resin are ;butinely employed
in this procedufe: oligo (dT) ~cellulose and pecly(U) -sepharose,

) In this chapter optimal cOnditiéns for the use of

oligo(dT)-cellu}ose for RNA fractionation are described;
this was necessary since, as described in the introduction
several modifications of the original procedure (41) have
been reported. In all recent studies on the distribution-
of poly(A)+ and poly(A) mRNA sequences, the effectiveness
of RNA fractionation by oligo(dT)-cellulose‘has been moni- Vet
toféd by an independent poly(g) assay (111,116). In the é,/,j
analysis preéénted h;ge RNA fractionation has been monitored
by the [3HI~poly(U) assay for poly(a).

The initial experiments performed tolevaluate oligo {(4T) -

cellulose affinity column chromatography utilized mammary v
! ’ : SN
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RNA extracted from 11-15 day lactating rat glands. There
were several reasons for using this developmental stage
first. The production of the milk protein mRMA s was
reportea to peak around 12 déjs after parturition (279);
maximal amounts of the miik protein mRNAs are  therefore
present at this time, High levels of mRNA were advanta-
geous for evaluation of affinity column RNA fractionation
and for later work which required purification of specific
milk protein mRNAs in order to produce specific cDNA
probes (see chapters 5 and 6).

Two metﬂods for_extrabtion of total RNA from rat
mammarykgland have been reported, The method of Nakhasi
and Qasba (279) has the advantage that it removes DNA from
the extract, but this procedure does involve considerable
sample processing. It might be speculated that this pro-~
cessing could lead to selective loss éf certain RNA species
and/or increased sample degradation. Indeed these authors
did find high variations in the extent of hybridization
of their RNA samples with cDNA probes, which led to the
normalization of the hybridization curves for presen£ation.
This observation might be explained bj sample degradation.
Rosen and coworkers héve provided the best data with
respect to the characterization of their mammary RNA
samples. Furthermore, these researchers made the original

observation of the high levels of poly(A) casein mRNA in
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their mammary RNA preparations. It was therefore decided
to use the method of Rosen at al (297) to prepare all

mammary RNA extracts.

MATERIALS

All animals used were Sprague-Dawley female rats
w ., ¢
obtained from Charles River, Montreal, Que. The day of

parturition was assigned as Yay 1 of lactation. Pups

remained with the mother until the time of sacrifice and
only lactating females wifh at least 10 pups were used.
The entire mammary glands o female rats were removed
after anaesthesia ?nd decaéitation. fhe mammary tissue
was frozen rapidly on dry ice, weighed and stored at
~70°C. e

Phenol (U.S.P.) was from Baker Chemical Co.,
Phillipsbﬁrg, N.J., U.S.A. .It was distilled (only the
material distilling at 179-182°C was collected) and stored
at -20°C until use. SDS was from Sigma Chemical Co., St.

Louis, Missouri, U.S.A.
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Matérials for polyacrylamide gel electrophoresis {acrylamide,
bis, ammonium persulfate and TEMED) were from Bio-rad
Laboratories Ltd., Mississauga, Oﬁik
0ligo(dT) —cellulose (type 2) was from Collaborative
Research Inc., Waltham, Mass., U.S.,A, When not in ﬁse this
resin was stored in 0.02% sodium azide at 4°C, (5')Poly(A),
potassium salt type 1, and Bovine pancreas RNase A (type
1-A, 60 Kunitz units/mg), were from Sigma.' f
[3H]—Poly(U) [specific activity 39uCi/ mole P] Qas
from Miles Laboratories Ltd., Rexdale, Ont., It was stored

at -20°C; between 70-75% of the total[3H] -label in these

preparations was acid precipitable.
METHODS

(i) Extraction of RNA from rat mammary gland

RNA expraction was performed as described previously (297).
Frozen tissue was homogenized with a Waring blender (3 x
20 sec. runs) in 6-7 volumes of extraction buffer (0.025 EDTA,
pH 8.0, 0.075M NaCl, 0.5% SDS). The homogenate received 5
volumes of phenol saturated with extraction buffer; this
mixture was blended thoroughly, transferred to centrifug-
ation bottles and cooled for 15 minutes in methanol/ice.
Centrifugation of the homogenate at B,OOOg (4S-4 rotor,

Sorval ) for 35-40 minutes at 4°C separated the phenolic

]
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and aqueous phases. The agueous phase was removed and
reextracted once with 1 volume of phenol saturated with
buffer and twice with 1 volume of a mix of chloroform and
_phenol saturatéd with buffer (1:1). The first intexphase
was sometimes re-—-extracted in three volumes of extraction
buffer and 1 volume of chloroform and phenol saturated
with buffer (l:1). The final agqueocus phase was bkought to
0.2M NaCl and received 2 volumes of cold 95% ethanol., Any
long strands qf DNA remaining were spooled out and the RNA
preparation was‘Precipitated overnight at -20° C.

RNA precipitates were collected by centrifugation (HS-4
rotor, Sorvail) ét 3300g for 30-40 minutes at 4°C. Ethanol
was removed, and the éellet was washed twice with 95%
ethanol before being dried in vacuo. RNA was dissolved
in low salt buffer (10mM Tris-HCl, pH 7.6, lmM EDTA) and
its UV absq;bénce measured in 0.2M phosphate buffer, pH
6.8, RNA solutions had 230/260 and 280/260 ratios of 0.5
or less. RNA amounts were calculated -on the basis that a
1 mg/ml solution has an absorbancgfgf25 at 260 nm (298). For

N
51m11ar measurements of poly(A), an absorbance of 30

for a 1 mg/ml solution was used ({(299).

(ii} O0ligo {(dT)~cellulose affinity column chromatography

The oligo(dT)-cellulose column (12 mm x 25 mm, 1
gm o0ligo(dT)-cellulose) was washed thoroughly with sterile
water and equilibrated with high salt binding buffer (0.4M

NaCl, 10mM Tris-HCl, pH 7.6, lmM EDTA)._ _The total mammary
N .



RNA solution was brought to 0.4M NaCland applied to the
column at an RNA concentration not exceeding 2mg/ml and at

a flow rate of 0.2-0.5 ml/min except where otherwise
indicated. Thé flow rate could be adjusted readily by
raising or loweringthe effluent tube. When the solution

was applied to one column only, the unbound RNA solution

was collected in an Ehrlenmeyer on ice. When the solution
was applied to two columns, the unbound RNA fraction from the
first column was applied directly to. the second column and
the finaleffluent wascollected in an Ehrlenmeyer. Columns
were washed separately with binding buffer until all the .
unbound RNA was removed as determined by the UV absorbance
of the column wash . Bound poly(A)+ RNA was eluted
separately from each column in low salt buffer. The poly(A)+
RNA and unbound RNA fractiqns were collected by ethanol T
precipitation and their amounts determined by UV absorbance
as described above.' As indicated in the text, thé two

column fractionation was sometimes repeated with the unbound

RNA sample.

(i;I> [3H]-Poly(ﬁ) assay for Poly(A)

This poly(A) assay was modelled on previously reported
assays (94 ,76). [H]-poly (U) (0.057 Ci/assay) was hybridized
with either 20-70ug total RNA, 1-5ug poly(A)™ RNA, 150-300
ug poly (A)” BNA or 10-200ng poly(A) standard. The hybrid-

ization was carried out in 0.3M NaCl, 0.03M Na

B
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- citrate, pH 7.2 and 5mM Pdgcl2 in-a total volume of either 0.3
ml or 0.45 ml. After incubation at 30°C. for 30 minutes,

Bﬁl RNase A (200 ug/ml) were added and the incubation was
continued at 30°C, for-45 minutgs. The assay received 300ug
. cearrier yeast RNA and was brought to 10% TA with 0.15;0.2m130%‘
'ICA, remaining hybrids were allowed to precipitate at 0°C for at
least 90 minutes. The precipitates were collected on

Whatman GF/C filters and they were washed with cold 5%

TCA k2 % 10ml) and cold 95% ethanol (2 x 10 ml). Washed
filters were dried and the precipitated Lybrids were hydrole
ysed with 200pl 0.5N NaOH for one hour at 80°C; after
_neutralization with 200yl O;SN HC1, thé filters received 5ml
Ready-solv (Beckman, Toronté, ONT). Filter-containing

vials were shaken for iS minutes at room temperature and
counted in an- Isocap 300 liquid scintillation system
(Nucleér-Chicago) at an efficiency of 30-35%. A counting

period of 10hminuteé was- generally used ,

— ,

(iv) Disc gel electrophoresis of mammary RNK’preparations

Mammary RNA preparations were electrophoresed on SDS
: , ¢
polyacrylamide disc gels (85 mm x 6 mm) containing 2.2% acryl-

amide, 0.11% bis, 0.2% SDS, 0.07% ammonium persulfate and
0.07% TEMED, The buffer system of Falvey et al. (300)

(36mM Tris, 30mM NaH,PO,, lmM Na,EDTA, 0.2% SDS, pH7.8) was

i

b
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used. Gels were preelectrophoreszﬁkat 3.5ma/gel for 1 hour.
ﬁNA samples (15-20ug in 5-50ul) were applied in electro-
phoresis buffer containing 5% sucrose and 0.003% bromophenol
blue. The gels were run for 3-4 hours (3.5mA/gel

=~ 50 Volts) until the blue dye almost reached the bottoms
of the gels. Gels containing electrophoresed RNA samples

were scanned at 254nm using an ISCO UA-5 gel scanner.

(v) DNA assay
DNA was determined by the method of Burton~(301).
t

Calf thymué DNA (Sigma) was used as a standard.

RESULTS

w

(1) Extraction of total RNA from 11-15 day laetating rat

mammary gland

In four separate phenol extractions of RNA from

lactating mammary gland (see methods) yields were 6.9, 7.3,

6.8 and 9.6 mg RNA/gm’ wet tisdue; average yield was 7.5

mg RNA/gm tissue ¥ 1.32 (standard deviation ). When total—{
%HA was anélysed on 2,.2% polyacrylamide SDS gels as in |
Figures 1lb and 2a two major UV absorbance peaks corresponding
to 18S and 2885 rRNAs were present. From the reported
mg}ecular Qeights of eukaryote rRNAs {188 rRNA = 0.71 x

6

10" daltons, 288 rRNA = 1.90 x 106 daltons) and the obser-

]

-
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Figure 1., Analysis of RMA preparations by 2.2% polyacrylamide
SDS disc gel électroPhoresis. :

BNA (15ug/gel) was electrophoresed on 2.2% polyacrylamide SDS
disc gels (see Methods). Gels were scanned (at 254 nm) at a
rate of 150 em/hr. Tracings of three gel scans are shown:
(A} gel run without sample ~ blank gel i (B)total mammary RNA
preparation‘ (C)Jpreparation of unbound RNA run through an
oligo(dT)-cellulose column in high salt buffer - the initial
sample was heat-treated before application to the column.
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Figure 2. The Effect of various treatments on structure of
Total Mammary RNA '

Total RNA preparations were run on 2.2% polyacrylamide SDS
disc gels (15 ug RNA/gel) as described in Methods. After
electrophoresis gels were scanned at 254 nm and tracings of
the resulting profiles are shown. RNA treatment before
electrophoresis was as follows: (A) passage of RNA through
oligo(dT)-celluloge colﬁmn in low salt buffer; (B) heated to

R

7°C (5 min.), then cooled at 0°C;(C) incubated at 37°C (1 hr) .
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.vation that they are in a 1.1 molar ratio (305) it may be
calculated that the ratio of the 18S/288S absorbance peaks
should be about 0.4:1. The observed values of 0.45 and 0.38
are in.close agreeﬁent to t£is. These profiles -in Figs.
1b and 2a show that intact total RNA can be produced by
this extraction protocol, as judged by analysis of the rRNA
. peaké. When blank gels were electrophoresed ﬁy this method
significant UV absorbance was observed at the bottom and top
of the gel (Fig. la). As a result, it is difficult to |
observe molecules smaller than 1885 and 1§rger than 288
with this system. E.iqures 1 and 2 will be discussed further.
Analysis of these. total RNA preparations by the Burton
procedure (see methods) indicated that significant amounts
of DWA were presenﬁ in these preparations. The amounts of
DNA present varied from 20-40% of total nucleic acid as
shown in Table 1. The presence of DNA in these samples
is consistent'with the findings of Matusik and Rosen (290);
their mammary ﬁNA preparations contained 25-35% DNA. The
presence of DNA in the preztnt mammary RNA samples had
lto be taken into consideratiion during subsequent analysis
of these preparations (see chapters 4 and 8).

~

(ii) Initial observations on RNA fractionation using oligo (dT) -~

cellulose columns

A survey of the literature on the use of oligo(dT)-

cellulose columns indicates that several factors can effect
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TABLE 1: DNA CONTENT OF TOTAL MAMMARY "RNA" PREPARATIONS
. RNA preparation . concentration (mg/ml) $DNA
total nucleic acid ° DNA only
1 total 3.72 121 33
2 total 5.92 2.3%7 40
3 total 3.5 0.71 20
4 total 5.5 1.04 19

Total nucleic acid concentration of RNA preparations
was measured by absorbance at 260nm. The DNA
content of the samples was determined by the method
of Burton as described in methods. The final"
column expressed the DNA content of these samples

ags a percentage of total nucleic acid.
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poly(A)+ RNA yield, e.g. sample size, or more precisely the
ratio of RNA sample/resin weight, flow rate and the con-
centration of galt in the binding buffer. Overloading of
the resin with sample , or a high rate of sample flow
through the resin may result in an unbound RNA fraction
which is not completely depleted of poly(A)+ RNA. It
follows that a RNA preparation may require more than one
passage through oligo (dT)-cellulose in order to remove all
poly{A)+ RNA species. The exact conditions required for
complete separation of‘poly(A)+ RNA from total RNA must be
determined by each investigator for the RNA preparations
under study.

Initial investigations on the use of oligo({(dT)-cellulose
therefore eéxamined the effects of sample flow rate and
of the paésage of a single RNA sample through more
than one column. 'It became obvious after some experience
with these célumns that the flow rate of a solution through
the resin was reduced when the solution contained RNA.
Initially flow rates were measured duripg the binding
buffer wash, but in later studies the column flow rate was
‘-measured during sample applicatioh.'/ihe flow rates pre-
sented in Table 2 were obtained with binding buffer only
and are thus 2-3 times faster than the actual rate during

sample application.

Table 2 summarizes the results of passing four total
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TABLE 2: THE EFFECT OF FLOW RATE DURING OLIGO(dT)-CELIULOSE

CHROM\ TOGRL PHY ON POLY(A)+ RNA RETENTION BY THE C OLUMN

Initial Poly (A)+ RNA Poly'(A)"' RN >
flow retained yield

rate (mg) (%)

(ml1/min) . _ J

3.3 0.097 0.48

2.0 0.178 0.88

1.25 0.236 1.17

1.8 ' 0.223 1.11

L3

RM. samples (20.lmg) were heat-~treated (70°C , 5-10 min.,
.fqllowed by cooling at 0% ), brought to 0.4M NaC 1l and

applied to single oligo(dT)-cellulose columns as described

in methods. A fter removal of unbound RNA‘with high salt

buffer, retained polir(A)ﬁRN\ was eluted with low salt

buffer and measured by UV absorbance at 260nm. Poly (A)‘+

RN yield is expressed'as a percentage of totél RNA applied
to each column. The initial flow rate was determined during -
the high salt buffer wash and before saﬁple .application.
Actual flow rates during passage\of sample through 1;he

column will be lower than these initial values (see text).
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mammary RNA preparatiéns {¢0.1 mg each) through one oligo
(éT)—cellulose co;umﬁ.H»The principal observation from
this table gé that the flow rate of a sgmple through a
column can significaﬁtly affect the final poly(A)+ RNA
yield. At a binding buffer flow rate of 3.3ml/min.
(corresponding to a rate of over 1 ml/min. during RNA

. e
application) poly(ajT RNA yield (0.48%) was about half that
obtained with flow rates of 2 ml/min. or less (0.88-1,11%),
It was concluded that flow rates of 1.8 ml/min. {corres-
ponding to a rateldf 0.75 ml/min. during RNA application) \
or less, permits optiﬁal column retention of poly(A)+ RNA. 3
Higher yields of poly(A)+ RNA (1;85) were achieved with a
slightly “smaller RNA sample, and this suggested that these
RNA preparations might require passage through more ‘than
one coblumn to remove all poly(A)+ BNA. A fraction of
larger total RNA samples (63 mg) did bind to the resin on
a second column run. It was therefore necessary to determine
the number of rounds of oligo(dT)-cellulose column chrom-
atography needed to remove all poly(A)+ RNA from a total
mammary RNA preparation of'specified size. Before such ah
analysis was ﬁerformed, it was examined whether orf not

affinity column chromatography yielded RNA preparations

which retained their primary structidfe.
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(iii) Conditions of affinity chromatography which vield

intact unbound RNA fractions

Since the distribution of poly (&)Y and poly(a)” mRNa
sequences can be significantly changed by pronounced RNA
degradation (see chapter 6), it was necessary to
confirm that passage of RNA samples through oligo (4T) -
cellulose did not result in pronounced degradation of these
samples. Unfortunately routine size de;erminations of
poly(A)+ RNA are not practical since relatiéely small améunts
of material are available (1-2% of total RNA) and mRNAs
exist in a range of sizes. However, the size of certain
poly(A)+ RNA preparatidns was determined by sucrose density
centrifugation and shown to be consistent with the reported
size of the milk protein mRNAs (see chapter 5). Size
analysis of the translation products of poly(A)+ mRNAS
also indicated that this RNA was of the correct size (see
chapters 3 and 8). For routine determination of the

.\intactness of RNA run through affinity columns, the unbound
{GNA fraction was used; these samples contain rRNAs which
are sensitive indicators of dégradation due to their large
sizg. A polyacrylamide SDS disc gel electrophoresis,
followed by UV absorbance scanning, were used to monitor
RNA size (see méthods). Figure 1lb shows a profile of

total mammary RNA before application to a column; discrete

18S and 28S rRNAs are present. The sharpness of these peaks
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and their ratio (approx. 0.4:1) demonstrate that no signif-
icant RNA degradation has occurred during extraction. Figure
la is a profile of a blank gel run without RNA sample, and
this shows that the absorbance background of these gels
contributes significantly to the overall profiles shown in
Figure 1. Peaks of high absorbance are apparent at the
bottom and particularly at the top of these gels and the
presence of these peaks makes it impossible to comment on

the presence of nucleic acid species much smaller than 185 ,
rRNA (e.g. tRNAs) and larger than 288 rRNA (e.g. DNA) c

in these samples. It was not possible to eliminate the"
irregular absorbance background seen on scanning these gels
thus it was always necessary to coﬁpare sample profiles

with the profile of a Elank gel, Attempts to eliminate

this absorbance included gel preelectrophoresis and variation
of the relative amounts of acrylamide and thg catalysts
TEMED and ammonium peréulfate. A recent company's statement
suggests that a potentsial source of UV-absorbing components
in this procedure is the\black rubber grommet used in the
disc gel electrophoresis apparatus. Grommets lose UV
absorbing material into the buffer during electrophoresis

and this can contaminate the gel £303). Figure lc:'is a
profile of unbound RNA éroduped by passage of heat-treated
total RNA th;éﬁgh oligo(df}—cellulose, followed by ethanol
precipitation. This RNA preparation exhibits substantial
loss of structure; the discrete rRNA peaks have been lost

and a series of ribonucleotides of various lengths were
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generated. Attempts to prevent this degradation by passage
of an unbound RNAeffluent froman olige (dT)-cellulose column
directly into a mixture of phenol saturated with extraction
buffer and chloroform (1:1) followed by immediate extraction
of the RNA were not successful in preventing significant RNA
degradation.

A series of experiments was designed to determine tﬁg’
step in affinity column chromatography responsible for the
observed loss of RNA structure. The RNA profiles of
several aliquots of a total RNA préparation, treated in
different ways and run on 2.2% polyacrylamide SDS gels, are
presented in Figure 2. When a total RNA preparation (5.9mg)
was pasged directly through an oligo{dT)-cellulose column
in low salt buffer, without prior heat treatment, the un-

" bound RNA fraction maintained its discrete structure
(Figure 2a). It was concluded that RNA degradation was not
occurring during passage through the columns. Heatingxa
total RNA preparation for just 5 minutes at 70°C., followed
by cooling'at 0°C., caused extensive RNA degradation
(Figure 2b). The reason for this high sénsitivity of

these mammary rRNA speéies to heating is not understood;
heat treatment of RNA samples is often performed before
affinity colu;} chromatograpﬁy (see introduction) and there
are no reports indicating that this treatment causes the
severe disruption of primary structure seen here. ?he

possibility that the high susceptibility of these total RNA
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preparations to heating was due to contamination with small
amounts of nucleases which had not heen remove@ during
phenol extraction was studied. Protease treatment of the
samples prior to heat treatment did not prevent this effect
(data not shown); moreover, incubation of total RNA
preparations at 37° C. for 1 hour (conditions most favourable
for RNase activity) did not result in significant RNA
degradation (Figure‘Zc). @ S

In summary, the total RNA preparations from lactating
rat mammary gland examined here appeared to be degraded .
by even short exposure to high temperazaiés (70°C.) and
this unusual property of rat mammary RNA is discussed further
in the discussion to this chapter. Since intact poly{(a)
RNA preparations were required in order to carry out meaning-
ful analyses of these RNA fractions, affinity column
chromatography was routinely performed without prior heat
treatment of samples in all experiments. By omitting the
heating step, intact total RNA preparations routinely

yielded intact unbound RNA.

(iv) The [3H]—poly(U) assay for poly (A)

To assess the separation of mammary RNA pre-
parations into poly(A)+ and poly (R) fractions by affinity
chromatography an dccurate poly (A) assay was required. The
[3H]~poly(U) assay adopted for this purpose is described -

fully in "methods" and the theoretical basis of this assay



-

- 111 -

was discussed in the introduction (see p.24). The protocol
routinely used for this assay was based on data from
initial experimenits in which optimal conditions for poly (A):
poly (U) hybridization and digestion of non-hybrid poly (U)
were determined. Figure 3 indicates results of one‘
experiment performed under the conditions described in the
legend; a linegr standard curve_with a slope of 158 cpm/ng
poly (A) was obtained using 0-275 ng poly(A). The assay
background, obtained with Ong poly(A), was 1750 cpm and the
assay was linear up to approximately 46,000 cpm, a value
corresponding to about 6&% of the TCA precipitable cpm in
the assay. Subsequent experiments indicated that the
linearity of the standé;d curve was lost when over 70% of

the TCA-precipitable ébm in the assay were hybridized

with poly (A} and precipitated.

Studies on the effect of varying hybridization time
and digestion conditions on the final c¢pm value obtained
with the assay are summarised in Table 3. Similar results
were obtained with hybridization times of 15 and ‘30 mins.
{rows 1 and 2); the small difference observed between . these
two values is not significant with an assay background of
2,000 cpm. The use of several digestion times - 15, 30 and
45 minutes at 30°C. (lines 3,4 and 5) - produced simliar
results too. It is notewofthy that the enzyme was eﬁféctive

at both 0°C and 30%°C (lines 2 and 4 respectively) and

performing the digestion with double the usual enzyme
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Figure 3. Standard Curve for [3HI—Poly(U) Assay of Poly(A).

A [3H]wpoly(U) aésay was performed as described in the text.
fhe indicated amounts of synthetic poly(A) were hybridized
with 0.114uci [ H)-poly(U) at 30°C for 30 min. After a 30
minute RNase A digestion (0.3ug enzyme/assay) at 0°C, the
remaining hybrid was acid precipitated. The precipitate was
collected on GF/C filters and counted (see Methods).



- 113 -~

TABLE /33 THE EFFECT OF VARIOUS CONDITIONS OF HYBRIDIZATION
=

AND RNa;é_DIGESTION ON THE [3H]—P0LY(U) ASSAY FOR POLY (A).

.

Expt. Duration Duration Temperaturé  Amount | [3H]—label
no. of of Rase -at which of in hybrid
hybrid- digestion digestion enzyme precipitate
ization performed used
(mins) (mins) (°c) (mg/assay) (cpm)’
(1) 15 30 0 0.3 20240 + 140
30 30 o 0.3 T 22250 * 590
(11) 30 15 30 0.3 22400 * 700
30 30 30 0.3 22990 + 1000
30 45 30 0.3 22590 + 280
(111) 30 30 o 0.6 ° 21690 * 660

A [3H]-poly(U) assay was performed in a volume of.
0.2@1 as described with the indicated modifications in
hybridization time, RNase digeétion time -and digestion
temperature. The assay contained 138ng sjnthetic poly (d),
and 0.114uci[3H]—poly(U) equivalent‘to 68,300 cpm of TCA
precipitable [3H]—1abel. The amount of [3H]—1abel appear-
ing in the TCA pfecipitate is expressed as the mean of
duplicate determinations * the range, The.background of

this assay,'obtained by omission of the poly(Af from the

assay, was 2,000 cpm.
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concentration at 0°C, again gave a similar final result
(lines 2.and 6). The reason for investigating these two
digestion temperatures is that both conditiofs have been
used previously; Bishop et al. (94) digested their poly (A)
assays at 0°C while Gedamu et al2(76) digested at 30°C.
The data of Figure 3 and Table 3 both indicate. that under
the conditions beéing employed, Eﬂé‘[3H]—poly(U) assay can
measure poly(A) aééurately. - |
Subsequent experimenté investigated whether or not
this assay could be used to measure the poly(A) content of
RNA fractions of 01i,go (3T) —~cellulose columns. 'It appeared
unlikely'that\assay conditions which are satisfactory for
the measurement of standard poly(A) ‘are nece%sarily
adequate for the measurement of poly(A) in RNA samples,
especiﬁlly in RNA samples containing low amounts of poly(a).
In this case, large quantities of RNA must be present in the
assay and modification of the RNase digestion conditions
could be required. In order to provide appropriate samples
to test the [3H]—poly(U) assay, the following fractionation
was performed. A total RNA preparation (74.4mg) was fun '
through four oligo(df)-éellulose columns as described in
methods. The final unbound RNA was designated "4x poly(a) ".
The poly(A)+ RNA bound by each column was eluted and saved
fo; separate analysis. BAn aliquot of the unbound RNA effluent
from the second column ("2x poly(A) RNA") was also saved

for analysis. The total unfractionated RNA, the fouxgEéJ;(AJ+

RNA fractions and the two unbound poly(R)  fractions were
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all analyzed with the [3H]-poly(U) agsay under the conditions
determined above. Using synthetic poly(A) as a standard, the
hybrid cpm produced by each sample was converted into poly ()
contént. These data are presented in Table 4. '
IBH]—poly(U) analysis of these‘RNA ﬁ;;btions suggests,
from the data of|Table 4; that a total RNA prepara?ion contain-
ing l46pg poly(A) has been fractionated into-four poly(A)+
samples containing a total of 118ug pdly(Af and a final
unbound RNA fraction with 156Hg poly(A) rgmain%gg! These
results are clearly inconsistent; the most likely cause
of this inconsistency was an overestimate of the poly(A)-
content of the unbound RNA frac¢tions. Up to 210ug of
unbound RNA wereincluded in the [3H]-pol (U) assay and these

are amounts which are in vast

GXZS tof the amounts of poly(U)

used. These large quantitids of BNA would be competing

with the [3H]—poly(U) for RNase and could cause

the digestion to be limitiﬂg. \\\H,*EJ

In a separate experiment, doublihg the level of RNase
‘A in the digestion (from 0.3ug/assay to 0.6ug/assay5 did
significantly reduce the observed percentage of poly(A) in
ﬁhe final unbound RNA fraction from 0.09% to 0.035%. This
observation confirmed that diéestion was limiting in these
assays; furthermore the inconsistency between assays (comparg
0.09% with the value of 0.277% shown in Table 4) indicated

a problem,
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TABLE 4: MEASUREMENT OF THE POLY (A) CONTENT OF TOTAL AND

FRACTIONATED RNA PREPARATIONS BY THE [3H]—POLY(U) ASSAY

RNA type Sample Poly(A) in le . Total poly(A) Expected
size retained by amount of
(mg) (%) (ug) colimns poly(A) in
g ug) final
initial RNA 74.4 0.196 146.0 unbound
Poly(a)’ mNA . KA (ug)
eluted from
colums: 1 0.603 8.86 53.4 ’
2 0.810 4.74 38.4
3 0.381 3.60 13.7 118.4
4 0.371 3.48 12.9
unbound RNA
washed from
columns: 2 63.18 0.364 230.0 ¢ 97
4 56.37 0.277 156.0
: Y
—J p

A total RNA preparation was run .'through 4 oligo (dT) -

cellulose columns to yield four separate poly(A)+

RNA fractions and a final unbound (4x poly (a) )

-
RNA., These RNA preparations and an aliquot of

the mnbound RNA effluent from the second column

(2x poly(A); RNA) were assayed for poly({(A) under

the conditions used for the standard poly(A) curve

(Fig. 3).

Comparisons with the poly(A) standard

were used to calculate the amount of poly(A) in

each sample. The expected amount of poly(A) in

the final unbound RNA preparation was determined

by subtracting the amount of poly(A) retained by

the four columns from that in the initial RNA

préparation.
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Table 5 summarises data from a series of [3H]—poly(U)
assays performed in the "4x poly (A) " unbound RNA fraction;
these studies were performed to d;termine optimal
assay conditions for analysis of this sample. Assays were
performed using three amounts of RNA sample (i) 47ué, (ii)
94ug, (iii) 188ug. Hybridization was performed as usual
at 30°C for 30 min. Digestion was done with increased
levels of enzyme (0.94ug/assay) and at a temperature of 30°C.
For each RNA amount;”digeééibn was allowed to proceed for
30, 45 and 60 minutes. All the RNase-resistant cpm obtained
in experiments -(i)-(iii) are low compared to previous
results. The thirtysminute value is iQ all cases higher than
the 45 and 60 minute cpm, but it is not clear how significant
this is due to the background value of 417 cpm. Certainly/
complete digestion has probably been achieved in th samples
by 45 minutes, since only very small and insignificant diff-
erences are seen between the ™5 and 60 minute dh{ﬂes. Only
the highest amount of RNA used (188ug RNA) gave cpm values
above background in this assay. Using a cpm of 659 (average
of 45 and 60 minute digestion values) for this sample,
188ug of unbound RNA contains approximately 2.5ng poly(R);
this rep£esents a poly(A) content of 0.0013%. This value
islmuch lower than those'previously obtained (see Table 4).
The limitation of enzyme digestion in this assay is most
clearly demonstrated if the results of experiments (i)-(iii)

in Table 5 are compared to those of (iv). In section (iv)
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TABLE 5: THE EFFECT OF SEVERAL RNase DIGESTION CONDITIONS

ON THE RESULTS OE‘[BH]—POLY(U) ASSAY OF AN UNBOUND RNA

FRACTION FROM OLIGO (dT) -CELLULOSE CHROMATOGRAPHY

Expt. Sample in - RNase RNase [3H]~1abe1 in
no. assay . . estion . digestion . ‘hybrid precip-
; time ' tempergture . itate |
¥ (1g) (mins.) (°c) . . {cpm)
(1) 47.0 30 - 30. - 345
45 30 . - 279
60 30 ' 251
S (11) . 94.0 30 30 - " 480
45 30 : 439
60 -~ .30 394
(ii4) 188.0 30 . 30 733
45 . 30 . , 634
60 30 ‘ 684
(iv) 47 30 0 11974
94 30 0 ) 19948 -
188 30 0 22923

An unbound RNA preparation which had been run
through four ollgo(dT)-cellulose columns (see
Table 4) was analysed by the [3H]-poly(U) assay.
Hybridization was performed at 30°C. for 30 min.
The RNase A digestion was performed using 0.94 g
enzyme/assay (i) - (iii) and 0.6ug enzyme/assay
(iv) at the indicated temperatures and tlmes.\
The background of the assay (using Ong Boly (A)).
W§S 417 cpm; each assay contained 0,057 Ci

[’H]-poly (U} eguivalent to approx. 42,300 cpm.
The assay volume was 0.3 ml.

-
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the three RNA sample amounts were assayed under cond}tions
similar to those in (i)f(i;i)'except that only 0.6ug enzyme
was included per assay aed the digestion was performed over
30 minutes at 0°C, the temperature used by Bishop et al

(94). All samples yield very high RNase-resistant cpm.o'
This discrepancy in results must be due to a large difference
in the rate of enzyme activity at the two incubation tem-
peratures. It should be recalled that for the purpose of
producing a s@andard curve using synthetic poly(n), a

30 minute incubation using 0.3ug enzyme at 0°C was sufficient.
However, when analyzlng large amounts of RNA w1th this assay,

much higher rates of digestion are needed. This has been

achieved by increasing the levels of enzyme u§ed, and increas-

ing both incubation time and temperature.

To verify the results of the [BH]—poly(U) assay at high
RNA concentration an\internai standard 'of synthetic poly (&)
was included with an aliquot of the RNA sample. When the
two components are present together in the assay, the [BH]-
1abel in the hybrid should equal the sum of the [ H]—hybrld
label for each of the two components. The results of these

mixing experiments are shown in Table 6. The internal stan-

- dard used was 34.5ng poly(A), which when tested separately’

; o
in the say yielded a hybrfg precipitate of 4,073 cpm. S

Three pes of RNA sample were used: total mammary RNA, Ql

a poly( )+ RNA fraction and the unbound 4xp91y(A)E RNA

__:.l
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TABLE 6: THE USE OF AN INTERNAL STANDARD TO VERIFY THE . USE

55

OF THE [3H1—POLY(U) ASSAY ON FRACTIONATED RNA PREPARATIONS

AN
J
. 3. Amount " Expected amount-&f
Sample RNA . - of [TE]-label in hybrid: [3H}—label.in hybrid:
type Ug in assay (a) without (b} with . {c)-with inter-
S internal internal nal standard
standard standard - (sample value:
(cpm) (cpm) +4070 cpm) ,
o o (cpm) =
total 37.2 7620 12320 11690
poly)” - 3.25 5790 9726 9860
unbound 235 820 5360 4890 o
*unbound

235. 820 5198 4890

-3

A [3H]-poly{U) assﬁﬁjwas performed on initial and
fractionated RNA preparations in the absence (a)

and presence (b) of an internal standard. Hybrid-
ization was at 30°C for 30 minutes and the RNase
digestion (0.94pg enzyme/assay) was at 30°C for ;//J
45 minutes. The internal standard consisted of -
35ng poly (A) which itself gave a value of 4070

cpm. ﬁn the assay. The expected amount of [3H]—
label in the precipitate when both the sample

RNA and the internal standard were included in the
assay (c) was determined by adding 4070 cpm to the
valiues given in (a). The assay background (with

ong poly(A)) was 420 cpm. * -~ indicates 1l.4lug
enzyme/assay wereused.
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preparation. The hybrid [3H]—1abel given by each sample when
tested separately bylﬁhe assay is shown in column (a).
Column (b) indicateg the hybrid label cpm obtained when bot
.the sample and t external standard are included in the
assay. Column/{c) presents the expected hybrid cpm,
obtained by adding together the value . for the iqyernal
standard (4073 cém) and fhe sample value given in,column
(a). There is good agreement between the values presented
in columns (b) and (c); This observation indicates that the
digestion conditions employed (0.94ug enzyme/assay a£.30°C
for 45 minutes) are not limiting, and that the-[3H]~poly
(U) assay may be used under theée conditions to determine
the poly (A) content of Rﬁﬁ preparations up to RNA amounts

of 235ug. This conclusion is substantiated by the fact

-y

~ that increasing the RNase amigg?/gg\i.4lug per assay gave

a regult similar to that obtaiﬁéd with 0.94ug per assay
. (Table 6 ). In subsequent studies, the tBH]-poly(Uf
assay.is used to measure poly(A) content of RNA preparations
as low as 5-20 parts per million (per mole nucleotide).

i

(v) The effect of binding buffer salt concentration and

n

sample size on the efficiency of oligo (dT)-cellulose

column chromatography'

This chapter has already indicated some of the condit~

ions needed for effective oligo(dT)-cellulose affinity

' d

‘ LN

e
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chromatography of rat mammary RNA: appropriate flow rate anq
sample size,and omission of heat-treatment to maintain

RNA integrity. Previous fractionations described in khis
work were performed with.a binding buffer containing 0.4M

NaCl. It was now possible to perform experiments to

investigate the effect of the ionic strength of the binding

'buffer on the effectiveness of RNA fractionation using this

resin, since a sensitive method-for poly(A) detectlon had
been optimized. As indicated in the introduction, lower-

ing the binding buffer salt concentration is reported to

reduce the proportion of non~specific RNA binding to oligo {dT)-

cellulose. & series of fractionations was therefore per-
formed in order to compare the effects of bindiné buffers
containing 0.4M NaCl and 0.15M NacCl. .

Two-mammary RNA preparations were divided into aliquots.
Each aliguot was fréct@onated by passage through four
oligo(dT)cellulose columns using binding buffer coataining
either 0.4M or 0.15M NaCl. Both the final unbound RNA and
the four poly(A)+ RNA fractions retained by the’ columns
were collected and their amounts determined by UV absorbance.
Table 7 indicates the total poly(A)+ RNA yield from all
four calumns :for each fractionation. In total, six fraétion—
aéions were performed - three using binding buffer
containing 0.4M NaCl and three using buffer con niné
0.15M NaCl. Fractionation of preparation #l1 under the twp-

conditions gave reasonably similar yields - 'use of the
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TABLE 7: THE EFFECT OF BINDING BUFFER SALT CONCENTRATION
ON RNA RETENTION DURING OLIGO (dT)-CELLULOSE CHROMATOGRAPHY

-

Fractionation Total' FNA Sum of the RNA retained by four columns using:

no. applied. 0.4M NaCl 0.15M NaCl

© (mg) - (mg) oL,
la T4 2.17 ]
1b . 74 | . 1.96

\

2a 4h 1.47 ‘ ¥
2b 4t 1.56
2c 44 1.03 =
2d 4k | 0.98

)
¥
+

Two total RNA préparations were divided into aligquots.

Each aliquot was pa sed through four oligo (dT)-
cellulose columns, and und RNA was eluted from
each column separatelyxﬁith low salt buffer.

For each fractionation, the sum of the RNA retained
by the four columns is givéﬂ?\RNA was measured by
UV absorbance (see Methods). ) ligo (dT)}~cellulose
chromatqgraphy was performed ag\deﬁailed in Methods
except that two different salt concentrations were
used in the high salt buffer: 0.4M Na€l and 0.15M
NacCl.
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lower ionic strength buffer reduced the yield of retained
RNA by about 200ug (10% of the total yeild). ©Smaller amounts
of initial RNA were used in the fractionation of preparation
#2 and much greater différences were 6bsérved here. Use of
the high ionic strength binding buffer yielded about 1.5
mg retained RNA while use of lower ionic strength buffer
consistently gave only l.0mg retained RNA.

The reduced amounts of poly(A)+ RNA obtained when
oligo(dT)-celluldse fractionation is péyformed with
binding buffer -containing 0.15M NaCl could be due at least
in part to a reduced coqtamination of this fraction by rRNA.
This was sﬁpported'by éleétrophoretic analfsis of poly(A)+
RNAs prepared under the two conditiong {data not shown).
An atéempt to further reduce rRNA contamination of bound
poly(A)+ RNA fractions was made. This involved washing the
‘oligo (dT) —cellulose column with buffer coqtaining‘SOmM K1l
at 4 °C (30A) subsequent to removal of nonbound RNA
in 0.15M NacCl ané before elution of poly(A)+ RNA with low
salt buffer. This wash removed only very small amounts of -
RNA from the column énd it was considered ineffective in
purifying the poly(A)+ RNA retained by the column.

It is clear that the effectiveness of oiigo(dT)-
cellulose chromatography cannot be judged solely on the basis
of high yields of column bound material in view of the

possibility of variable levels of contamination of the

samples with rRNA. The six RNA fractionations described
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above were therefore all analysed using the [3H]*poly(U)
assay. In each case, the poly(A)_dontent of the initial
RNA, the four poly(A)+ RNA fractions and the final unbound
poly (A} RNA was determined. Table B summarizes the data
thus 6btained; it also includes data for two other fraction-
ations of totai RNA preparationg. The poly(A) con-
tent of each sample is expressed as a percentage of  the
total poly(A) found in the starting material. The data
of Table 8 indicate that there are two factors influencing
the efficiency with which poly(A)tbRNA is removed from
total RNA: sample size and Lhe salt concentration in the
column binding buffer.

Sample siZe appears to be the most important facéor.
When 74mg total RNA ‘(equivalent to 102yg poly({(A)} was
applied to the first oligo({dT)-cellulose column only
40-50% of the poly(A) in the sample was retained and
smaller amounts were still r;tained by subsequent columns.
When the sample was reduced to 44mg RNA (5lug poly(A)),
59-88% of the poly(A) 'in the sample was retained on the
first cotumn. This percentage rose to 90-100% when only
21-22mg total RNA were applied. Tiuis effect might be explain-
ed by an overloading of the oliéb(dT)-cellulose resin with
sample in the case of the larger samples (see discussion);
however, a high prbportion of the poly(A) content of all

total RNA preparations is retained provided the sample is
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run through a sufficient number of columns. Four oligo {(dT)-
cellulose columns were adequate to remove 80% or more of the
poly (a) from up to 74mg of the initial RNA prépafation.

In most of the fractionations detailed in Table 8, overall
poly (A) recovery was over 90%, and thus polj(AL recovery
is“essentiaily guantitative. )

The use of binding buffer containing 0.15M NacCl
-instead of 0.4M NaCl did routinely result in a slightly
higher recovery of poly(A)lon the first_colﬁmn and a 1ower\\
poly (A} recovery on later columns, particularly on column |
four. These findings are againconsistent with the idea that
" a lowereé salt concentration reduces contamination of
poly(A)+‘RNA fractions with.rRNA. The total yield of the
poly (A) in all the column bound RNA fractions did not appear
to be greatly affected by the ionic conditions used.in the
chromatography. Both salt conditions would appear to be
sufficient to allow complete retention of poly(A)+ RNA -
by this resin. |

The [3H]-poly(U) assay also provided important infor-
mation regarding the mature of the final unbound RNAs
produced by these fractionations. 1In all cases, the unbound
RNA fraction was substantially depleted of poly(A) and there

appeared to be little difference between the poly(A)_ RNAS

prepared under the two ionic strength conditions used for
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.running the affinity columns. The highest level of .poly ()
found in these preparations constituted of only 2.1% of the
poly (A) present in the starting material and several unbound
RNA fractions céntained much lower levels; the lowest
recorded was 0.23%. In terms of absolute amounts, these
percentages represented 29-2.4ng poly(A) per mg RNA. These
values are so low that even using large quantities of
unbound RNA in the poly(A) assay, the resulting hybrid
[3H]—labe1 is close to background values. The large
variability in the poly(A) content of these samplééfmay
be due im part to the fact that measurements of their poly(A)
content are made at the limits of sensitivity of the [3H]-;
poly (U) assay. For all practicalipurppses these final

‘unbound RNA preparations may be regarded as poly(A)~, .

DISCUSSION

in earlier reports on purification of rat aliA and casein
mRNAs (275 ,42), complete recovery of poly(A)+ RNA was
deemed to have occurred after passage of total RNA through
one 0ligo {dT)-cellulose ‘column since passage of the resulting
unbound RNA through a second column did not result in further
RNA retention. In the present studies, it was necessary

to evaluate RNA fractionation by affinity column chromato—

2
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graphy, using an independent measure of poly(A) content,
since it was eqsential for subsequent analyses to show
that the unbound RNAs produced were free of'p;ly(A) and
-that most or all of the poly(A) in the total RNA preparations
was recovered in the poly(A)+ ffactions. RNA p;eparations
which failed to bind to oligo(dT)-cellulose could still
contain significant amounts of oligo(A), if a proportion
of the poly(A) in these samples waé present as sequences
shorter than 20 nucleotides.

Table 8 summarises the fractiénation of éeveral rat
mammary RNA preparations by oligo(dT)—cellulose in terms
of poly(A) recovery. Two major conclusions may be drawn from
this data. First, with the 1 g. oligo(dT}-—cellulose columns
.used here, the number of rounds of cﬁromatography needed
to remove . a high proportion o f the poly (A) from the
RNA fractions depended on initial sample size. Large
samples (44mg RNA and more) required passage through 3-4
columns, depending on the‘precise salt conditions, while
smaller samples (21f22mg RNA) needed just 1-2 column runs
for complete fractionation. The poly (A) éssay indicates that
these columns appear tb be capable of binding no more than
50ug poly (A} on each passage of a total RNA preparation.'
This value is much lower than that‘quoted‘bf the producers
of this resin, Collaborative Research (305). They claim
that type 2*bligo(gT)—cellulose binds _1,200pg or more

poly (A) per g. resin. Collaborative Research measured
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poly (A) retention by this resin using synthetic Boly(A)
sequences of length 290 nucleotides {(mol.wt. 100;000 daltons).

It will be shown (Chaptér 4) that the steady~state length

of the poly (A) seguences present in the rat mammary
preparations is much shorter than 290 nucleotides. If 5;_\\
each poly (A} sequence is retmined by one oligo(df) chain,
"then the total amount of poly (&) retained by oligo (dT) -
cellulose will be very dependent on poly (A) length; use
of long poly{(A) tracts to determine poly(A) retention will
result in large overestimates oflthe capacity of thiaﬁgsigﬁ
to bind much shorter poly () seqﬁences. This factor
. may be contributing to the discrepancy obsexwe ween
the observed and quoted capacities of this resiq.

The second major cbservation to be made from Table
8 is the small amount of poly (A) retained in_ the final
unbound RﬁA fractions. The amount of poly{A) remaining
in these preparations is no greater than 2.1% of the initial
poly (A} content in all cases, and in many instances the
level is much lower - 0.23% is the smallest value observed.
This degree of depletion of poly{(A) from these preparations
compares favourably with the levels of depletion reported
by other researchers investigating the presence of poly(A)
mRNA. Ragg et al, (121) fractionated a plant RNA preparation
by oligo (dT)-cellulose chromatography, and showed that

the unbound RNA fraction cohtained less than 5% of the
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poly (A) of the starting material: poly(A) was measured
by.the relatively insensitive method of determining
resistance to RNases A and Tl. "Brandhorst et al (111)
showed that a poly(A) . RNA preparation from sea urchin
embryo RNA contained only 4% of total‘poly(A), using the [3H]—
poly (U) assay. Moffett and Doyle (116) were able to prepare
poiy(A)_ RNA from mouse liver which contained no more than
1% of the poly(a) in thé original RNA extractjy poly(A).

was again determined by [3H]—poly(U) hybridization. It

is clear that the poly (A} RNA preparations produced here
from mammary RNA have been depleted of poly(A)'to an

extent comparable to that reported by other researchers,

and tha£ these preparations may be usea for the

detection of poly (A} mRNA. As discussed previously,
measuremenfs of the poly (A} content of the unbound RNA
fractions were carried out at the limits @f sensitivity

of the [3H]~poly(U) hybridization assay, and this may

partly explain the dégree of variability in the reported
levels.

Actual values of-thedpoly(A) content of these samples
will‘bélower than those reported in Table 8 since poly (A)
sizing experiments performed on these 'poly(A) RNA samples
did indicate that some of the [3H]—poly{U) hybridization
could be due to binding of [38] -poly{U) to DNA
sequences {see Chapter 4).

R
One unexpected observation in

is \work was the apparent
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heat-sensitivity of the rRNA species. Exposure of rRNA
to temperatures of 60-70°C. for short time periods (2-10
minutes) has not been reported to adversely affect the
structural integrity of RNA, No satisfactory explanation
for this effect was obtained, and it appeared that rat
mammary mRNA was not heat-sensitive since heat-treatment
Iwas routinely performed on RNA preparatiqps prior to
sucrose density centrifugation,(Chapter 5), and mRNA/cDNA
hybridizations were performed over several hours, or even
days, at 68°C. (See Chapter 6). The problem was not
pursued since simple omission of the heat treatment of
total RNA before oligo(dT);cellulose'chromatography

permitted preparation of structurally intact poly(A)} RNA.
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CHAPTER 2

THE USE OF POLY(U) SEPHAROSE AFFINITY COLUMN

CHROMATOGRAPHY TQO FRACTIONATE TOTAL MAMMARY RNA

In Chapter 1 it has been demonstrated thgt passage of
rat mammary RNA preparations tﬁroogh succeseive rounds, of
oligo(dT)-cellulose affinity chromatography is effective
in separating these preparations into poly(A)+ RNA fractions
and ooly(A)_. RNA fractions depleted of 98% or more
cf the poly(A) present in the starting materlal The major
drawback to thlS procedure was the fact that if. large guarm-
tltles of RNA (40mg or more) were to be processed in this
way, several rounds”of chromatography had to be'perforﬁed;
Slnce thlS work requlred frac&ionatrou of a large number
of RNA samples 1nto poly(A) and poly(A) - preparatlons (see
: Chapter77, deyelopmental study), it was;ob;ibusly desirable

from:a practicaEMEtandpoint to determine if a more efficient

o

-

process was available. Since there are some : _reported
advantagee of ﬁhe resin poly(U). eeoharose,:overuoligo(dT)
cellulose (dlscussed below), the use of poly(U) sepharose
for fractlonation of rat mammary RNA was evaluated

| Oneureporced advantage of" poly(U)feepharose is‘thatlit

is capabie of binding, and thus retaining, shorrer polygA)

~
1
12

' sequences Ehan the oligo (dT)=~cellulose resin, It
is claimed that poly(U) sepharose can bind oligo(A} sequences
P . 1 b

as small as 10-15 nucleotides {55); oiigo(dT)—cellulose -
. X S
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can only bind poly(A) sequences ionger than 20 nucleotides
(56, 101). RNA preparat;ons containing short oligo (A)
sequences (10-20 ;esidues) should thus be fractionated by
pdly(U)-sepharose, since oligo(dT)—cellulose will be unable
to re%aiﬁ the short oligo(A) chains, and separation of poly(A)+
and poly(A)  RNA species will be incomplete with the latter
Egginf“'A few reports of the existence of RNAs bearing
ipbly(A) tracts of 10-25 residues which were retained by
poly(U)_sepharase'but not oligo(dT)-cellulose have appeared
in “the iiterature (25 ,84). It has also been claimed that
the use of- poly(U) -sepharose produces poly(A)+ RNAs which
exhibit reduced contamination by rRNAs compared to RNAs
re£ained.by 0ligo(dT)-cellulose (21).

‘These reported advantages‘of Eoly(U)“sepharose were
the two main reasons for studying the effectiveness of this
resin for fractionation of rat mammary RNA. The experiments
described in this ch;gzer were again carried out using total

mammary RNA from the glands of 11-15 day lactating rats.

MATERTALS

™

(

Poly(U)-sebhardse 4B was obtained f{S? Pharmacia
Fine Chemicals,.Dorfal, Que. .JIt was stored as a dry powder
at -20°C until column preparation. The first columns made
with this res¥®n were tall and‘narroﬁ (1lmm x 120 mm) but

)
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the . flow rate of solutions through columns of thigﬁ
dimension was too_slow_to bé practical, particularly during
passage of concentrated RNA solutions  through the resin.
The columns which were finally used had dimensions of

25 mm x 20‘mm and flow rates(é;ﬂip to 1 ml/min could be
obtained with them. When not in ﬁse, columns were stored
in 'buffer containing 0.0%2¢% sodium azide and 0.2% SDS at
4°C.

Formamide was obtained from several sources, inéluding
Matheson, Coleman and Bell (Norwsod, Ohio, U.S5.A.),
Bethesda Research Laboratories, (Gaithersburg, Md, USA) and
Eastman Kodak Company (Rochester, N.Y., U.S.A.). Formam-
ides were stored at 4°C. All these preparatibns of formamide
had high absorbance values in the UV range (OiJ260 greéter
than 1.0). Attempts were made to improve the form;pide by
the method reportéd by Tibbetts et al. (306}, Norite A
charcoal {(Fisher, Fairlawn, N.J., U.S.A.) was added to for-
mamide (2 gm charcoal/100 ml formamide) and the suspensiqn
was stirred for two hﬁé;f}//Charcoal was removed by filtratioh
through Whatman numberki filter paper. Formamide was
aléo treateq with Chelex 100 (Bioradi and a mixed bed
resin AD501-X* (Biorad) using 5 gm of each resin per
100 ml formamide. After stirring fof‘two hours, the resins

were removed by filtiation. Formamide treated by this pro-

cedure was stored frozen at -20°C. Although this procedure
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did reduce the UV absorbance of these formamide prepara=—
tions slightly ., the absorbance, measured at 270nm,
remained high ( 1.0 0.D.).

SDS was obtained from two sources: Sigma and BDH
Chemicals (Ville St.Laurent, Que). SDS from tﬁe latter com-
pany was 98% pure, while that from Sigma was only 60~7b%
pure. The ethanol precipitation experimeﬁts were performed
with SDS from Sigma; use of the purer grade SDS in place
of Slgma SDS gave comparable results in RNA precipitations

from formamide.

METHODS

(i) Poly (U) -Sepharose chromatography

Poly (U) -sepharose columns were run using the buffer
system of Sehgal et al. (196). Total RNA preparations,.
at a concentration not exceeding 2.5mg/ml, were applied
to the ¢olumn in 0.4M NaCl, 10mM Tris-HCl,»pH7.4, 10mM
EDTA and 0.2% SDS.. After thorough washing with this buffer
to remove:unbound RNA, poly(A)+ RNA was eluted. This was
initially accomplished by a three step elution using (a)
salt free buffer (10mM Tris-HC1l pH 7.4, 10mM EDTA and 0.2%
SDS); (b) salt-free buffer containing 50% (v/v) formamide;.
(c) salt-free buffer containing 90% (v/v) formamide. In

+ later experiments, for reasohs discusseé in the text, elutions

(a) and (b) wefe omitted. Column 'bound and unbound RNA

fractions were collected by ethanol precipitation, dissolved
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in low salt buffer and their concentration was measured

by UV absorbance at 260nm.

(ii) Ethanol precipitation of RNA from formamide-containing

L4

solutions

For the puréose of investigating the effects of for-
mamide on RNA precipitation in ethénol, precipitations were
performed as follows. RNA samples were brought to a final
volume of 4 mls (8 mls for the study‘pf RNA concentration
effects) containing 10mM Tris-HCl, pH7.4, 10mM EDTA, 0.2%
SDS in the appropriate Qolumes of water and formamide to
obtain the required formamide concentration. Samples
were then broughtlto 0.2M NaCl using stock 5M NaCl and
two volumes of cold 95% ethanol were added. After overnight
precipitation at -20°C, the precipiﬁates were sedimented in
a swinging bucket Sorval HS-4 rotor at 6500 RPM (8130g max)
for 30 minutes at 4°C. The ethanol layer was removed and
the precipitate washed once using 2,ml cold ethanol and
the same centrifugaticn qonditions. A second wash was
performed by centrifugation in a f;xed angle Sorval
SA-600 rotor at 14,000 RPM (28,000 g max) for 25 minutes
at 4°C. The final ethanol wash was removed and the RNA
precipitates were dried. Each pellet was dissolved in

0.4ml1 low salt buffer and RNA concentration was determined

‘by UV absorbance.

The methods for extraction of total mammary RNA and
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the [3H]—poly(U) assay for poly(A) were as described

previously {(Chapter 1, Methods }..

RESULTS

(1) ‘Initial studies on the use of poly (U)- sepharose: poly(A)f

RNA elution required 90% formamide solutions

In the literature, there is a wide variation in the
reported conditi?ns reQuired to elute bound RNA from poly(U)-
sepharose. Conditions range from the_uge of water (53)
to 70% (21) or 90% (52) foiTiT}de solutions. It was thus
Qgcessary to determine in the initial experiments the

\ type of elution buffer required to remove bound RNA from

( t?is resin.
' The studies shown in Table 9 compare thé yvield of
poly(A)+ RNA when heat-treated total mammary RNA was passed.
¢hrough oligo(dT)-cellulose or poly (U)- sepharose coiumns.
In agreement with previous studies, oligo(dT)-cellulose
retained about 2% of the RNA applied under binding conditions;
the retained poly(A)+ RNA was readily eluted with low salt
buffer, Elution of bouﬁd RNA from poly(U) -sepharose was
initially performed under ﬁhree different conditions:
the salt-free buffer eluted only 79ug RNA (0.42% of RNA
applied to the colﬁﬁ&l/&nd further elution with SO%Iand
90%:formamide solutions liberated only 96ug and 105ug
respectively. It is evident that a high recovery of bound

RNA from poly (U) ~sepharose columns requires highly denaturing

F,
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TABLE 9 COMPARISON OF POLY(A)+ RNA YIELD AFTER FRACTIONATION

OF TOTAL MAMMARY RNA USING OLIGO(dT)-CELLULOSE AND POLY (U)-

SEPHARCGE
Resin No. of Eluate Poly(é)+ RNA eluted
Sgigmns ii;ﬂmn salt-free 50% 90% final
P buffer form form yvield
(vg) (ug) (ug) (%)
T 2 1 342 - - 1.84
“ 2 28 - - 0.15
u 1 1 79 9 105 1.51
u 2 1 : - - 481 2.59
2 : - - 71 0.38

Total mammary RNA preparations (18.6mg) were applied to affinity columns
as described. RNA was applied to oligo(dT)-cellulose buffer (T) in

0.4M NaCl and poly(A)+ RNA was eluted in low salt buffer (Chapter

1, methods). Poly(U)-sepharose () columns were run as described

(see methods), poly(A)+ RNA was eluted by up to théee conditions

as indicated. bSamples were heat-treated before application to the
resin and one or two columns wefe used sequentially as shown. (-)

. +
indicates that this elution was not performed, Final poly(A)

RNA vields are expressed as a percentage of the initial RNA sample,
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condiﬁions of the type provided by a 90% formamide solution.
Subsequent poly (U)- sepharose elutions weré therefore per-
formed with 90% formamide only, as indicated in théthird
fractionation shown in Table 9. A high yield of poly(A)+
RNA was obtained using 90% formamide in this case; 18.6mg
total RNA gave 48lug poly(A)+ RNA {2.59%) on the lst column
but only 7lug (0.38%) on the second column. It appears
that 18.6 mg total RNA has almost all its poly(A)T RNA
removed after two passages through poly(U) sepharose. ]
| Dufingrthese studies, which indicated that formamide
solutions are required in order to elute column bound RNA,
certain problems associated with the use of formamide'became
apparent. It has already been stated that commercially
available formamide has a significant absorbance in the

UV range (230-280 nm). The 90% formamide solutions used

to elute bound RNA from ﬁhe column had an optical density

of 0.8 or higher;‘since RNA elution is usually monitored

by optical density measurements this was a serious problem
and it was necessary to collect relatively large volumes of
column eluate and precipitate the RNA before measurement of
the RNA in the eluate could be performed. As will be shown
later, the inability to measure the yield of poly(A)+ RNA
directly after elution from the column is a serious handicap,
since recovery af poly(A)+ RﬁA after passage through poly(U)-

sepharose and after ethanol precipitation cannot be deter-

mined at each step. Furthermore, a single ethanol precip-
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itation was often not sufficient to remove all traces of
formamide and reprecipitation of RNA samples was sometimes -

necessary.

(ii) Fractionation of RNA by Poly(U)—séﬁharose can give low

poly (A) vyields

A total RNA preparation (5lmg) was applied to two
poly (U) -sepharose columns in sequence1zsing Sehgal}s
buffer éystem (see methods). ‘No heat treatment was
used. After washing through thé rRNA, bound RNA was
eluted separately from each column with the buffered 90%
formamide solution. Both unbound and bound RNA'fracﬁiéns
were collected by precipitation and assayed for poly (A)
content using the [3H]~poly(U) assay. In this experiment,
the seconé column yielded no significant amount of poly(A)+
RNA - it.appeared that the first column removed all the
pon(A)+ RNA in the sample. When the initial RNA, the poly(A)+
RNA fraction from the first column and the unbound RNA
were all assayed for their poly({A) conteni, ov?rall poly (i)
recovery after fractionation was poor. The initial RNA
contained 64ug poly(A); 30-35ug wererecovered in the poly(A)+
RﬁA fraction and no poly(A) could be detected in the unbound
(2x poly(A) ) RNA fraction. This represents a poly (A)
recovery of only 50%.

a

Possible reasons for this result were investigated.
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Initial studies looked at thé possibility that the poly (A)
assay was not providing true values due to the presence
of small amounts of .poly(U) in the RNA samples. Loss of
poly (U) from poly (U)-sepharose during wakhing of these
columns has not been reported aithough poly (U) is reported lost
from ?oly(U)jsE}lulose(40). If small amounts of unlabelled
poly (U) were introduced into the poly(A):[3H]~poly(U)
hybridiZatidn, unlabelled poly (U) wauld coﬁpete wiéh
the [3H]—poly(U) for hybridization to poly(A). The assay
would yield low values for the poly(Aa) ﬁresent ungexr
these conditions. | '

In Table 10, it is shown that salt—freg buffer which
had been passed through poly(U)-sepharose in the absenpe
of RNA had no effect on [3H]mpoly(U) detection of gynthetic
poly (A) . Asgsay of RNA samples in the presence and,absence.,

of an internal standard were also consistent., These results

P

\

. suggest that there are not sufficient amounts of poly (U}

in these samples to interfere with the [3H]-poly(U) assay. 1\
A different explanation for the low poly(A) recovery

from poly{U) sepharose column chromatography was provided

by studies onrthe recovery of RNA by ethanol precipitation

from formamide-containing solutions. This work is summarised

in the following section.
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(Legends to Table 10)

{i) [3H]—poly(U) assays were performed in the presence of
110 ng synthetic poly(A) and 0.15-0..30 ml of binding and
elution buffers which had been passed through poly (U) -
sepharose. The volume of the assay was increased to

1.2ml ¢to permit relatively large volumes of solution to
be ipcluded. A high concentration of b:lgcl2 (16, 7mM)

was included in the assay to counteract the EDTA

in the column buffers. The assay was perfdrmed'as described
in methods (Chapter 1). The values of/Precipitated cpm
shown are the mean ¥ the range for ddplicate determinations.
(ii) a [3H] poly (U} assay was performed on initial and
fractionated RNA in the absence (a) and presence (b) of an
internal standard. The assay was performed as described

in methods, Chapter 1, s.{(iii). The internal standard,

31lng poly(A), gave 4245 cpm in the assay. The expected
amount of [3H]-label in the precipitated hybrid when both
the sample RNA and the internal standard were included in
the assay was determined by adding 4243 cpm to the values
in (a). The assay background {(with Ong poly{(A)) was

"

530 cpm.

»



- 144 -

TABLE 10. EVIDENCE AGAINST INTERFERENCE 'IN THE [3H]—POLY

(U) ASSAY BY POLY(U) IN SAMPLES PREPARED BY POLY (U) SEPHAROSE

COLUMN CHROMATOGRAPHY

[i) Effect of including column eluate in the

poly (A) assay

Addition to assay [3H]-1abe1 in hybrid proportion of
precipitate precipitated

(cpm) [3H]-1abel (2)

none 20,000 % 1100 . 100

0.3ml binding buffer which

had been passed through +

column #1 18,500 - 105 91

0.3ml binding buffer which ’

had been passed through +

column #2 19,900 - 160 98

+0.15 ml buffered 90%

formamide solution which.

had been passed through +

column- #1 18,400 - 480 91

(11) Analysis of ERNA fractions produced with poly(U)-sepharose by

the [BH] poly(U) assay with or without an internal standard

W

. J
Sample RNA Amount of [3H}-1abe1 in the hybrid - Expected
when the assay contained: amount of
\ [ *H]-label
type g in assay (a) sample RNA (b) sample RNA in (b)
and internal
standard
(cpm) (cpm) (cpm)
total 28 ,. 4790 8290 9035
unbound 151 160 4930 4405
polya)t  0.55 3220 . 7680 . 7465

/
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{(iii) Recovery of RNA from formdmide—containing soiiutions:

optimization of ethanol precipitation

A

The high degree of variability'observed in the recovery
of RNA from formamide solutions made it necessary to carry
out a large number of precipitations before any conclusions
could be drawn. All the precipitations performed can be
grouped under three setéﬂof condi;ions:

(a) precipitation fro£:Fh$ type of solution that would be
obtained from a poly(B) sepharose column eluate (90% for-
mamide, 10mM Tris-HCl pH7.4, 10mM EDTA, 0.2% SDS) after
dilution with water to the indicated formamide concentration.
Under these’ conditions SDé concentfation varied with the
formamide concentration,

(b) Precipitation from solutions of varying formamide
concentration but constant SDS conceritration (0.2%).

(¢) Precipitation from solutions‘ﬁf varying formamide
concentration in the absence of SDS.

The reason for investigating these tﬁree éonditions
was to determine whether or not the SDS present in ﬁhe
precipitations was contributing to, or causing, the low
RNA recoveries, since initia%jobservatidns suggested that
this could be a factor. However, RNA precipitations carried
out in the absence of formamide showed that'increasing
amounts of SDS (Sigma) up to a concentration of 0.5%;

did not affect recovery (see Table 1ll1). These data show

that when 149ug RNA were precipitated under the conditions

described, recovery was about 82% in the absence of sDs,
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TABIE 11: EFFECT OF SDS ON RECOVERY OF RNA AF;I‘ER PRECIPITATION
FROM AQUEQUS SOLUTION

SDS CONCENTRATION (%) RNA YIELD (%)
mf’b\\ 81.6 * 5.1
(///3.05 ‘ 84.3 + 2.1
0.10 © 74,1 £ 1,
0.15 82.6 * 0.
0.20 . 73.4 %
0.30 82.9 + :
0.40 78.2 + 3.
+ .

0.50 83.1

_—

2

TOTAL MAMMARY RNA (149ug) was precipitated from 4ml low
salt buffer containing the indicated SDS concentration.
Precipitation was performed as described in Methods..
Recoveries were measured by absorbance (260nm)
measurements and expressed as a percentage of the
amount of starting material (149ug). The value -given
for each SDS concentration is the mean t the range for
duplicate determinations. The SDS used was from Sigma
(see Materials).
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and this remained faifly constant over the range of SDS
.concentrations tested. It remained a poésibility that the
low RNA recoveries observed might be due to.the combined
effects of SDS and formamide, and this is why the three
sets of conditions were investigated.

Figufe 4 summarizes the results of studies on recoﬁé:&
of RNA after precipitation from formamide—containing
solutions. Several control precipitations performed in
the absence of formamide yielded an average recovery of
85.6% - 6.8% (stanéard deviation); this recovery has been
:}gdjusted to 100% and all gther recoveries have been expreifed
as a percentage of this control. Figure 4 shows that with
increasing formamide concentration, RNA yield progressively
dropped and values as low as 10% of the control were ob-
tained using 70-90% formamide solutions. ‘No difference
between the three sets of conditions was observed and i
therefore the data for all three conditions"ﬁeré combined
to produce the regression line. This line indicates that
overall there is a 7% decrease .in RNA recovery for each
10% increment in the formamide concentration. However, the
high level of variability\obserQed"in Figure 4 severely
. restricts the usefulness of this regression value. Even
though the mean recovery might be considered acceptable up

to formamide concentrations of 70%, the standard deviations’

show that when the formagéde concentration exceeded 30%
& -
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Figure 4. Effect of Formamide on RNA Precipitation.

Precipitation of 148 Mg of mammary’RNA from a final volume
of 4 ml-w?s carried ou£ as described in Methods, from either
90% formamide containing 1o’mn Tris-HCI (pH 7.6), 10 mM

EDTA, 0.2% SDS diluted with water to the indicated concen-
tratiﬁn of formamide (¥) or at a fiﬁallconéentration of 10 mM
Tris-HCl, 10 mM EDTA either in the presence of 0.2% SDS (¥)
or in the absence of SDS 93). The recovery is expressed as
the % of the RNA that precipitated at 0% formamide in eaéh

experiment. In the abgence of formamideithe RNA used gave

" a recovery of 85.6% t 6.8% S.D. (n£l2). . All the values

were used to calculate the regression line®(recovery % =
HO.éG formamide % + 96%; r = -0.67, p<0.001) and the mean
recovety and its standard deviation for each 10% interval

of the formamide concentration.
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the variability was already so high that the precipitation
was unreliable.

The formamide used in these studies was from Matheson,
Colemah and Bell; %t was charcoal and resin treated before
use since it was found that treated formamide gave 10-20%
better recoveries than non—tréated formamide. The two other
types o% formamide availéble (from Eastman and BRL) showed:
essentially similar properties ta the MCB material when used
.in RNA preéipitations; this effect is thus not limited to one,_.*__%\j
type of formamide., .It was of interest to determine whether
low RNZ yields after precipitation from formamide solutions
were assocliated with a selective loss of smaller molecules.
Electrophoresis on 2.2% polyacrylamide SDS gels of RNA samples
before and after precipitation showed that even at very low
recoveries a constant 18S/285 rRNA ratio was maintained (data
not shown). While this indicates no preferential loss, it
remains possiﬁle that smaller melecules {eg tRNAs) were
" selectively lost during this procedure.

To test the effect of RNA concentration on recovery
from formamide solutions, the recovery of 18-370ug total RMA
from'8 ml 45% formamide soJ:utionwas, assessed. The solu-tidns
{at a final RNA concentration of 2.3ug/ml to 46ug/ml)  con-
tained 0.1% SDS and were equivalent to a two-fold dilution of
pely (U) ~sepharose column eluates. Precipitation Qas carried

out as described (see methods) and the RNA yield was determined

by UV absorbance measurements. The yields for the low RNA
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concenﬁf:tlons (which had low optical densities) were con-
- firmed in a separate experiment in whlch each sample was
supplemented with 8,700.cpm of [ H]-poly(U). In this case
yield was based on 3H-label recovery. This lat ter method
overcame the difficulty of measuring .very dilute RNA.
concéntrations by UV absorbance. 'A control précipitation
performed wtih 29Bug RNA in the absence of formamidé gave
a recovery of B88.5%. In the presence of 45% formamide,
preparations containing 74-370ug RNA gave similar recoveries
and even the lowest amount of RNA tested (1l8ug) showed only
a 20% reduction in yield.

It was concluded that the principal consideration when
RNA is to be precipitated from poly(U) sepharose column
eluates is not the'aTount aﬁd/or concentration of the‘RNA
sample, buélthe conceﬁtration of the formamide in the
solution. The formamide concentxation study (Fig.4f) shows
that RNA recovery from such solutions can be optimized by
appropriate dilution 6f the formamide solution before
precipitation. Although di;ution to 45% formamide was
often sufficient to permi£ high RNA recovery, reliable

recoveries were not ensured at formamide concentrations
b

&
greater than 30%.

~

(iv) Fractionation of total mammary RNA using poly(U) sepharose

Two preparations containing 44 mg total mammary RNA

were eaqh run through two poly (U) -sepharose columns as
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described in methods. Poly(A)+‘RNA was eluted from the
columns in buffered 90% formamide solutions but was diluted
threefold with water before ethanol precipitation.. Reduc-
tion of the formamide levels to 30% in these solutions

was done to ensure high . RNA - recovery on
precipitation. Table 12 summarises the recovery of poly(A)+
and poly(A) RNA fractions obtained under these conditions.
These fractions and the initial RNA preparation were assayed
for poly (A) content by the [3H]—poly(U) assay, and this
information is also provided in Table 12.

The results of the two experiments are very similar.
Passage of 44 mg total RNA through two poly(U) -sepharose
columns yielded a total of_1;73 mg and 2,64 mg offpoly(A)+
RNA using the modifi;d precipitation technique (see previous
page). In both experiments, over 90§ of the RNA applied to
the columns was xecovered. Poly(A) recovery was also high;
two passages through poly(ﬁ)-sepharose was sufficient to
remove 98% or more of the poly{A) from total RNA and 6ver
90% of this poly(A) was recovered as poly(A)+ RNA. The
poly(A)— RNA preparations produced contained respectively
0.95ng énd 2.1ng pqu(A)/mg RNA; these values are comparr-
able to those obtained after Eour passages of 45 mg total

RNA through oligo(dT)-cellulose (see Table 8, Chapter 1).
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TABLE 12: FRACTIONATION OF TOTAL MAMMARY RNA BY POLY (U)
SEPHAROSE COLUMN CHROMATOGRAPHY

> RNA .
Fraction- Total RNA Po.ly(A)+ RNA eluted Poly(A) recovery in
from RNA column
atlon applied Col. 1 Col., 2 (unbound) fractions .
ng (%) '
2e RNA 44 ~1.05 0.68 . 40,9 , 97
poly(A)(50'6) (28.2) (21.6) . (0.49) (99)
2f ng 44 1.12 0.92 38.5 . 92
RNA _\k
IJDl},(A)(so 6) * (34.1) (10.7) (1.1) L(9L)
f- _,'\l
(__."

_ Two ﬁreparations containing 44mg total mammary RNA were
each run through two poly(U) sepharose columns as described
in methods. Poly(A) RNA was eluted with 90% formamldE
and dlluted to 30% formamide before ethanol prec1p1tatxon
Poly(A) and unbound (2x poly(A) ) RNAg were collected by

ethanol precipitation and assayed for poly(A) using the
' [3H]—poly(U) assay (see methods). The total poly(A) content °
of each sample is given iQ‘brackets (M g) underneath the yield (" -~
(mg) of the RNA sample. The final column indicates the
recovery. in the bound and unbound fractions (expressed
as a percentage of the total applied).
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DISCUSSION

An.unexpected problem encountered duriné the use of
polyiU)—sepharose was the effect 6f high concentrations
of formamide on ethanol precipitation of RNA. This effect
can gréatl& reducéythe recovery of poly(A)+ RNA obtained
after elution from a column using solutions containing
up to 90% formamide. A detailed étudy of this effecéﬁv
'showed that reproducible recof%fy of RNA from solutions
containing over 30% for@;{@ﬁegﬁds not obtained and at high
formamide concepﬁrations‘k76790%) very low RNA recoveries
could be ‘obtained (10-30%). |

This probiem has not been previously reported; however
Shapiro and Schimke do mention that during ovalbuﬁin mERNA
puridication, polySA)+ RNA was eluted f£fom poly(U)-sepharose
ﬁith sélutions containiné 70% formamide and these solutions
were diluted to a formamide concentration of 30% before
ethanol precipitation (21). ©No reason for this dilution
was given, but it is possible that these workers had ob-
served formamide effects similar to those described here.

One reason that this effect -might have escaped attentiqp

in other work is that poly(A) recovery is not usually mon-

itored during poly(A)+mRNA preparation. The recovery of MRNA

~

S
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is measured Ey cell-free translation before and after total

RNA fractionation and as will be shown in Chapter 3, such

—_
_measurements may not be quantitative. A few researchers

have avoided the use of 70-90% formamide solutions by

eﬁployihg high concentrations of urea (54) or.high temper-

ature (59) to elute poly(A)+ bound RNA from poly (U)

sepharose. These elution conditions were not investigated \\\\\ -

in this study.

Bet&éen 2.4mg and 3.6mg total RNA can be processed by
1 ml of swg;len poly (U} sepharose gel f367). The colﬁmns
used in thisg work should therefore be capable of ﬁroceésing

24-36mg total RNA; th Erappears to be the case, since

two columns wef&\f?q ired to bind all the mRNA contained in
a preparaticon of 44 mg total RNA. There is therefore close
agreement between the predicted and actual amounts of mRNA
. which can be retained by this resin.

A comparison of the products of oligo (dT)-cellulose and
poly(U)-sepharos; chromatography is possiblé using Table 8
(Chapter 1) and Table 12. In both cases, poly(A) recovery
in the poixjA)+‘RNA fractions is.generally 90% or higher,
and conégﬁlﬁﬁtion with rRNA is comparable using the two
types of resin.(data'not shown). Furthermore, the unbound

" RNA fractioné are depieted of poly(A) to the same degree;
only 1-2% of the poly(A) in the initial sample is retained
in these unbound samples. The two types of resin thus yleiﬁ\\

comparable products; a sllght advantage in the use of poly (U)- \\
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sepharose was that fewer coluﬁn runs were regquired to
process mg.'amounts of RNA compared to oligo (dT)-cellulose.
Other factors made oligo (dT)-cellulose the resin off
choice. Poiy(U)-seph;rose contains ribonucleotide sequences
(poly (U)) and is therefore less stable than oligo (4T)-
cellulose which‘conﬁains deoxyribonucleotides. It follows
that poly (U)-sepharose cannot be stored iﬁ swollen form as
" long as oligo(dT)-cellulose. The technical procblems assoc-
iated with the use of formamide in the elution buffer have
already been mentioned. For these reasons, and for the
fact that the two resins yielded similar RNA fractions
{their mRMA conteﬁt is discussed in chapter 6), all sub-
sequent experiments involving fractionation of total RMA
into poly(A)+ and poly(A) RMA preparations were performed
;ith oligo (dT) ~cellulose (see chapter 7). In spite of the
claims made regarding the efficacy of poly (U} -sepharose use
{(26) , many recent studigs have utilized oligo (dT)}-cellulose
to prepare poly(A)+ RNA (27,308). It would appear that
0ligo (dT) -cellulose is the mhre popular resin for prep-

aration of poly(A)+ RNA .,
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CHAPTER 3

TRANSLATION OF RAT MAMMARY RNA PREPARATIOﬁS IN

A WHEAT ‘GERM CELL-FREE SYSTEM

-

To demonstrate the presence of mRNA in an RNA prep-~
aration, it is necessary to show ihat this sample is
functiomal and can be translated iﬁto protein. There are
several i& vitro systems available for translating. RNA;
the two most frequently used are the rabbit reticulocyte
iysate and the wheatgerm cell-free system. The latter'
ﬁethod was used here to assay translation of total,poly(A)+
and poly(A) RNAsS. The sizes of the radioisotope-labelled
_ .translation products of these reactions were studied both
by disc and slab gel electrophoresis to verify that they
were comparable to the sizes obtained by others working with
rat mammary gland mRNAs, and to assess the major products S
made by poly (A) RNA since this has not been reported
previously. Attémpts were also made to estimate the
relative proportions of poly(A)” and poly(A) mRNAs in
total mammaiy RNA based on the relativg incorporation of
[3H]Llabel into acid insoluble material on translation
of poly(A)+ and poly(n) ~ ﬁNA.fractions. The major
reason for this—analysis was to determine whether overall
translational actf%ityAwas distributed'betweep pol%ﬁﬂf¥‘?
and poly(A)~™ RNA fractions iﬁ_a manner gimilar to that

. i
reported for casein mRNA (42). - . e
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Finally, evidence is presented that both poly(A)+
and poly(A) rat mammary mRNAs bear an intact 5' region by
showing that poth include a 5' cap structure. The presence
of a 5' cap on both species helps to confirm that these
mRNAs are intact species, and it further indicates the
probable importance of the poly (A) mRﬁA as a functional

species. : ’

MATERIALS

Wheat germ was from a local health food store. Dithio-
threitol (DTT) was from Boehringer Mannheim (Dorval, Que).
Sephadex G-25(coprse)was from Pharmacia (Dorval, Que).
Most of the other reagents used in the translation, for
example Hepes, ATP, GTP, phosphocreatine, creatine
phosphokinase (132units/mg proteiny and'éeveral unlabelled
amino acids, were from Sigma (St. Louis, Missouri).
The [3H]—amino acids - L-[BH(N)]—leucine (specific activity
50.4Ci/mmol) and L—[3H(N)]—pheny1alanine (specific activity

-

46.7Ci/mmol) ~ were from New England Nuclear (Lachine,

3SS]—methionine (specific activity 1210Ci/mmol)

Que). L-{
was from Amershag (Oakville, Ont). 'QB RNA wag from Miles
(Rexdale, Ont); poly(D) (sodium salt) and the cap analogue
7-methyl guanosine-5'-phosphate (m7G5'p) were from Sigma
(St. Louis, Migssouri). Materials for pélyacrylamide

gel electrophoresis incluﬁing Coomassie blue R.250 were

from BioradJ(Mississauga, ONT) as was the standard protein
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marker mix. This mix contained lysozyme (14,300), soybean
trypsin inhibitor (21,000), carbonic anhydrase (30,000),
ovalbumin (45,060), bovine serum albumin (68,000), .
phosphorylase (94,000). The figure‘in brackets foldowing
each protein is the molecular weight in daltons. Urea,
TCA, mercaptoethanol and 30% hydrogen peroxide were all

from Baker (Phillipsburg, N.J,). X-ray film was type
X-Omat AR-5 from Eastman Kodak Company (Rochester, N.Y. USA).

METHODS

(i) Wheatgerm cell-free traﬁslation

Wheat germ was prepared essentially as described (309).
Wheat germ {2gm) was ground withmort‘ar and pestleand ground
glass for 1 minute and suspended in 6 ml grinding buffer
(20mM -Hepes, pH 6.35, 15mM Magnesium acetate, 1lmM DTT, |
lOOmM_KCl). The paste was spun for 8 min. at 22,000g
(Sorval SS-34 rotor) and 1.5 ml of resultiné supernate was
applied to a Sephadex G-25 column (260mm x 12 mm ) pré~
equilibrated with column buffer (200mM Hepes, 50mM Mag-
nesium acetate, 1lmM DTT, 1005M KCl - PH brought to 7.7
with 1N Koﬁ and K* content thus added was taken into
account). The void volume was collected as 1 ml fractibns
and the fraction;ﬁiﬁithe'highest'UV absorbance was used as

the wheat germ extract.
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Ay
The complete translation system had a final volume of
50ul and contained 20mM Hepes, pH 7.7, 100mM KC1, 3mM

magnesium acetate, 2mM DTT, 1mM ATP, 0.1lmM GTP, 8SmM

" phosphocreatine, 100ug of creatine kinase/ml, each of the

19 unlébelled amino acids at 30uM, the labelled amino acid

at 0.5}1.0PM (L—[Qs-gH(N)]-leucinq 50- 4Ci/mmol, or L-[ring-
2,6—3H(N)]-phenylalanine, 46.7Ci/mmol) , 25u1 wheat germ
extract and the appropriaﬁe amount of RNA sample. After

i hou;vay 25°C, 5-10ul samples were analysed by precipitatioﬁ
on 3MM Whéém;n paper as previously describedr{i@B) and the N
remainder of the translation Tix' was stored frozen at ?
—76°C. The fiiter paper precipitates were boiled in 5% TCA to
hydrolvse amino-acyl tRNA &Y3 washed., The filter papers were
counted in a toluene-base scintillator (0.5% 24,5-diphenyl-
oxazole,; 0.05% 1,4-bis—(5~phenyloxazol—2—¥l) benzene in
toluene).-

e

The amounts of“FNA included in the translation assay
varied; the usual range was 5-20ug of total or poly (A)
RNA ~and 0.5—3.0ug‘polj(A)+ RNA m“;. o m

The translations performed with [3SS]-me§hioniné as
the labelled amino acid were-doﬁeiunder similar conditioﬁs
to those described above, except that the total assay -
volume was reduced to 20ul. L—I3SS]—methionine (IZloqg/mmol)
was at a concentration of 0.3uM in the translatio;; thié
is equivalent to about 6uCi/assay.

ok
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(ii) Analysis of translation products by polvacrylamide
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SDS disc geél electrophoresis

Gels (90mm x 0.6 mm) contained 10% acrylamide 0.27%
bis, 1 mM DTT,_O.ZM sodium phosphate, pH 7.0 and 0.2% SDS,
Translation mixtures énd standard protein markers were
applied to gels in buffer ( 0.2M sodium phosphate, pH 7.0,
0.2% SDS )alsc containing 5% sucrose and bromophenol blue.
gels wére electrophoresed overnight at z;SmA/gef: until the
- blue dye had run through 4/5ths of the length of the gels.
Gels we¥e stained for 1 hour in 0.25% Coomassie blue, 45%
methan®l, 10% acetic .acid and destained overnight in 25% -
methanol} 8.25% acetic acid. Gels bearing [3H1-labelled o
translation products were 51132a using an electric gel
slicer (Hoefer Scientific Instruments, ‘Cal., U.S.A.} into
1 mm slices.' Two gel slices Qeéé combined per Qial and ﬂ&
dissolved in 300ul 30% hydrogen pefoxide over several houts
;t 60-70°C., Counting was pérforméd in 3 ml Readysolv

{(Beckman, Toronto,ONT.).

(iii) Analysis of translation products by polyacrylamide

SDS slab gel electrophoresis

The slab running gel was composed of 16.5% acrylamicde, .

0.2% bis, 1 mM DTT, 4M urea, 0.1% SDS, 0.375M Tris-HCL,
pH 8.8, A stécking gel consisting of 3.75% acrylamide, 0,625% -

¢

bis, 4M urea, 0.1% SDS, 0.125M Tris-BCl, pH 6.8, was employed

The appropriate @olume of each'[assléhethionine translation.
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A

assay was app;ied to the gel in 4M urea, 0.5% SDS, -0.5%
meroaptoethauol, 6.6M‘Trrs, pH 8.8, and hroﬁophenol blue,
after‘heating at 60°cC forJ26 minutes. Standard protein
'marhers were treated in a similar‘manneri The gel was\
-+ run eéernight ( 18 hours) at 50V- the blue dye mlgrated
about '13 ‘cm. from the top of the runnlng gel in this time.
. The gel Was stalned for 4 hours .in 0 2% Coomassie blue,.
-10% TCA, 40% methanol and_destalned dvernight in 10%
acetic aoid, 4b%-methano;. After rinsing in water, the gel

was placed in Enhance (New'England huclear) for 1 hour

[

‘and in water for.a further hour. Flnally, the gel was

%

& \

"dried (about 2 hours) on a Savant Instruments ‘§GD- 200
-slab gel' dryer. : -ray £film was piaced over the '
gel fgr 4 -5 days and developed to allow v1suallzatlon of

. @ ' ' s
N T : T . }

(iv) Removal of the cap from the 5' terminal of mRNA

Decapping of_mRNAs'uas performed by A. Lozano; the
method‘employed was that of Rose and Lodish (310), in which
perlodate oxidation was followed by B—ellmination

\ with anlllne . -

. ,

(1)) Wheatgernlcell -free translation of Boly )’

poly(A) RNA preparatlons

‘o, - . The, RNA preparations prepared as describedoin Chapters

r
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1 and 2 using oligo (@T)-cellulose and poly (U) ;;;;Lrose
affinity chromatography were‘translated in the heat germ
cell-ffee system. Trénslatioﬁal activity was shown to
residé in both poly(A)+ and poly(A) RNA fractions. Figure
5 shows RNA concentration curves for cell-free tr;ﬁslatioﬁ
of two poly(A)f RNA preparations and their corresponding
poly () RNAs. Samples from fractionations la and 3
(see table 8, chapter 1) have been translated using a
range of RNA amounts (0.6-3.0ug for poly(A)+ RNA and
6-28ug ‘for poly(A) RNA). Over the range of RNA‘concentrat—
ions:tested both poly(A)+ and poly (A) RNAs yielded a |
linear plot.of EBH]-label incorporated (cpm) aga@nst
ug RNA in the assay. These concentrations of RNA are
thus appropriate for gquantitative measurement of-translat-
iohal activities of thesé samples,'and allow comparison be-
- tween different RNA preparations. ’].:‘he poly(A)+ and ﬁoly(A)—
RNA samples of fractionation la (triéngles) exhibited
higher translgtional activities tha? the corresponding

preparations from fractionation 3 (circles). This may

rep{gsent a real difference in translational activities of
these two sets of samples but it is pertinent to note that
thege data were obtained'from twp different translaéion‘ -

assays. Since different wheatggfiysupernatants vary

= )
significantly in translational activity, meaningful com-

- ‘parisons of the translational activities of RNA preparations

) .
-

v
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’ 1

Figure 5. Translation of several concentrations of Po;y(A)+

and Poly(A)~ BNAs produces linear incorparation of labelled

. . ®
amino acid. -

The incorporation of [3H]—phenylalanine into acid-precipit-
able cpm is plotted against ug RNA for (A) Poly(a)~ RNA .
(B) Poly(A)* RNA, when translated.in a ﬁheat germ cell-free
system as descriBed (see Methods). Thé incorporated cpm
were determined from 10ul spottings. Samples tested were:
(e) poly(a)t RNA, fractionation 3; (o) poly(a)~ RNA,‘
fractionation 3; (4) poly(A)* RNA, fractionation la; (A)
poly (A)  RNA, fractionation la. Background values,
obtained 'by omitting RNA from,the_translation,,have been
subtracted ffom the incorporations. Background values

were 300 cpm (#,0) and 700 cpm {4 4).
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muast be performed with a single wheatgerm supernatant.
Alternatively, mRNA standards can permit direct com-
parisons of the éxtent of [?H]- label incorporation between
different translations,’

Table 13 presents the r;; ts of cell-free translation
of several of the RNA préparatio s, produced as described
in qéapters 1 and 2. For each RNA fractionation

studied, the combined éoly(A)+_RNA samples and the

" corresponding poly (A} RNA preparation were translated as des-—

cribed using various amounts ¢f ¢ach RNA but not exceeding those used
to provide Figure 5. Relative mR ctivity is expressed
aé the cpm incorporated/ g RNA/lOulngztiing for 6 setg of
RNA fractionations. Taking_account of the total RNA in
each fraction, the relative mRNA acti§ity may be converted
io total mRNA activity; a similar analys;s has been performed
for mpusé liver poly(A)+ and poly(A) RNA fractions (116).
The final column of the table gives the percentage of
total mRNA activity in each fraction. In all cases, the
bolyiA)+ RNA sample has a much-higher relative mRﬁA
activity (10-50 fold) than the corresponding poly (A) ™
RNA; however when the large amounts of poly(A)__RNA are
taken into account, over half (56-86%) of the total mRMA

—_

activity of each fractionation.tasides:ﬁntﬁe poly(A) .

RNA preparation; this represaents a significant amount of’

Attempts to confirm the: calculations of poly(A)~

» . . Rl
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mRNA amounts presented in Table 13 involved translation of

combined pbly(A)+ and poly(A)  RNA samples. Specified amounts

of poly )" and poly(A)” RNAs were translated together and

separately in the wheat germ cell-free system. Mixingpexperiment'/*L,/
data for two. sets of RNA fractionations (2e and 3)‘are given in,/
Table 14. In each case the poly(A)+NRNA fractions were trahs-

lated using various amounts of RNA (0.8-2.5ug3 in the presermnce

and absence of a constant amount of the corresponding poly (A )~

RNA. From Table 14 it is clear that when the inco;poration ob-

tained with two combined samples (column 5) is compared to the

-sum of the incorporation of the individual samples (cdlumns 2

and 3) a discrepancy is found. Phe combingd, samples gave higher
L3

was obfained by summing individual incor-

incorporations th
L4

S ' .
porations, as seen on ¢ arison of columns 4 and 5. If this

increase in tqQtal translational acti of the méxed samples

is attributed to a more ef® translation of the poly(A)+

MRNA in the presence of poly(A) RWA (which includes rRNAs and
tRMA s) , poly(A)+ MRVA ihcorporation can be determined under the
sgme conditions used to translate poly &)  mRVA (see column 6,
Table 14). The incorporation direcéed ¥ poly®d)’ mra in the
pre;:nce of poly @A)~ RNA (column 6) compared to that observed
i@ the absencer of poly (A)~ ENA (column 2) is expressed as a
ratio {colpmnl7). Up to a'two;fold increase in_translational
activ%é? for polyO&)+ mRMA is observed in the presence of
po%y(ﬂf_ RVA . Usdng the higher tranglational activities cal-

culated for thes@ two poly(&)+ 'PN_A' fractions, the percentage
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istribution of polly (A)+ and poly @A)~ mRNA activity for these
samples was revised (see c%lumn 8, Table 14) .. Thes¢ values
probably represent a more accurate measuremeﬁt mR¥A ac-
tivity between these fractions than do the values in ‘Table 13,
The data of Table 14 indicate that meas_!:ren_lents of_transé-'
lational activity of different types of RNA prepa{rations by
the wheat germ cell-free system must be critically evaluated
before thay can be used to estimate rela.tive amounts of mRMA

activity in these RMA preparations.

(ii) Analysis of translation products by SDS/polyacrylamide

gel electrophoresis

Initial analysis of the cell-free translation products of

mammary RN\ fractions was performed by disc gel electrophoresis

as described i:n Methods. A small number of aliquots from the
translations described above were used. Figure 6 shows two gel
profiles of‘the translation products of poly(‘A)"' A (Fig. 6a)
and poly (A}~ RNJ: '(Fig. 6b}; bo't;h samples were from fraction-
ation #3. The profiles obtained with poly(A)+ and poly @)

RN t;:aﬂnslaitions werequite similar; in both cases the trans-
lation products were vi‘tually all smaller'tﬁan_ the 30,000 dalton
protein standard.. While this size range included IR wund &19.‘

two smaller:caseins, the larger casein (42,000 daltons) was

not observed in significant quantity. Unfortunately these gels

'd_id‘nbt resolve specific protein products and all the labelled

product appeaned asone large band. A lthough the profiles in
P . .
Figure 6 did suggest overall similarity in the protein products

~ : ’ ‘ . ’ ’

~
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Figure 6. Analysis of the products of Mammary RNA
Translation by disc gel electrophoresis.’

Two mammary RNA preparations which had been translated in

the Wheat germ cell~free system using [3ﬁ]—phenylalanine

as described in Figure 5 were analysed firther.. The - !
translation products were run on 10% polyacrylamide SDS

gels, and the electrophoresed gels were sliced and counted
as described (see Methods). The resulting profiles are

shown. (A) translation éroducts of boly(A)+ RNA; fraction-

at;on 3. A 30ul aliquot of the ;ranslation mix waé apélied

to the gel - this was. equivalent to 50740 acid insoluble ’
cém and recover§ of these cpﬁ from the gel was 88%.

(B) tramnslatidn producté of the poly(A) RNA from fraction-

étion 3. A 40pl aliquot of the translation (containing |

25,375 acid insoluble cpm) was applied to the gei and re-

S5

covery of the label was complete.
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of the two RA fractions,{minor differences could not be de-
tected and the ‘individual milk proteins were not well defined.
It was thus deemed necessary to use a polyacrylamide gel system

with much. higher resolving power to examine the translation
. » ’

' produé_.t_;;sl_ of thesesamples. _
M w P

-

(iii) Amalysis of translation products by SDS/polyacrylamide

" slab gel electrophoresis.

T6 darry out fluorography, [358]-labe11éd translation
pz.;oducts were prepareAd in the'wheat germ cell-free system using
[3SS]-me§thionine. (see Mgthods) . The [3581-_1abe11ed franslation

products directed by se-veral‘marmary RA ‘preparations were run
on d slab gel as described, and a photograph of the ‘resulting
fluorogram is shown in Figure 7. (This experiment contains A
tranélé_tion data for RA fractions from séve.ral stages in gland
development --see Chapter 7 for further details,) The lanes
of interes£ here are 8, 9 and 10; these show respectively the '
tr}anslation products.of the total, polya)+ and pdly 0\.)" RiAs
. of the 7-8 day lactating g.llland. Several ‘discrete [3551—1.1—-

'Tf\'felled protein bands were _observed in these lanes; these
pr_otgins have been: assidn.ed molecu'la‘r weights dn the bagis of *

the mobility of the standard protein markers. All three lane:s :

exhibited a'\.rerg," Ssimilar pattem:h';e fainte.f pattern of the _ ‘

RolyG\)— RMA products was due to the application ¢f much

smaller amounts of incorporated [BSSl—label onto this lane.

(NEXT PAGE IS 175)
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Figure 7.° Analgsls of the products of Mammary RNA
Translation by slab gel electrphore51s

Translations were performed as:describéq in methods
using [BSS]-ﬁethionine; and the translation products
were run on a slab gel. The data shown here is more
fully described in Chapter 8, and §§FS gel is
reproduced there with a longer exposure period. The
lanes of interest here are lanes 8 -'10 which con—
tain the _translation products of total, p‘oly(A)+ and
poly (A} RNA from 7-8 day lactating gl&pd The posi-
tions of the standard proteln mclecular weight markers
are indicated by arrows and their molecular weights
are given in kilodaltons. About 100,000 acid insoluble

cpm were applied to each lane:
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It can be seen from Figure 7 th;t each translation contains
four méjpr products. When measured from the top of the
running gel; thege bands occﬁrsat'B.l cm- (43,000 daltons)
4.4cm (30,000 daltons), 5.0 and 5.2 cm (26-25,000 daltons)
and 6.3 cm (18,500 daltons). rThe‘molecplar weights .

of each protein band were assigned on the basis of the pro-

—

‘tein marker standard curve. -
‘ The two largest translation prodﬁcts‘apgeap to
represent the twé largest caseins: encoded by the 158 rat
maﬁmary mRNA, and the‘26,000/25,560 dalton dgublet
correspondg to the amallésﬁ'caseiﬂ encoded by the 128
IraE mammary mRNA. The smallest Eana of 18,500 daltons is
the right siée to be o-lactilbumin. The assignment of
'these trénslationlprqducts to paréicular protein cies
i§ discussed in detail in chapter 5, where these Iiia are
‘&comﬁared tébthe'products of rat mammary RNA translations
reported previouslyl | '

For thé ﬁurppse;of this chapter, it is'shown.that the
totél,‘pOLy(A)+ and poly(A)” RNA fractionslyield similar
translation products and therefore, in agreement with Rosen,
it may be conclhded that a significant fractionof the milk
protein MRNAS ig in a non-polyadenylated form, énd that

. most of mammary mRNA codes for milk profein.
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(iv) Evidence that poly(a) " ana poly (a) mRNAs-&fe capped
There are several meﬁhods for demonstrating the presence
of a 5'—cap.in mRNA preparations. In éhis study two pro-
cedures Qere employed; It has been‘shown that caﬁhﬁnaloéges,
e.g.. 7-methylguanosine-5'phosphate (mTGS[p), inhibit P
the in vitro translation of capped mRNAs but not uncapped
RNAs (311). Thus, a deﬁonstration that the presence of a
cap analogue inhibits in vitro translation of mRNA prep-
arations is indirect evidence that these mRNAs dofbeér a
cap. Adﬁggiod specific-for removal of the cap structure.
from mRNAs has been reported (310); this involves a
B-elimination of the oxidised cap structure. It is known
that capped ﬁRﬁAs incorporate'aminb acids better than the
cofrequgding non-capped 5pecies in vitro. If treatment

of a mRNA preparation by the uncapping procedure causes a

" significant drop in its translational activity, this is

evidence for the initial presence 6f a cap. _

Several RNA preparations, including mammary poly(A)+
and poly(A) RNAs, .purified 98§ and 15S mRNAs and partially
purified 128 mRNA (see chapter 5 for mRNA purification
protocol) were analysed for the presenée of a 5' cap.
Poly(A)+ rabbit globin mRNA (prepared as reported by
Mezl and Hunt (298)) wés used as a standard, since this
mRNA is known to be capped (304). All these RNA preparations

were translated in the in vitro wheat germtranslation system:
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!
(1) with or without the inclusion of m'G> p in the assay,

-(2) before and aftef decapping. The results of these
studies are presented in Table 16 and Figure 8.

Figure B shows the effect of increasing
concentrations of m7G5fp'on the in vitro translation bf
several RNAs. A concentration as &pw as 0.1lmM m7G5'p ,
was sufficient to inhibit translation of rabbit globin
mRNA and purified mammary mRNA fractions by aboﬁt 90%.

Translation of an uncapped control, QB RNA was partially
inhibited ( 60% inhibition) at 0.lmM m/G> p but increasing
concentrations of cap analogue did not cause any further
inérease in inhibition, and a*clear difference in the
J responée of QB—RNA and the other mRNA preparations is
apparentﬂ'yPély(U}} which also lacks a cap, was affectea
by the cap analdgue to an even smaller degree; there was
a small and gradual increase in the inhibition of trans-
lation of this éolynucleotide ih response to increasing
concéntrations of cap énalogpel The data of Figure 8
show that in the case of cappgd.mRNAs, e.g. globin ,

a - concentration.of 0.5mM m7G5'p in the wheat'germcell-

free translation system is .sufficient to inhibit trans-

lation by 90% or more as e#pected from .a previous study (311).
Taplé 16 summarises available data on(}he effegt of

(1f O.SﬁM m7G5'p and . (2) chemicél decapping on the trans-

lation of various mammary mRNAs and control templates

4

using the wheat germcell~free system. All the mammary
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Figure 8. Effect of Increasing Concentrations of
7-methylguanosine-5"'-phosphate on the Translatlon of several
mRNAS and control templates.

Translations were.carried out using tﬁe wheat germ cell-

- free system as described {see Methéds), and acid insoluble
cpm was determined using 10yl spottings., m7Gs'p'was in-.
cluded in the translations at the indicated concentrations.
The RNA samples studied‘were: (+) rabbit giobin mRNA, (o)
rat mammary 95 mRNA, (A) rat mammary 12S mRNA,. (O) rat
mammary 155 mRNA, (e) phage QB RNA and (A)'poly(Uj.' Each
translation contained 1-2ug mRNA, llug QB RNA or 18ug poly
(U). AlL translatlons were carried out using [ H] -leucine at
2.5uCi/assay except for the poly (U) translatlon which was
performed with [ H]-phenylalanine (2uCi/assay). hmhe flgure\
shows the % inhibition of the amino acid incorporation at

increasing concentrations of m G p.
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TABLE 16: EVIDENCE FOR.THE PRESENCE OF 5! CAPS IN VARIOUS .

MAMMARY RNA PREPARATIONS . ’

!

) fype of RNA Normal - Reduction in Reduction in
'in trans- Incorporation incorporation‘ incorporation
lation assay s by 0.5mM by B~elimination

N [ . . .

v m7G5 P \ '
' (epm x 1072) (% inhibition) (% inhibition)

Rabbit- globin o U :
mRNA , -166.1 ~98 ' 30
Mammary, SR .o . .
poly (A}t rNa o o14.4. 98 90
Mammary ’ . T B . .
poly (A)~ RNA 14.4 - - 96 - 72
95 mRNA 26.5 " . 91 ¢ -

. 9S mRNA* . 7.0 . 94 . o1
128 mRNA 15.1 ‘o 95 . .-
12S mRNA* ; 2.0 o 83 : 94
155 mRNA St 25.4 0 T 97 - =
155 mRNA* L 7.2 9% J 92 ,
Qf RNA I C 66 30

.

‘Translatlons were performed'in the wheat germ cell-free
system as descrlbed (see Methods) using [ H]-leucine (2. Sucl
per assay) in the pfésence or absence of m7G5 P- Poly(A) and
poly(A) mammary RNAs were from fractlonatmon 1lb (see Table 8).

-Purified %S and lSS mRNAs were prepared from poly(A)+ mammary

RNA by two successive rounds of sucrose gradient centrifugation
{see Chapter 5). 9S* and 15S* RNA wereproduced by a single
gradient and are partially purified, 128’ and 125* RNAs were
prepared similarly, but the final 12S mRNA was still not highly
purified. Sufficient amounts of the purified mRNAs were not
available for the B-elimingtion procedure. Each translation
contadned 1l-2ug RNA except the QB RNA translation which con-
tained llug ﬁhA per assay. o ‘ ’



L

' mRNAs examined, including poly(a)Y and poly (A)~ RNA” .

fractions and the 9S8, 12S and'15S mRNAS behave in a
.similar manner to rabbit globin mRNA, The presence

RV
of 0.5mM m7G5 p inhibits translation by over 90% and

decapping ‘causes 90% or more inhibition of incorpoéati;q
(e%cept for poly(AfH'RNA which was inhibited‘by 72%).
This is in contfast to the noncapped control RNA, QB mRNA,
the translation of which was inhibited by only 66%‘in

the presence of cap analogue and by just 30% subsequent to
treatment with the decapping procedure. Clearly, these
mam?ary RNAs behave as if they are capped rather than un;
capﬁéd species. This conclusion is of particular impor-
tance in the case of mammary poly(A) RNA, because it is
the first reported evidence for the presence of 5' caps.in
this A fraction. Th; finding of 5' caps in this RNA,
together with the analysis of its translation products by
gel electrophoresis, indicates that the only difference

between poly (A)" and poly (A)~ mammary RNAs is the

presence of a poly(A) tract.

DISCUSSION

These translation data show that both poly(A)+ and
pply (A)  RNA fractions of total RNA from 7-~8 day and
*&%:15 day lactating rat mammary gland coﬁtain significant
translational activity when tested in the wheat germ.

cell-free system. As expected, the poly(A)+ RNA fractions



- 184 -

_aré highly enriched in translational activity cémpared
to Eotal and poly(A)_ RNAs, when expressed per U g RNA.,

. Relative mRNA activity was between 10 and 50 fold ”\1;
higher in the poly(A)+'RNA fraction compared to the :
corresponding bo}f(A)j RNA fraction.

Attempts were made to measure gquantitatively the total
amount of MRNA activity in all of the poly (A)' and poly(a)”
RNA fractions which had been prepared previously (Chapters
1 and 2). For each RNA fractibn, translational activity
was measured at RNA concentrations which gave linear
incorporation. Specific translational activities were
thus calculated. An estimate of tﬁe absolute amounts of
mRNA actjvity were then determined by adjusting for the
total RNA in each fraction. The results of this analysis,
presented in Table 13,suggestedthatﬁetweenSs%and 86%
of the total mRNA activity of these rat mammary RNA pre-

parationswas present in the poly(A) RNA fractions,

i.e. as poly(A) mRNA. If sample 4 is ignored for the time-

being (reasons for this will be given later - see chapter
6) this percentage remained - high at 56-71%.

This observationwas consistent with a previous report
by Rosen-that.whep assayved in an iE'XEEES translation sys-—
-tem, only 40% of rat casein mRNA activity was retained"by
| oligo (dT)-cellulose. He concluded that a high proportion
of this mRNA was nonpolyadenylated. Since the casgein

mRNAS constituteda largé fraction (about 50% (42)) of

4
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the total mRNA present in these preparations, and thé
fluorogram shown in Figure 7 indicated that all major
translation pfoducts exhibit a siqilar distribution
between poly(A)' and poly (A) "-RNA fractions these

two observations appeared to be in close agreement,

Further translational analysis of certain poly(A)f ._
and poly{A) RNA fractions in mixing experiments complicated the
interpretation of the analysis described above. The data
of Table 14 suggested thatmR¥A in the poly(A)+ and
poly(A); RNA fractiqns may be translated with different
efficiencies. Such an observation was not entirely
unexpected. Previously, it was reported that the presence
of large quantities of rRNA in cell~free translation assays
caused an inhibition of translation (112). In these
exper%ments, an opposite effect was observed; the
presence of poly(A) RNA, which includes rRNAs and tRNAs,
appeared to stimulate poly(A)+ mRNA translation. The
reason for this effect is unknown; it is possible that the
tRNA species present in the poly(A) RNA preparations were
increasing the efficiency of translationjof thé wheat germ
cell-free system, and overcoming ahy inhibitory effect of
the rRNAs. Despite attempts to correct for this problefn {see Table
14}, the results of Table 14 would indicate that comparison
of the translational activity of different types of RNA
preparations in the wheat . germcell-free é.ystem is not strictly

)
quantitative. Determination of the relative distribution

4
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of mRNA sequences between poly(A)+ and poly (A) .R@ prep-
arations is therefore best done by other methods, eg. by
hybridization to specific ¢DNA probes (see Chapter 6).

Slab gel electrophoresis of the translation products of
mgﬁmary gland RMA fractions-( Figure 1) showed that they did
include proteins of the sizes expected for complete rat milk
proteins, Although several smaller peptide products were
present in these translations, the predominant products were'
full length milk proteins, thus indicating that at least most
of the mRMA molecules in these preparations were essentially
intact, Indeed, the translation profiles fqr the purified
MRNAS indicated that premature termination of translation did
occur in this system and contributed significantly to. the
amount of the smaller peptides produced. The poiy(A)+ and
poly(A)  RNAs exhibited essentially similar profiles and this
w?uld argue against the suggestion that the polyQA ) RNA. frac-
tions consisted entirely of degraded poly(A)+ RNA., More de-
tailed discussion of these translation product profiles is

presented in Chapters 5 and 8.

Other evidence to suggest that poly Hfi‘and.p

mammary mRMAS were similar except witly respect to polyadenyl-

ation consisted of a study of the natlre of their 5' termini.
Both RNA preparations translated in the wheat germ cell-free
sysfem as though their mRMAs consisted predominantly of capped
gpecies. While neither this analysis, nor the translation pro-

duct profiles could provide evidence to entirely preclude small
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levels of mRMA degradation in these samples, they did indicate
that there wereno very large differences in the intactness of

the poly )’ andg poly(A)  RNA species.



CHAPTER 4

THE SIZE OF THE POLY (A) SEQUENCES ASSOCIATED

WITH RAT MAMMARY RNA

et

One of the goafg of this research was to determine the
size of the poly(A) sequences associated witsﬁrat mammary RNA
at’ various stages in development of the giand. In the
introduction, the methods available for performing such an
analysis were discussed. In this work, sizing was performed
by enzymatic removaldof the‘poly(A) sequence from the RNA
molecﬁle and disc gel electrophorésis of the isolated poly
(A) tracts followed by their detection with the [éH]—poly(U)
assay. In this chapter, the éechnical details of this prdf
Fedure are examined and the poly(A)+ RNA fractions pre-
pared from 11-15 day lactating rat mammary gland (see chapters
1 and 2) are analysed by this method. In these initial:
studies, the poly(A)f RNA fractions were also analyzed by
the poly (A) sizing method; this was done to determine whether
or not the very small levels of poly (A} detected in_those
preparations were due to the presence of very short oligo (A)
tracts or small numbers of unretained poly(A) tracts.

Sence this method does not indicate whether the poly(A)
sequences analysed are at the 3' terminal, attempts were
made to show this by [ H]-labelling of the 3' terminal

of mammary RNA before poly(A) removal. [3H]—labe1 was
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introduced by periodate oxidation of these molecules followed

by reduction using sedium borohydride containing [BH]—label.

MATERIALS
RNase A (Bovine pancreas , type 1A . 60 Kunitz units/

'mg,protein), RNase T, (Aspergillus oryzae grade IV 566000

units/mg pxotein) and RNase Tz (Aspergillus oryzag grade

- VII, i375 units/mg protein) were all obtained from Sigm;*\L
(St. Louis, Missouri), as was E, coli tRNA. Materigls /
for polyacrylamide gel eiectrophoresis were from Biorad
(Mississauéa, Ont); the SDS used for prepariﬁg the gels‘
was from BDH (Ville St Laurent, Que) and was 98% pure ~
wﬁile that used for other purposes Qas from Sigma. Use
of the less pure SDS (Sigma) in gel preparation resulted
in a peak of UV absorbance in the middle of the gels which
interfered both with the detection of the poly(A) size.
standards and the [3H]-§oly(U) analysis.
Poly(A) preparations of defined length characteristics

were cobtained from'Miles Biochemicals (Rexdale, Ont).
The poly(A) standards had modal lengths of 207, 113,
90 aﬂd B0 nucleotides. A 10 nucleotide oligo(A) sequence
was from Collaborative Research (Waltham, Mass). ’[3H]-
poly (U) (specific activity 3%uCi/umole P) was from Miles.

| Sodium meta-periodate was from Sigma. [3H]—borohydride
(sodium salt, specific activity 50-500mCi/mmol) was from

Amersham (Oakville, Ont.).
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METHODS

(1)- Isolation-of poly(A) sequences by RNase digestion

-

-,

of mammary RNA B -

w

Digestion of RNA to liberaté poly (A) tracts was perfor-
med using RNases A and Tl by a modification of the procedure
of Merkel et al (312). Samples consisted of®3-10ng poly(A)"
.RNA or 1.8f3.0 mg poly(a) RﬁAﬂ They were digested at
37°C for 30 minutes in 0.3M NaCl, 10mM Tris-HC1, pH 7.4,
SmM'MgCl2 using 25ﬁg RNase A/mg RNA. For éome polylg)-
RNA samples, DNaseAl was also included a£'15ug/mg_RNA
for reasons discussed in ResJlts. Digests were brought
to lOﬁM EDTA using 0.23 EDTA (pH 7.0) and digested with
RNase Tl (1.25 qnits/ug RNA) at 37°C. for 30 minttes,
The digestion was stdpped by bringing the solution to 0.2%
SDS, and remaining poly(A) tracts were extracted wiﬁh 0.45&1
of a, phenol and chloroform (1:1) mix. The resulting
aqueous phase was brought to 0.2M NaCl and received 50ug
Em.qoli tRNA carrier; poly(A) was ethanol precipitated
from the agueous phase and taken up in 0.12 ml water for

disc gel)electrophoresis.

(ii) Poly (A) sizing.

TQZS waé performed using SDS polyacrylamide disc gels
{85mm x 6 mm) containing 10% acrylamide and 0.25% bis in
the buffef soiutipn of Falvey et al (300} supplemented

with 0.2% SDS. 'Samples were applied to the gels in the’
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Saﬁé buffer cdntaining 5% sucrose and Bromophenol blue in a

final volume o0f.0.16 ml. ‘Electrophoresis was at 4.5mA/gel;

the duration of the run was 4.5 hours for samples from.poly(A)?

RNA and only 2.5 hours for samples from poly (A)  RNA. .

The bromophenol blue marker dye ran 7.0cm and 4.0cm

respectively from the top of the gel under these conditions.'

Gels were cut into 1 mm slices with a gel slicer (Hoefer

Scientific {hstruments) and 4 slices (poly(A)+ RNA samples)

or b slices (poly(A) RNA samples) were combined per fraction.

Each fr;ction was eluted for 18 hou?s ét room temperature

in 0.8 ml of 0.3M NaCl, 0.03M Na citrate (pH 7.2). Aliquots

of 0.5 ml from each eluted fraction were combined with 100yl

_containing 0,3M NaCl, 0.03M Na citrate, pH 7.2, 30mM

MgCl2 and 0.0231Ci [3H].poly(U). A poly(A) assay was then

performed as described in Chapter 1 (methods), with the

indicated modificat‘ions' of assay volume (0.6 ml) aﬁd of the amount

of [3H]-poly(U) included in the assay. Slightly higher .

levels of enzyme were included - (l2yl RNase A (200ug/ml}

was used per assay). )
Poly (R) standards were run on parallel gels. The

position of the peak of each poly(A) size class was deter-

mined by scanning each gel with an Isco UA-5 gel scanner

at 280nm. .The high UV absorbancg background observed for

these gels at 254nm made it necessary to scan these gels

at 280nm. ‘As indicated in the results section, several

poly (A) standards were also assayed by the [3H]—poly(U)

assay to verify that the absorbance peak did in fact
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correspond to maximal poly (U) binding.

(iii) RNase T2 digestion of poly(A) tracts

Poly (A) tracts which had been isolated from mammary
RNA by digestionwith RNases A and T, Wwere treated with
RNase T, (0.5 ﬁnits/ug RNA, including carrier) for 2 hours
at 37°C. in 0.1M sodium acetate, pH 4.5, 2mM EDTA. The
enzyme was removed by phenol extraction. The resulting

aqueous phase was. ethanol precipitated using 50Mg E. coli

. tRNA carrier as described above.

(iv) [3H}-labelling of mammary RNA

This was performed by a modified method of De Wachter
and Fiers (66). Poly(A)" RNA samples (20-94ug), E coli.
tRNA (251g) or the 90A standard (3-30ug) wefe diluted with
0.5ml 0.01M sodiuﬁ phosphate, pH 6.0. The solution, was
brought to 6mM sodium periodate (with 151l of 0.02M NaIO4)
and left at room temperature in the dark for 2 hours, to
permit 3' terminal oxidation of the sample. Each sample
received 1 ml 0,5M sodium phosphate buffer, pH 7.5 and

45-65;1 IN NaOH containing 170-=230uCi [3H] NaBH This

4.
ensured that the pH of the reduction reaction was maintain-
ed between 7.7 and 8.0. Contrary to the protocol of De
Wachter and Fiers, sodipm'pefiodate destruction by

ethylene glycol was not performed. This step was also

omitted by Randerath et al, (393). Occasionally, propylene
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glycol was included bé%ore'addition of borohydride, but

ﬁhis did not result in any increased [3H]—1abe1 incor«

poration into the sample. The z;duction was allowed to pro-

ceed for four hours and stopped by addition of 150u1l

glacial acetic acid. The reaction mixture was dialysed

against low salt buffer for 3 hours to remove most of

the free [3H]—1abel;it was then ethanol precipitated.
Digestion of [3H]—1abelledsaﬁplesto obtain isolated

poly (A) tracts was as described above, using RNases A and

Tl' RNase T2 digestion was also performed, as described

above, in certain cases. [3H]-labelled digests were run

on 10% acrylamide/SDS gels; gels were sliced and 4 slices ware

combined per vial. [3H]—1abe1 was eluted from the gel

slices in 0.5ml 0.5N NaOH at room temperature‘overnight.

After neutralization with 0.5ml 0.5N HCI, [3H]-1abe1 was

counted in 5 mi Ready-solv (Beckman).

RESULTS
(i) Mobility of Poly(A) standard markers on SDS/polyacryl-

amide gels
' To assign nucleotide length to the poly (A)

tracts isolated .from mammary RNA, a standard curve of poly (A)
length vs., mobility had to be Prepared. Since samples from

poly{A)"' and poly.(A)” RMA had to be analysed using different
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running conditions (see methods) standard poly(A) marker
mobilities were determined for both running times. Figure
9 shows the observed relationship between mobility and
log. nucleotide length of the five poly(a)/oligo(A) .
size classes used. It can be seen that there is the
expected linear relationship between these two éharagter—
istics at both running times. The open and closed squares
indicate the position of E, coli tRNA when run on these
gels for 2.5 and 4.5 hours respectively. Although this

molecule consists of about 75 nucleotides, it migrates as

if it were'55de up of only 26-27 nucleotides relative to the
poly(A) size markers. This anomalous behaviour of poly(A)
sequences compared to heterogeneous RNA strands on:acryl—
amide gels has been reported previously (see discussion).
Figure é shows that these conditions are suitable for

size analysis of the poly(A) tracts from mammary RNA; the

standard curve in Figure 9 covers a size range of 10-200

nucleotides, which is sufficient for this analysis.

(ii) Poly(A) sizing, after [3H]—labelling of the 3'termini

of RNA samples

Periodate oxidation of poly(A)+ RNA followed by
reduction with [3H]-borohydride has been used to intro-.

duce IBH]—label into poly{A) since this sequence "is located

L.

~
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'Figure 9. Electrophoretic Analysis of Poly(A) size standards

Five poly(A) size classes were électrophoresed on 10% poly-
acrylamide SDS gels (see Methods). Electrophoresis was per-
formed for 2.5 hours (o) or for 4.5 hours (e). The position
of each size class was determined by gel scanning at 280 nm
and the position of the modal size length is expressed as its
mobility relative to bromophenol blue dye. The position of E.
coli tRNA after 2.5 hours (O) and after 4.5 hours (W) of
electrophoresis ig indicated.
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at the 3' terminus of the RNA molecule. Conversely, [3H]—1abe}

incdﬁporation into poly(A) by this method demonstrates

that the poly(A) is 3'-terminal. This method therefore

may yield extra information about the position of the

poly (A) chain in the RNA molecule compared to techniques

which detect poly(A) only after its removal from RNA.

~ Once labelled, poly(A) can be isolated by RNase digestion

and sized on gels; detection of the sequences is readiiy

performed by virtue of‘fhe incorporated label.
Initial.exéeriments on [3H]—labelling of RNA were

performed on E. gg;i tRNA. An aliquot (25ug) of this

RNA was labelled as described in Methods. After ethanol-

precipitation, the sample was taken up in 0.25 ml water and

divided into two equal fractions:.the first was reprecipitated

~while the second was digested with RNases A and T. and

1
reprecipitated. This digestion treatment should result

in loss ;f all [3H]-1abe1 from the acid-precipitable
fraction and provides a control when running these samples
on acrylamide gels. The two samples were finally each

taken up in 0.135 ml water and 51l aliquots were used to
determine TCA-precipitable cpm. The undigested sample
contained .a total of 103,350 c¢pm which were acid precip-
itable, this value was reé;;;d.to 18,000 cpm in the digested
sample. Figure 10 shows the profiles of these two samples

after they had been electrophoresed on 10% acrylamide SpS
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Figure 10. Electrophonésis of [?H]-labelled E. coli tRNA

E. coli tRNA was [°H]-labelled using the periodate oxidation

borohydride reduction procedure described in Methods. This
labelled preparation was divided into two aliquots: one
aliquot received no further treatment but the second was
digested with RNases A and Tl. The electrophoretic profile
'of 2.3ug [3HI—1abelled tRNA before (o) and after (e) RNase
digestion is shown. Recovery of [3H]—label fE?m the gel
whiéh contained the undigested tRNA was only 46% of the
acid insoluble cpm applied. The bosition of unlabelled
tRNA run on a parallel gel and detected.by its UV absorbance

is indicated (see arrow).
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‘gels. The [3H]-labelled undigested tRNA sample exhibited
a peak of [3H]—label at a position comigrating with
unlabelled tRNA run.on a paréllel gel. It therefore
appears that [3H]-1abei was successfully incofporéted into
tRNA; this peak was absent™from the profile of the digested
control sample. The only unsétisfactory aspect of_these
profiles is the low recovery of [3H]&label from these gels.
About 19,000 cpm was applied to the gel in Figure 10

but the tRNA peak coﬁtained only 4,500 cpm. There was a
significant amount of label at the top of the gel {about
3,000 cpm) and recovery from the very top of the gel is
likely to be poor if material barely enters the gel. The
nature of this material is unknown, but a high background
iﬁ this regiqn of the gel was often observed,

It has thus been ghown that [3H]—1abe11ing of E. coli
tRNA is obtained under the conditions of labelling des-
cribed. Calculation of the expected incorporation of
[3H]—labe1 cpm showed that on the basis of the TCA-pre-
cipitable cbm values obtained, the observed [3H]—1abe1
incorporation was essentially quantitative, however,

‘a large fraction of this label was not recovered from the
gel.

Several attempts were made to introduce t3H]—label into
poly(A)+ RNA. In one experiment, a poly(A)+ RNA sample |

(94ug) from fractionation 2¢ was treated by the same
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- method used to label tRNA (see methods). After recovery

/

from ethanol préqipitatf%n, the sample was digested with
RNases A and T1 (see methods) and reprecipitated. The
digested RNA was divided into two aliquots: the first
was precipitated and the second was RNase T, digested
before precipitation. 'Measurements of the amount of
acid precipitable label remaining in the two preparations_
were not encouraging. The.first sample, which should
représent intact [3H]—labe11ed poly (A) tracts contained
only 14,700 cégz while the second control sample containing
no poly(A) sequences gave 20,400 acid precipitable cpm,
This suggested there was no Epecific incorporation of [3H}—
label into poly({A) tracts, and indeed the profiles of
these two samples after gel electrophoresis were idenﬁical
(see Figures lla and 1llb). The broad peak of [3H]-1abe1
observed in the upper half of these profiles is presumably
a background; since it is present in both samples, including
the RNase T2 control. Since many other attempts to label
mammary RNA samples were unsuccessful, the applicability
of this technique to poly (A) sequences was therefore
confirmed using the 90A standard.

About 30ug of 90A standard was [3HI—labelled as
described and'collected by precipitation and divided
into two aliquots. One aliquot was RNaseFrztreated and
reprecipitated as a control, the other was just reprecip-
itated. These samples retained respectively 13150 and

35;750 cpm of FH}Iabel which were ‘acid precipitable
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Figure 11. Electrophoretic Profile of[3H]—labelled
Mammary Poly (A} Tracts

M%mmary polf(A)+ RNA was [3H]—labelled (see Methods) and
digested by RNases A and T, to release poly(A) sequences.
This sample was divided into two equal aliquots: one
aliquot was further digested with RNase T,. Both samples
were electrophoresed on 10% polyacrylamide SDS disc gels
and [3H]—label was eluted from gel slices and counted.

The resulting profiles for poly(A) tracts (A) with RNase T,

treatment, (B) without RNase T2 treatment are shown. The

positions of several poly(A) size markers are indicated by

arrows at the top of Figure 1l1A,.
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and the gel profiles of these samples are showﬁ in Figure

12, The lower profile shows the RNase T2 treated gontrol
which should contain only non-specific background label; this
profile isyvery similar to those shown in Figure 1ll. The
upper profile is that of the labelled poly(A) sequence,

which contains a [3H]-1abel peak at the position corresponding
to that of_ unlabelled 90A standard. A very high level of
label at the top of this gel interferes with the upper

part of the 90A peak (see Figure 10). This labelled material
which does not migrate into the gel, appears to be lost

after RNase T, treatment.

2
The results of Figure 12 indicate that the periodate

oxidation and borohydride reduction method can be success-

fully used to label poly(A) tracts; however, in order to

incorporate amounts of label which can be readily detected

above the background profile of these gels, about 15ug

of 90A standard were needed. Another experiment using

3ug poly(A) gave a typical "control" gel prqﬁile presuma-

bly because the amounts of incbrporated label wete so low.

The 15ug 90A standard sample corresponds to amounts of

poly(A)+ RNA in the order of 0.3mg since these samples seldom

consist.pf more than 5% poly{A) as determined by the

[3H]—poly(U) assay (see Chapters 1 and 2}. It therefore

was clear that for this [3H]—labelling procedure to be

useful in poly(A) sizing experiments, large quantities‘

of poly(A)+ RNA were required, unless the reaction
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,Figure‘lz. Electrophoresis of [3H]—labelled 90A standard

The 90A size standard ~(30ug) was [3H]-1abelled (see Methods)
and this sample was;divided into two equal aliquots;loﬁe

of these aliquots was RNase T, treated.  Both samples were
run on 10% polyacrylamide SDS disc geis which were sliced
and the radiocactivity eluted. Thelrgsulting profiles oﬁ_
[3H]~labél are shown for the undigested (o) and digested

(#) 90A standard. The positidn of unlabelled 90A, run on

a parallel gel and detected by UV absorbance, is indicated.

-
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could be made much more efficient. It is pertinent to
note here that whereas [3H]-label incorporation into tRNA
was 100%, that into the 90A standard was only 30-40%. In
view of these problems, this method of poly(A) tract
detectioﬁ was not pursued further and efforts were con-
centrated on sizing experiments which utilised the [§H]_

poly (U) assay for poly(A) detection.

(1ii) Poly(A) sizing with the [ H]-poly(U) assay

The effectiveness of this procedure was determined
by analysing two poly(A) standard size markers. A lOA-
standard  (about l.Oﬁg) and the 90A standard (8.6ug)
were digested with RNases A and T, as described (see
methods), and ;ollected by ethanol precipitation with E.
coli tRNA carrier. The digests were electrophoresed as
indicated using the short running time for the 10A standard
and the longer electrophoresis for the 96A standard. After
gel slicing of these th gels, poly(A) tracks were eluted
from the slices and assayed with tBH]wpoly(U). The results
of this experiment are shown in Figures 13 and 14, Figure
13 indicates that the 90A peak is contained within the top
48 fractions of the gel; maximum [3H]—poly(U) binding
occurs in slicgs 25-28 and under these conditions of
eléctrophdresis, this corresponds to the 90A spandard

peak position when determined by UV absorbance. Further-
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Figure 13. The Profile of the 90A size standard as detected
by the [3H]—Qply(U) assay after treatment of the standard
with the poly (A} sizing procedure

The 90A standard (0.6ug) was digested with Rﬁases A and Ty
(see Methods) and collected with E. coli tRNA carrier. The
sample was run by polyacrylamide SDS disc gel electrophoresis
and the gel was sliced. A [3H] poly(Ui assay was performed
on gel¥slice eluates (see methods) and the resulting profile
is shown (o). The position of undiéested 90A standard, run-
on a parallel gel and detected by UV absorbance; is in-
dicated. Estimated poly(A) recovery was 85%. A [3H] poly (U)
assay was also performed on a gel which received only E,

coli tRNA carrier (e)..
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» Figure 14. The profile of the l0A size standard as detected
by the fjgl poly (U) assay after treatment of the standard
with the poly(A) sizing procedure

The 10A standard (1.0ug) was digested with RNases A and Tl
(see Methods) and electrophoresed as described. A [3H]
poly (U) assay was performed on the gel {see Methgds) and
the resulting profile is shown. The.position of undigested
10A standard, run on a parallel gel and detected by UV

absorbance is indicated. Poly (A) recovery was estimated

to be 42%., The electrophoresis was for 2.5 hours only.
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more, a very similar profile was observed on electrophor-
esis of undigested 90A standard followed by detection using
the [3H]-poly(U) assay. These observations not only confirmed
that UV absorbance and [3H]-poly(U) binding were equivalent
for detection of poly (A) Standards, but that poly(A)
standards maintain their initial size when treated by the
entiré assay procedure, including the RNase digestion.

This is important, since it demonstrates that shortening

of poly(A) tracts does not occur during the procedure.
Recovery of the 90A standard from the gel slices was good
(about 85% of applied), thus the elution congitions appear to
be adequate. This was also tested using the 207A standard;
this size class was chosen since the largest poly(A) tracts
will be slowly eluted from the gel.

Elution of this 2072 standard from an electrophoresed
gel for 18 hours and 41 hours, followed by [3H]—poly(U)
assay of 50u1 aliquots of the eluate, results in two'very
similar profiles; the longer elution period resulted in
no more than ; 10% increase in the poly(A) levels detected,
and this difference was close to experimental variation
(data not shown).

This result, together with the high recoveries obtained
with poly(A) tracts from poly(A)+ RNA samples and the 90A
standard, shows that poly(A) elution from lmm gel siices

was essentially complete after 18 hours. A control sample
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A

containing only 50ug E. coli tRNA was run'on one gel and
assayed with [3H]—poly(U). The'purpose of this was to
study whether or not the carrier RNA intérfeped with the
assay in any way; the closed circle profile in figure iB
indicates that the tRNA peak doeé—not interfere with the
aggay and this control gel yields®a low and consistent
background.

Figure 14 is a [3H]—poly(U) hybridization profile of
a l0A standard which had been processed by the entire
poly{A) sizing proto&ol,including RNase digestion. As
for the 90A standard, the peak of [3H]—poly(U) RNase-.
resistant cpm coincided with the peak of UV absorbance
of an aliquot of the 1l0A standard run on a parallel gel.
This experiment again shows that [3H]~poly(U) binding
and UV absorbance are equivalent. It also demonstrates
that oligo(A) sequences as small as ld nucleotides in
length can successfully be detected by this system; Iow-
ever, it should be noted that recovery of the 10A standard,

3

as measured by [3H]-poly(U) binding to gel slice eluates,

r

3

was low (about 43%) compared to recoveries of larger poly (A}
tracts. It is possible that this assay doeé not reproduc-
ibly detect tracts much smaller than 10A, since very small
chains will not readily hybridise to poly(U) or be precip=-
itated, It is possible that such factors could already be

causihg the rather large losses observed for the 10A standard,
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Two typical size profiles of the poly(A) sequences
from mammary poly(A)+ RNA of 11-15 day lactating rat gland
are given in Figure 15. The first profile (Fig. 15a) was
prepared from a poly(A)+ RNA sample obtained using oligo(%ﬁ}-
cellulose chromatography (fractionation 2a) and the second
profile (Figure 15b) was prepared from the same initial
RNA but using poly(U)-sepharose chromatdggaphy (fraction-
ation 2e). The two profiles are clearly similar and are
representative of all the poly () éi;e profiles obtained with
poly(A)+ RNA from lactating gland. A comparison of the
poly (A) size profile from poly(A)+ RNA containedin firs£
and second column eluates suggested that the profile was
similar irrespective of the number of columns through
which the sample had been pgssed before being retained.
All significant amounts of the poly(A) sequences, as meas-
ured by RNase-resistant [3H]-poly(U), occur in a size range
no larger than 200 nucleotides and no smaller than about
25 nucleotides. The poly(A) sizg distribution is clearly
bimodal with peaks occurring at sizes of about 80 and 40-45
nucleotides. The smaller poly{A) size class peak is
generally slightly higher than the‘larger size class peak,
indicating that the 40—45-nucleotide class must be present in
- amounts twice-those of the larger s.ize class.It therefore
appears that a range of poly(A) sizes is present in assoc-
iation with mammary RNA but certain size classes do pre-

dominate. .
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Figure 15. Si&ing of Poly(A) Tracts from Poly(A)¥ RNA
of Rat Mammary Gland,.

'I‘wo_poly(A)+ RNA samples were digested with'RNases A and T1
{see Methods) and electrophoreséd for 4.5 hours as describeds
Gel slice eluates were assayed by the [3H] poly (U) assay,

The profiles shown were obtained using: (A) 3.9ug poly(a)t
RNA, fractionation 2a (see Table)8); (B) 7.5ug poly(A)t RNA .
from fractionation 2e (see Table 12). Poly(A) recoveries
from the gels were 105% and 94% respeétively. The positions
of two poly(A) size markers, run on parallel gels and de-

tedted by UV absorbance,are indicated.
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In figure 16, the [3 -poly (U) gel profile-of a
poly(A) sample from poly(A) | RNA (fractionation la) is
compa;ed before, and after, RNase T2 treatment (this en-
zyme cleaves at adenosine residues). This control |
experiment confirms that RNase resistance of [3H]—poly(U) is
a measurement of poly(A) and not an artefact of the
procedure. |

As mentioned earlier in this chapter, poly(A) RNA
samples were aléo analysed by the poly(A) sizing method.

In figure 17, two gel profiles of [3H]—poly(U) binding of
RNase digested poly(A) RNA samples are pregented. The
two profiles were obtained using the same sample (fraction-

ation 2d); one was digested with RNases A and T. only

1
while the other was also digested with DNase 1 (included

in the digest buffer during RNase A treatment) The diff~
erence between these two profiles is striking. The profile
ocbtained without DNase treatment is essentially close to
background values, and no poly(A)/oligo(A) size

clagses are apparent. This means that recovery of [3H]-
poly (U) binding for this gel profilewas poor; according to
previous measurements 49ng of poly(A)were applied to the.

2

gel. Not" surprisingly, RNase Ti'treatment of this sample

subsequent to treatment with RNasesA and Tl resulted ina similar

profile. When DNase was included in the digest, a large

peak of [3H]-poly {U0) bindingwas detected close to the

7
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Figure 16.Effect of RNase T5 treatment on the poly (A) tracts

of Mammary poly(A)+ RNA

Poly (a)* RNA\£3.6ug) from fractionation la (see Table B)
was digested with RNases A and T;. The resulting sample
was divided into two equal aliquots, and only one was
treated with RNase T, (sge Methods). Both samples were
electrophoresed as described for 4.5 hours, and each gel
was analysed by the [3H] poly (V) assay (see Methods). The
two profiles obtained show the polj(A) tract profile of
this mammary RNA sample befo;e (o) and after {e) RNase T2
treatment. Poly{A) recovery was 114% and O&krespectively.

The positions of several poly(A) size markers are in-

dicated.
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Figure 17. Sizing of "Poly(A)"™ from Mammary Poly(A)” RNA

Poly(A) RNA (l.8mg, fractionation 2d - see Table 8) was
digesteé with RNases A and Ty in the presence (o) or
absence (e) of DNase 1 (see methods). The digests were
each electrophoresed for 2.5 hours as described and the
gels assayed for poly(A) using [3H] poly (U} (see Methods).
The positions of several size markers which were run on

barallel gels are indicated.
L
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bottom of the gel, in an area corresponding to oligonucleotides
smaller than 10 residues. Recovery of [3H]-pbly(U) binding for

this profile was obviously much higher; in fact the estimated

recovery of poly(A) was 7lng, giving a yield of over 100%.

The effect of DNase in these assays suggested that a sig-

'nificant portion of the [3H] -poly (U) binding detected in this

sample was due to DNA Kinding of poly(U), and was not due.ex-
clusively to adenylate sequences in RMi. Before concluding that
the presence of DNA in these sampies was contributing to
[3H]—poly(U) binding activity, it was necessary to show’ that
DNase 1 treatment of poly(A) RMA was not producing artefact—
ually small polx@\) tracts due to‘contamination of the DNase 1
preparation with a poly &) -degrading nuc@ease.~Evidence
against the. presence of such a ribonuclease in these DNase 1
preparations was provided by inclusion of DNase 1 in the

poly (A) sizing protoéol fof both a poly(A)+ RN sample and the
60A standard. The presence of DNase did not chaqge the pro-
files obtained with these two samples (data not shown). It was
therefore concluded that the DNase 1 used did not contain aﬁy
RNase activity which affected this assay.

The results of RNase T, treatment of poly(A) RN samples,

which had previously been dlgested with DNase 1 and RNases A N
and Ty, compllcated this analysis further\\xgwo [ H]—poly(U)
binding profiles are shown in Figure 18; that with the closed
circles was obtained with a sample which was trea%ed with DNase

l, RNases & and T, and finally RNase T,. The open circle pro-

file was prepared by a similar treatment except that the RNase
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Figure 18. Analysis of Mammary Poly(A) RNA by the Poly(a)

. sizing procedure - Effect of RNase'T. treatment

Poly(A)  RNA (4.9mg, fractionation 22 - see Table 8) was
digested with DNase l.and RNases A and Ty (see Methods).
The sample was divided into two equal aliquots and one was
treated with RNase TZ‘ The digests were electrophoresed for
2.5 hours as described and each gel was analysed by the [3H]
poly (U) assay. The profiles shown are the results with (e)
and without (o) RNase T, treatment. The positions of
sever%% markers run on parallel gels are indicated.
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T, treatment was omitted. RNase T, treatment appeared to re-
duce the size of the peak near ﬁhe bottom of the gel, but did
not remove it entirely. .This result could sﬁggest that this
peak of small oligonucleofides consisted of a mix of oligo (2A)
and oligo(dA)i |

The results of poly(A) sizing of mammary poly(A) RMA pre-
sented here were representative of all samples studied. It may
be conaluded that these poly@) 'RMs do not contain any sig-

nificant amounts of poly(d) larger than-10-15 nucleotides, but

they may contain very short adenylaﬁe tracts (<10 nucleotides).

DISCUSSIMN

It has been shown that when severél poly(A) size classes
were analyzed by electrophoresis under the conditions des-
cribed, a plot of log. (nucleotide size) vs. ﬁbbility was linear;
this standard éurve can be used to assign‘a:nucledtide size to
to pely @A) tracts of unknown length. The use of poifﬁx) tracts
of defined size for this purpose has already been reported and
this earlier work also made important observations regé:ding
the relative mobilities of poly @) tracts and hé@erogenedus
RMA molecules. Burness et al, found that E;'ggké tRNA
migrated as a 25 nucleotide molecule relative to poly(A) of
defined size, ﬁlthough tRNA molecules actually cons%st of

about 75 nucleotides (88). This anomalous behavioué\of

poly (A) tracts on acrylamidéb gels compared to hetero-
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geneous RNA molecules has been confirmed elsewhere (85)
and iﬁ this work. By comparisdh with the poly(a) size
standards, tRNA was found to have a gel mobility corres-
ponding to 26-27 nucleoctides (see Figure 8), in close
agreement with Burmess et al. In view of the large
discrepancy between actual and observed sizes of hetero-
geneous -RNA, when compared witﬁ poly (A) on SDS/pélyacryl—
amide gels, it is necessary to use poly(A) tracts of def-
ined length as standards for poly(A) length determination.
Small heterogeneous RﬁAs (e.g. tRNA, 5SRNA) can only be
used as size markers provided the differences in

relative mobility on polyacrylamide gels betweeanNA and
poly (A) tracts are taken into account (88) .

The. poly (A) standard curve which was obtained has
been used to- determine the size of poly(A) chains
associated with RNA'saﬁples. Poly(A) sizing was successfuily
performed by isolation of poly(A) tracts after digestion with
specific RNases, electrophoresis of these tracts and
detection with the [3H]-poly(U) assay. Tﬁe poly(A)+
RNA samples analysed here contained a range of poly(A)
sizes between 25 and 150 nucleotides. It is noteworthy
that no sequences smaller than about 25 nucleotides were
detected in the_poly(A)+ RNA samples irrespective of their
method of preparation. The absence of tracts in the size

range of 15-25 nucleotides (none weredetected in the poly (&)~
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RNA fractions either) explains why the use of poly (U)-
sepharose for affinity column chromatography had no
advantage over oligo (dT)-cellulose in the fractionations

. of total mammary RNA described in chapters 1 and 2. Both

.. resins are vefy'effective in retaining poly (A) sequences
longer than 20 nucleotides, only in the 10-20 nucleotide
length range, is the use of poly (U)-sepharose believed to
be advantageous. No affinity resin is capable of rétaining
oligo-nucleotides smaller in length than 10 residues, and
thus any oligo nucleotides of 3-10A residues present in
total mammary RNA will remain in the .poly (A) ~ RNA fractions.
By extrapolation of the poly(A) standérd curve, the peak

of [3H]-poly(U) binding activity present in DNase and
RNase-treated poly(A) RNA samples is estimated to corres-
pond to a size of 4-5 residues. This assumes that the
standard éurve remains linear in this range. This is
probably the smallest oligonucleotide which canﬁreasonably
bé_detected by the.pbly(A) sizing method. The ;;urce of
the poly(U) binding material for the poly (A)  RNAs is

not absolutely clear; experiments which included RNase

T, and DNase treatments of poly(A) RNA samples would
suggest that the poly(U) binding is provi@ed both by
oligo(dA) and oligo(rA) sequences. In the classic paper on
the [3H]-p01y(U) assay by Bishop et al. (94), they reéorted

that high amounts of DNA did give a positive reaction in

-



- 225 -

the assay. Very large quantities of poly (&) RNA (up to
2.5 mg per experiment) had to be used in the sizing
procedure because the poly (A) content of these samples is
so low. Since these samples contain significant amounts of
DNA (see Chapter 1, table 1) interference in the [3H]~

poly (U) assay by DNA or its digestion products remains a
possibility. The chances of a short oligo(A) sequence or
even a sequence highly enriched in A residues being present
in rat mammary~DNA are real. TIf such sequences were
present they could be detected in this proéedure

after DNase 1 treatment. DNase 1 tends to digest DNA into
mononucleotides and a series of oligo nucleotides; limit
digests have a mean chain length of a tetranucleotide,
although chains up to octa-nucleotides may be present (314).
The enzyme is particularly inactive with respect to di-

and tri-nucleotides particularly if they do not contain a
5' Purine-Pyrimidine linkage and sequences of purines
are not digested well (315). Oligo(dA) species might
therefore survive DNase 1 treatment and be detectable by
the sizing procedure.

The important observation to be drawn from these
results is that poly(A) RNA contains no poly(A) sequences
of the sizes (25-150 nucleotides) found in poly(A)+ RNA.
The very small oligo (A) sequences which are present may
not all be of RNA origin and whatever their source; they

are probably not related to the long poly(A) sequences present
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in poly(A)+ RMA. 1In view of the small size of the oligo(A)
sequences detected, it is likely that some of them originate
from internal bositions in their nucleic acid sources, and
thus are not 3' terminal.

It has been reported that when poly(A) tracts of Hela
cells are newly synthesised, they are 200 nucleotides long
(37). Poly{a) shortening does occur, however, and measure-
ments of the steady state size of poly(A) tracts have in-
dicated the presence of much shorter sequences; for example,
globin mRNA of circulating reticulocytes bears poly(A)
tracts ranging from 35-120 residues in length, with the
smaller size class apparently resulting from processing of
the longer tra;ts (98) . The steady state size of poly(A)
sequéhces from rat mammary RNA has also-been shown to be
much shorter than 200 nucleotides. Two size classes around
40-45 and 80 residues predominate in this population, These
sequences may have arisen by processing of'larger poly () °
tracts, but this can only be shown by in vitro pulse chase
labelling experiments and these were not performed. The
3'-terminal position of these poly(A) tracts could not be
verified in these experiments because 6f the problems asso-
ciated with [3H]-1abelling of RNA samples by the perio&ate
-oxidation/borohydride reduction method. Rosen was success-
ful in using this method to incorporate [3H]—1abe1 into
poly(A) sequences associated with purified 15S rat casein

mRNA (24)}. The size of these [3H]-labelled tracts was
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similar iﬂ range to that observed for total mammary poly(A)+
RNA, although the purified mRNA did not show a pronounced
bimodal size distributidh of ﬁbly(A) sequences as was found
in this study. On the basis of this result, and all
the wealth of evidehce in favour of the 3' terminal
location of poly(A) in virtually all other systems, it
is very likely that the poly(A) sequences analysed here are -
3' terminal.' The inability of the [3H]-1abelling method
to label these sequences appears to be due to a léw effic- .
iency of the reaction rather than the result of a .peculiar
characteristic of mammary RNA poly (). |

In theory, thig [3H]-1abelling method could determine
whether or not the very 'small oligo (A) sequences present
in poly(A) RNA weré 3 terminal., It is ' 1likely that a
substantial proportion of them were from internal positions
and therefore would not have been labelled. In practice
this point would be difficult to resolve due to.the

problems discussed above.
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3 CHAPTER 5

PURIFICATION OF 9S WHEY PROTEIN AND 155 CASEIN mRNAS OF

RAT MAMMARY GLAND

In order to prepare cDNA probes complementar¥ to spec-
ific milk protein mRNA sequences for the analysis of the
distribution of these two types of milk protein sequences
between polyadenylated and non-polvadenylated RNA fractions
purified milk protein mRNAs were required. In this chapter
the purification of two mRNA frgctionsr‘QS whey prétein
mMRNA and 158 casein mRNA- from poiy(A)+ RNA of lactating
rat mammary gland is achieved by velocity sucrose
gradient centrifugation. The purity of the mRNA fractions
thus obtained wés.verified qualitatively by electrophoresis
of their translation products synthesised in a wheatgerm
cell-free system (this chapter) and by cross-hybridizationof the
corre;ponding cDNAs (next chapter).

MATERIALS ‘
Sucrose {grade 1) was obtained from Sigma (St. Louis,

Missouri). It was essentially RNase free.

METHODS

(i) Preparation of rat mammary pon(A)+ RNA

11-15 day lactating rat mammary glands were phenol-

extracted as described in Chapter 1 to obtain total mammafy

RNA. These RNA preparations were fractionated by 1 or 2

€ .
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rounds of oligo(dT)~cellulose columh chromatography (see

Chapter 1) to yield poly(A)+ RNA preparations.

(ii) Sucrose gradient centrifugation

Sucrose gradient. centrifugation was performed as
previously described (316) (298). Linear sucrose gradients
(4-20% w/v) containing lmM EDTA,l0mM Tris-HC1l, pH 7.2,
0.1M NaCl were prepared at 4°C using an Isco model 570
gradient maker. First fractionation gradients had a volume
of about 38ml; second fractionation gradients had a voiume
of 18.5 ml.

Samples {(up to 0.6mg RNA} were heat treated at 68°C.
for 5-10 minuteq, followed by cooling at 0°C. They were
subsequently applied to the top of the gradients in a volume
not exceeding 0.6 ml. Omission of the heat treatment step
resulted in gradient profiles which apparently contained a
much higher proportion of large RNA molecules. This could be
due to aggregation of RNA molecules, a phenomenocn which is
reduced by heating (47); all samples were therefore haat-
treated before application to gradients. Preparative grad-
ients were run at 27,000 RPM (131,000g) in a Beckman SW27
~ rotor and analytical gradients were run at 27,000 RPM
(135,000g9) in a Beckman SW27.1 rotor. See the 1egénds to
Figures 19 and 20 for the precise running tempefatures and

times.
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Gradients were fractionated by ﬁpward displéqement with
50% sucrose through an Isco UA~5 absorbance monitor (which
producgd an UV absorbance (254nm) profile of each gradient);
the gradients were finally.collected in autoclaved glass tubes
in a fraction collector. The 38ml gradients were divided into
30-31 x 1.23ml fractions; 18.5ml gradients were divided into
35 x 0.47ml fractions. Corresponding fractions fgom separate
gradients were pooled, brought to 0.2M NaCl and prgcipitated
with 2 volumes of ethanol at -20°C. Precipitates were collected
(see methods, chapter 1), dried and dissolved in®TLow Salt
buffer.

The S values assigned to the peaks of UV absorbance ob-
tained from these gradients were célcul;ted by linear re-
gression using mammary 4S tRNA and 18S rRNA as markers. It
has been shown for these gradients that there is a’ linear
relationship between the S value of an RNA species and the

distance it migrates down the gradient (298).

Wheat germ cell-free translations were performed as des-
cribed in Methods, Chapter 3, using [355]-methionine as the
radioisotope source. Urea/polyacrylamide/SDS slab gel electro-

phoresis was also as described previously (Methods, Chapter 3).

v

RESULTS
(i) ~Fractionation of mammary poly(A)+ RNA on sucrose density

gradients. ‘ ’
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A typical prafile of lactating rat mammary poly(A)+
RNA after a single sucrose gradient ultracentrifugation
_is shown in Figure 19, This profile contains four
major absorbance peaks: the most rapidly sedimenfing peak
(fractions 23-25) corresponded to 18S rRNA by comparison
to total mammary RNA run on a separate gradient (see
arrow). The position of d4ds ﬁRNA can be assigned (see
arrow} by a similar compariéon. The three other peaks,
which occur in fractions 11-14, 15-17 and 18-20, are
shown to have sedimentation values of 95, 125 and 148
respectively and may tentatively be assigned as 9S8 oLA,
125 casein and 158 casein mRNXs respectively (23) (24).
Although the largest mRNA‘fraction was found to.ﬁave
a sedimentatioﬂ value ‘of 148, it wi%&’be referred to-aﬁ\lss
in keeping witﬂ“?eported values, This variation in oBi
served § values is within experimental error for the
gradientg emploved. |

Although a single gradient run is sufficient to
demonstrate the presencé of three major éize classes of
mRNA in these poly(ﬂ)+_ﬁNA samples, further‘sucrose
gradient centrifugation was clearly required to resolve.
these preparations into discrete.size classes. For ‘
each of the threa\ii?e class peaks, appropriate-

h]

gradient fractions prepared from several (6-12} in-
&

dividual preparative gradients were combined and rerun

on analytical sucrose gradients. ¥Figure 20 shows the
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‘185 RRNA —>
R 148 —>
/ o 125 —»

95 —»

GRADIENT ~ FRACTION

4S tRNA —>

1.0 0,8- 0.6 0.4 0,2 0

ABSORBANCE (254nM)

i

Figure 19. The Abagrbance profile obtained on Sucrose
Gradient Centrifugation of Mammary Poly(A)* RNA.

Ppiy(A)* RNA (0.62 mg) was run on a 38ml preparative
sucrose gradient in a SW 27 rotor {(Beckman) at 27,000
RPM (131,000g) for 20 hours at 8°C (see Methods). The
graﬁient was fractionated as described and the resulting
absorbance tat254_nm) profile is shown. ‘The positions
of 48 tRNA and 185 rRNA were determined by centrifuga-
tion of total Mammary RNA on a parallel.gradient. The
sedimentation values of 'the three major peaks were
determined by linear regression using the 45 and 18S RNA
markers. i
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A -

185 RRNA —>

95 —

4S TRNA — §§
— =
2 L A, i 1 u-
B =
185 RRNA — §§
145 —>
4S tRNA ——>-

20 1.6 1.2 08 04 0
ABSORBANCE  (25Unm)

Figure 20. The profile of partially purified mRNA prep-
arations after centrifugation on SW 27.1 sucrose gradients

Two mammary RNA samples were run on analytical sucrose
gradients at 27,000 RPM (135,000g) at 11°C for 23 hours;
the profiles obtained on fractionétion are shown. The
samples were: (A) 457ug partially purified 9S mRNA

{(B) 534ug partially purified 15S mRNA. Both samples had
been recovered from preparative gradients similar to that
shown in Figure 19. The 4S5 and 185 RNA markers were from
total mammary RNA run on a parallel gradient.
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absorbance profiles obtained after running {(a) 9 S peak
fractions, (b) 15S peak fractions on a set of analytical
gradients. The 95 mRNA frac£ion has a UV absorbance peak
at fractions 13-15; this corresponds to a sedimentation
value of éS. The 15§ mRNA fraction has an’ absorbance peak
at fractions 19-21, corresponding to a‘value of 148. The
profiles presented in Figure 19 further confirm the
sedimentation values assigned to these fractions and they
show that a significant purification ofﬁfhese mMRNA size
classes is already -achieved after fractionation of the
first round éreparative gradients.

To;reduce cross—-contamination of these mRNA
preparations, fractionation of the two profiles in Figure
19 was performed as follows. The major 95 preparation
was taken from the peak fractions and those adjacent
fractions on the small-size side of the peak (fractions
10-15). The major 158 preparat%on was prepared from
fractions 19-23 (the peak fractions and those on the 7
large-size edge of the peak). By this method, it was hoped'
to significantly reduce 9S and ISSJﬁRNA érpss—contaminatioﬁ
as well as 125 mRNA contamination of both preparations.

A 128 RNA fraction from preparative gradients peaked
at fractions 15-17 under these gradient conditions.
Using this fractionation proéeddre the yield of 98

and 158 mRNA fractions from poiy{A)+ RNA were as follows.
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After a single preparative type gradient, 9S mRNA yield was
generally around 10-15% and the vield of 15S mRNA was com-
parable at 10-20%. On rerunning these mRNA segquence
enriched ‘fractions on analytical sizgy gradients, 9S mRNA
recovery ranged from)26-40%, th 155-mRNA recovery was
rather iower (20-25%) . From these numbers it is-possible
to calculate that l.mg poly(A)+ RNA yields approximately
26-60ug 9S mRNA and 20-50ug 158 mRﬁA after two sucWegsive
rounds of sucrose gradient centrifugation.

.t

(ii) Analysis of the translation products of sucrose grad-

ient RNA fractions by slab gel electrophoresis

Although the 98 and 158 mRNA fractions ffém analytical
sucrose gradients (see Figure 20) appear to consist of
different mRNA species, theégradient profiles gave little
indicatiOn'éf the extent, of any cross-contamination of the
two mRNA préparations. The nature of final sequence-en-
riched preparations of 95 and 15S mRNAs was determined by
translation in a wheat germ cell-free system using [3581—
methionine as the : isotope. The [355T:;ethioniﬁe labelled
protein products were run on an urea-SDS-polyacrylamide
slab gel and detected by fluorography. For comparison,
an aliquot of unfractionated poly(A)+ RNA and several
intermediate preparations (from a single gradient run)
were also tfanslated; their products were electrophoresed,

on the same gel. .

&
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j“' All these poly(A)+ RNA preparations were very active in
".the wheat germ cell-free system; they incorporated 400,000-
800,000 cpm/ug RNA and thus.prgyided adequate incorporation to
permit fluorography.

Figure 21 shows the results of fluorography of a slab gel
on which have been run the translation products of the poly(A)+3
RNA fractions described above. The pattern of translation
products yielded by total poly(A)+ RNA is shown in lane 6.

-Froﬁ the standard molecular weight curve provided by the protein
standards, the principal proteins in lane 6 correspond to bands
of molecular weights 41,500, 30,000, 24,500-26,000, and 19,500
daltons{ The largést two proteins (30,000 and 41,500 daltons)
were assigned to the two larger caseins, the proteins migréting
around 25,000 represented the smallest casein and the 19,500
moleéular weight band was initially attributed to aLA. These
assignments were based dn previous reports of the size of milk
prdteins when prepared in a cell-free .translation system and
they are described in greater detail in the discussion., It may
be concluded here that the translation products of unfraction-
ated poly(A)+ maﬁmary RNA show the size pattern predicted from
previous studies. The translation products of 95 mRNA

are shown in lane 7, and those of a corresponding lSSkaNA
fraction were run in lane 8. It ig clear from these two
translation patterns that (a) the 95 mRNA prepargtion does not

contain significant amounts of 158 mRNA;  (b) the 158

g.
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Figure 21. Analysis of the Wheat germ cell-free trans-
lation products of Mammary mRNA by Slab Gel Electrophoresis

Total mammary poly(A)+ mRNA and several mRNA size fractions,

[

prepared by sucrose gradient centrifugation,were trans-
lated in the wheat germ cell-free system using [3551—
methionine. The translation products were electrophoresed
on anurea 8PS polyacrylamide slab gel and they were visual-
ised by fluorography {see Methods, Chapt;r 3}. The
translation products shown Qere prepared from the following
sampies: lane 1, no mRNA; lanes 2 and 3, 95 mRNA fractioﬁs;
lanes 4 and 5, 15S mRNA fractions; lane 6, total poly(a)t
mRNA; lane 7, highly purified 95 mRNA; lane 8, highly
purified 155 mRNA; lane 9, a 15S mRNA prepared by taking
wide'gradient cuts; lane 10, intermediate 9S mRNA {(after

a single centrifﬁgation of total poly(A)+'mRNm_ lane 11,
intermediate 15S mRNA fraction. Between 100,000 and
200,000 cpm of acid insoluble [35S]—1abe1 was applied to
each lane. The positions of the standard marker proteins,
which were detected by Coomassie blue staining of the'gel

prior to fluorogrphy, are indicated with their molecular

weights { in Kilodaltons).

B
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mMRNA preparation contains little 9S mRNA, Small amounts of
125 mRNA have remained in the 9§ mRNA fraction, but the 158
mMRNA preparation contains little 12S mRNA.

Lane 9 shows the tran ion profile of another 158
mRNA preparation which was prepared by taking wider grad-
ient fraction cuts than with the sample represented in lane
8 and this is evident from the translation profiles.

. Lanes 2~5 contain translation products of RNA
preparations from a’ 'different set of gradients. Lanes 2
and 3 are 9S mRNA translation products and lanes 4 and 5
are of 155 mRNA products, Although these prepafations have
been fractionated by the two gradient protocol described,
they are not purified #o the extent of the preparations
analysed in lanes 7 and 8, even though their gradient
profiles were compargble; This indicates the'importance

of monitoring the purity of sucrose gradient fractions of
RNA by factors independent of RNA size. Finally lanes 10
and 11 contain translations of intermediate RN%S, prepared
by a single gradient run. Lane 10 is of a 9S mRNA fraction
and 1anerli is of a 158 preparation,and these pféparations
are clearly of intermediate purity between initial mRNA
(lane 6) and final mRNA fractions (lanes 7 and 8). Lane

1 represents a control translation run in the absence of
exXxogenous mRNA,

The most highly purified mRNA fractions produced are

represented in lanes 7 and 8 of Figure 21; these fractions
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were used for cDNA probe preparation as described in the

next chapter.

DISCUSSION

.« Previous reports have shown that the principal trans-
latiqn products of poly(A)+ mRNA from lactating rat
mammafy éland are three caseins of molecular weights
42,000, 29,000 and 24,500 - 25,000 daltons (24) (42) (279)
and aLA of molecular weight 21,500 - 22,500 (23). The
sizééﬂgf these translation products are in close agreement
with the sizes of the milk proteins as isolated from rat
milk. In vivo the secreted proteins are glycosylated and
this might be ekpected to result in slightly anémoloﬁs
behaviour of these processed proteins on polyacrylamide
gels. Indeed, Rosen (24) has reported a slight difference
in mobility on such gels between the second largest casein
(29,500 daltong) isolated from milk and the second largest
translation product ( 28,500 daltons) dirécted by fat
mammary mRNA. This difference is attributed to glycosylation
of the p;ro'tein synthesised in vivo {wheat germ cell-free
systems would not be expected to process its translation
products by carbohydrate addition); the two proteins are-

believed to be otherwise identical.

Rosen (24) has shown that the two largest caseins of
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molecular weights 42,000 and 29,500 daltons, are synthesised
by mammary mRNA sedimenting at 155, Separation of this 158
mRNA into its two composite species each coding for one of the
two largest caseins is not possible by sucrose gradient cent-
rifugation. Redently, the preparation of three cDNA clones
specifying the nucleic acid sequence of the three rat caseins
1, 2 and 3 (now generally referred toé éé o=, B- and y-caseins)
was reported (284), and it would appearwthat cloning techpiques
are the only available means for preparing pure preparations
of each casein gene sequence. Attempts to purify the 128
mMRNA, coding for casein 3 (24-25,000 daltons) by sucrose
gradient ceqtrifugation was not highly successful either in
this work or préviously (24, 278).

The results of this chapter have shown that in close

agreement with previous findings the three largest proteins
encoded by lactating rat mammary poly(A)+RNA have moiecuiar
weights 41,500 daltons, %ELPOO daltons and 24,500-26,000;
the two largest'prqteins {(which correspond to caseins 1 and 2)
are produced by 158 mRNA. At the position of the smallest
casein (casein 3), a doublet was congistently observed.
This is explained either by the existence of multiple forms
of this protein or by production of incomplete peptide
chains by the in vitro translation system.

Rat mammary oLA is reported to ﬁave a molecular weight

of 21,500-22,500 daltons and is encoded in mRNA sedimenting

. L
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at 8.3 - 10.558 (23). The smallest.predominant polypeptide
produced on in vitro translation of poly(A)+ rat mammary

RNA had a ﬁolecular weight of approximatély 19,000 daltons
and this was initially assigned as olA since this peptide
was produced by the in vitro translation system containing-
a 95 mRNA fraction. However, this band was unqsually diffuse
compared to standard protein markers in this size range on
the gel, and close examination of this band {see lane 6)
suggested that it might contain two bands. Several reports
have indicated that aLA exists in many forms, but the
"available evidence suggests-that this heterogeneity resides
in the glycosylation of the molecule, rather than in the
amino acid sequence (268, 270, 272). Since in vitro trans-
lation systems are unable to process translation products }}\,
by carbohydrate addition, heterogeneity in the profﬁ}n |
after syathesis in vitro would not be expected. Most
recently’a different explanation for the apparent hetero~
geneity oﬁithis polypeptide in figure 21 came from studies

on the clones of raé milk protein cDNAs. In 1981, Richards

et al. prepared and cha;acterised a cDNA clonge (pLA32)

which they believed represented the a-lactalbumin sequence
(284 , 285). 1In 1982, these authors acknowledged that this
clone had been incorrectly designated as coding for oLA

mMRNA and the clone was renamed pX32 (287). It has now been

found that 9-10s poly(A)+ rat mammary RNA may be resolved
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into two components and only one of these codes for alA;
the .- second protein encoded by this 9-105 mRNA appears to
be a‘whey prqg?in (287) ; thus, it now appears likely
that all rat mammary 9-10s mRNA is made up of two components,
and this would provide an explanation for the heterogeneous
and very diffuse polypeﬁtide product made by in vitro
translation of the 95 mRNA prepared in these studies. Thus
the 95 mRNA fractionslprepared in this study are described
as 98 Whey protein MRNAs to indicate the heterogeneity of
these preparations.

For the assessment of thepurity “of the 98 and 155 mRNA
preparatiaons in a more quantitative manner, cDNA probes
were preﬁared using each preparation and these were
hybridised back against both mRNA preparations. In this
way, the degree of cross~contaminaqion between these two
preparations could beﬁdetermined. This analysis is presented

in chapter 6.
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CHAPTER 6 :

PREPARATION OF SPECIFIC cDNA SEQUENCES AND‘THﬁIR USE

FOR MEASUREMENT OF mRNA SEQUENCES IN MAMMARY RNA SAMPLES
) :

To determine the relative amounts of specific milk
protein mRNA sequences in'poly(A)+ and ‘poly(A) mammary '
RNA fractions, cDNA probes prepared against purified mRNA
sequencés are required. This chapter‘describes-the syn-
thesis and characterization of such ¢DNA probes and their
use for measuring the levels of 95 and 15§ mRNAs in
mammary RNA preparations. The importance oﬁayhis analysis
has already been indicated in "Aims of this‘Resea¥ch"3
the developmental stage studied by this method in this
chapter is the 11-15 day lactating gland and in later
studies (see Chapter 8) thege values are comparedlto those

obtained using glands at other developmental stageé.

MATERIALS

Materials for the reverse transcriptase reaction were
frbm the following sources: AMV reverse transcrggtase was from
Life Science Inc (St. Petersburg, Fla); uniabélled deoxy—_
nucleotides dATP, TTP, 4GTP and d4dCTP, actinomycin D,
E. coli tRNA, type XXI and bovine .serum albumin were all

from Sigma (St. Louis, Missouri); oligo(dT)12-18 was from

Collaborative Research (Waltham, Mass.). DTT was from
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Boehringer Mannheim (Dorval, Que). [5-3H]—dCTP,(tetra-

sodium salt (specific activity 30Ci/mmol gf_igfgai/mmoif____‘_

was from ICN (Irvine, Cal.). Where the higher specific

activity material was used, it was diluted with unlabeled

dCTP to bring the specific activity down Lo 19.5Ci/mm611:_
Phenol (U.S.P.) was from Baker (Phillipsburg, N.J:)

and it was redistilled before use. Sephadex G-100 (Coarse)

‘'was from Pharmacia (Dorval, Que). Sucrose (for gradients)

“p

was grade 1 from Sigma. ) 7
The materials for hybridization and nuclease S1 dig-
estion included calf thymus DNA (type I), Pipes ahd,sl—

deoxynuclease  (3600I Units/ml) from Sigma (St. Louis,

Missouri); Sl nuclease was diluted to20 IU/ml using Sl buffer {see
methods) and glycerol (1:1) before use. Yeast RMA carrier

was obtained by phenol extraction of Yeast RNA (grade VI,

Sigma); RNA yields were about 40% of the -initial material.

METHODS

(i) Synthesis of cDNA by reverse transcription of purified

mRNA fractions

\

Reverge transcriptase reactions, performed in a volume
of 25 or 50ul, contained 50mM Tris-HCl, pH 8.3, 6mM
Magnesium acetate, 60mM NaCl, 10mM DTT, 0.4mM éf each of
~the deoxynucleotides dATP, 4TTP and 4GTP, 50-100ug/ml BSA,

% S
20mg/ml Oligo(dT)lz_lB? 50ug/ml actinomycin D, 2~8ug poly(a) -
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MRNA,, and 134)Ci (reaction I) or 50uCi (reaction 2) [5-2H]-
84cTP, of spec;fic activity lg.BCi/mmol (reaction 1)
and .19.5Ci/mmol " (reaction 2)} The synthesis was initiated
’by.addition of 1yl reverse transcriptase (20.9U/ul).
.o - Reactions were incubated at 30°C fbr 45 minutes and
te;minatgd by additién of 20g1 0.2M EDTA (pH 7.0). RNA
' was \hydro.lysed iay incubation at 68°C for 10 min. after
bringing the reaction to0.12N NaOH with 250ul 0.14N NaOH,
Reactians were cooled and neutralised with 22ul 1N HC1;
75ug E. coli tRNAwere added as a carrier. Measurements of
[3H]—dCTP inéorporation were then performed by spotting a
. 2ul aliquotlofﬂgach reactién onto 3MM fi;tér-paper (Whatman) ,
whichlwas.placgd in ecold 10%'TCA, 0.9% sodium pyrophosphate
for?is—zo hinqtes,. Filter papers were washed with 10% "
TCA, 0.9% sodium pyrophosphate (5 x 40ml) and 95% ethanol
3(2 x 40 mi);. After rinsing with e?her, filter papers
were air dried and counted in 4 ml scintillant (6.5% 2,5-
diphenyloxazole and 0.05% 1,4-bis-{(5-phenyloxazol-2-yl)
bengehe in'toluene) at a counting efficiency of approx-
imate.iy 30%. o
‘Thé ;evérse transcriptase reactions were phenol
extracted twice using 200-300ul of phpenol saturated with
. water. _The pooled aqueous'phagés'weie'pégéed through a
column of Sephagex G~100 '(prewashed with'stepile water) in

order to remove ' unreacted. - [3H]—dCTP.' The ["H]-

label running through thecolumn inthe void volume was collec-
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ted and stored at -70°C. cDNAs produced had specific activ-

ities of-1.2-1.3 x 107 cpm/ug.

(ii) Alkaline sucrose gradient analysis of cDNA preparations

These gradients were prepared aécording to Mezl et al.
(317) . They were run at 40,000 RPM in a Beckman SW60 Ti
fotqr for 15 hour at 4°C. Gradients were fréctionated into
16 x 0.2ml fractions and [3H]—label determined in each
fraction using a 2yl aliquot. A 165 marker ([3H]—SV40
component III DNA) from Bethesda ReSearph Laboratories
(Gaithersburg, Md U.S.A.) was run on a barallel gradiént;

-

(iii) Solution hybridization of cDNA probes with mammary

RNA preparations

Hybridizations were performed in silicone-treated
capillary tubes containing 50ul of 0.18M NaCl, 10mM Pipes
(pH 6.8), 0.1% SDS (from BDH, 98% pure), 2mM EDTA
(pH 7.0), about 0.5ug E. coli tRNA, 425-800 cpm of [ H]-
cDNA (about 0.05ng) and various amounts of RNA. The
reaction mixtures were denatured at 100°C. for 10 minutes
and then hybridized at 68°C.-for 5 hours. Each reaction.

was washed into 1 ml of S, buffer (30mM sodium acetate

) 1
(pH 4.5), 0.1M NaCl, 1mM Zinc sulphate) containing 1l0ug

heat. denatured calf thymus DNA. R@&Ctioné were digested t

‘with 0.12 I.U. S1 nuclease at 45°C. for 45 mins. Hybrids
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were precipitated with 150ug of carrier yeast RNA for at
least 2 hours by bringing the reaction to 10% TCA, the pre-
cipitate was colle;ted on Whatman GF/C filters and washed
with- 58 TCA (2 x 10 ml) and with 95% ethanol (2 x 10 ml).
Dried filteré we;e incubated at 70-80°C. for 1 hour in
200ul 0.5N HC1 to hydrolyze the precipitated cDNA.
After neutralization with 200ul 0.5N NaOH, filters
Feceived 5ml Ready-solv (Beckman) and were mechanically
shaken for 15-20 minutes at room temperature before
countlng in an Isocap 300 llquld scintillation counter
with an efficiency of about 358, Total input c¢cDNA was
determined for several samples by omission of Sl nuclease.

Two types of RNA exces¥ hybridization analyses were
performed. The initial c¢DNA characterizations (see Figure
22) were performed by Cot curve analysis. BAs described
previously (298), the data were fit. to the eguation

Dy = B + IFi(l - e KiCot,

where Dy is the fraction of ¢DNA in the hybrid, B is the
fraction of cDNA hybrid that is present as a background, Fi
is the fraction éf cDNA hybridised in the ith transition and
Ki is the apparent rate constant for this transitioh,
Cot%-values were calculated from tﬁe first order rate

-constant; these provide a measure of the concentration of

the mRNA sequences in the sample being hybridised.
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Further cDNA chéracterization and use of these prébes-in
éample investigation were performed by the hybridization anal-
ysis described by Mezl eé'él.(;iV). In this method, in which
the data are plotted as $hybrid vs. ng RNA in the hybridizat%gﬁ{
only the linear po:tiqh of the hybridization curve is used for
guantitation, The advantages of this method are (a).if is
very sensitive, (b) it .does not require subjective curve
drawing and (¢) an estim&te of the analytical variation is
possible. The hybridization data were fit to a straight
line by linear regression; the slope of the sample hybrid- .
ization was compared to that of the standard mRNA hybridization
and the ratio éf these two values indicated the amoﬁht of

mRNA sequence in the RNA sample.

RESULTS

(1) Reverse transcription of purified 95 and 158 mRNA

. preparations

A typicalrcDNA synthegis;(carried out as' described in
méthods) using the two highly purified mRNA fractions
prepared as indicated in Chapter 5 is summarised in Table 17.
The reaction resulted in the incorporation of 5.7 x 106 cpm of
IBH]—dCTP into 9S8 cDNA and an incorporation of 3,39 x 106 cpm -
into 158 cDNA, This i# equivalent to cDNA amounts of 0.425 ug
and 0.254 ug respectively‘wiih a specific activity of

1.3 x.107 cpm/ug. When these cDNA
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TABLE 17: SYNTHESIS OF cDNA BY REVERSE TRANSCRIPTION

OF PURIFIED 95 and 155 RAT MILK PROTEIN mRNAs
1 2 3 4 5

Sample in [BH]-dCTP *[3H]-dCTP [3H]—1abel Amt. of ugDNA/

reaction in reaction incorpora- incorpora- cDRA: Hg mRNA
. (cpm) ted into ted into - synthe-
type (pg) c DNA cDNA (X) sised
. (cpm) . | (ug) (%)
9s 2.2 38 x 100 5.7 x 1%, 15.0 0.43 20
158 2.0. 46 x'10 9.9 0.25 . 13

3.39 x 10

Reverse transcription reactions were carried out in a
volume of 25 ul as described (see methods), using.
[3H]-dCTP of specific activity 19.5Ci/mmol.
Incorporation of P3H]—dCTP was measured by counting the
acid precipitable [3H]—1abel {counting efficiency of 30%).
These cpm values were converted to soluble cpm values
(counting efficiency of 40%) (values presented here®)

in order to permit_celculation of the proportion of total
[3H]-1abe1 incorporated (column 3». In column 5, the
¢DNA yield is expressed as a percentage of the amount cof
mENA included in the s&ntheéis. The calculated specific
activity of these two cDNAs is 1.3 X 107 cpm/ug.

It
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yields are expressed as a percentage of the amount of mRNA
present in the assay,_ the transcription level is estimated
at 20 % and 13 % respectively; such levels are represen-
tative of a goéd efficient synthesis .(284}).

The free [3H]-dCTP presént in these_c?NA preparations-
was removed by passage of the preparations thrqugh
* Sephadex G~100 columns (20 x lcm) prewasﬁed witﬁ,sterile
-watér. Recobery 6f cDNA (coilected in the wvoid volumes)}
from these columns was 80% or higher; about 75-80% of- the
[ H]-label cpm present in these void vomee fractlons
was acid precipitable. . j '

The size of the cDNAs prepared in these‘franscripﬁion
reactions waé determined in one instance by analysis on
alkaline sucrose gradients. AThe resdlting gradient pro- -
files indicated that the length of the cDNA prepared from
98 mRNA peaked at 6.75 {equivalent to 530 nucleotides)-
while the cDNA prepared frgm 155 mRNA gave a rather broad
size peak around 9.3§ (eqﬁivalent to 1204 nucleotides)-
(datanot ﬁhown). The alkaline sucrose gradient profiles
show that the cDNAs synthesized here do not contain any
significant amount of small sequence (less than 100 nucleo-
tides) and that they consist predominantly of almost full lengkth
copies of the mRNA templates. Full length copies of these
MRNA templates should be 600 nucleotides long (for 9§ mRNA)
and 1300‘nucleotides (foxr 158 cDNA) {275 , 278) . Unfractionated
cDMA 5 were used for hybridization, since the shorter trans-

criptg do not affect these analyses (278).

oL
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(ii)CDNA Hybridization.

Figure 22 shows a Coé curve analysis of both ¢DNA
pr;bes when hybridized to each mRNA templéte: _The data
have been fitted to a first order curve as described in
methods and the Cot% for each curve was calculated., The
Cot% values obtained were 2.5 x 1072 Mol. s. 1~} for the 98
CDNA hybridized to its template and 4.5 x 1073 Mo1. s. 171
for hybridizafiaﬁ of BS cDNA to the 155 mRNA template.
These values are in close agreement with the valugs of Cot%
préviously reported for the hybridization of 98 and 158
cDNA probes to- their purified mammary mRNA templates (275)
(273) . The degree of -cross contamination of the 98 and 15S
mRNA preparations is indicated by the heterologous hybrid-
izations shown in Figure 22, but more accurate characteriz-
ation of these samples is provided in Figure 23,

The hybridizations shown in Figure 23 use only fhe
linear portion of the curves (% hybrig vs. ng RNA)} in their
analysis. By this method the relative amount of mRNA
sequence in an RNA sample is determined from the slope of
the regression line (see methods). These data show that
the 95 mRNA contains about 10% 155 mRNA (Figure 22b] and
that the 153 mRNA contains about 1.5% 9§ mRNA (Figure 22a).
These values of the cross—cont&mination of these two mRNA --
species are in good agreement-'with the findings of the Cot
curve. analysis and they indicate that these preparations are

of comparable purity to those used in other studies (%gf)

(278) . For further details of this analysis see Appendix.
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Figure 22. Hybridization kinetics of 95 and 155 cDNAs

RNA excess hybridizations were carried out under the
. conditions described and the data were fitted to a first
order curve (see methods). The arrows mark the Coti
values obtalined by curve f;tting. The root mean square
of each curve fit is between 2% and 8%. The figure
shows both the hybridization of the é&sanA to 95 mRNA
femplate ({@) Cots = 2.5 10—3)‘and with 158 mRNA ((o).
(Cotd = 7.9 10™%) and the hybridization of 155 cDNA with
 the 155 mRNA template ((W) Coti = 4.5 107°) and with
4) . <

9S mRNA ({(0O) Cotk = 2.6 10~

1l
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Figure 23. Characterization of 95 and lSS‘cDNAs by
hybridization '

RNA / cDNA hybridization was performed by the second
procedure described in Methodé?

(A) The 95 cDNA (425 cpm) was hybridized with the original
9S mRNA template (A) or with 155 mRNA (e). The slopes of
the linear portion of these curves indicates thaf'thereiis
1.5% 9S mRNA in 158 mRNA; extrapolation of the 155 mRNA
curve to the ordinaté indicates that there is 7.5% 15S
cDNA in the 95 cDNA. (B) The 15S cDNA (800 cpm) was
hybridized with the 155 mRNA template (®) or with the 9S
mRNA (A). The slopes of these curves indicate that there
is 10.4% 155 mRNA in 95 mRNA? extrapolation of the linear
part of the 95 mRNA curve to the ordipate suggests that

there is 7.2% 95 cDNA in the 15S cDNA.
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As described previously (317), the hybridization
analysis of the type presented in Figure 23 may be used to
estimate the purity of the ¢DNAs. In Figure 235, the /)
point of intersection of the linear portibn of the iSS'
mMRNA curve (solid line) with the ordinate indicates that
there is about 7.5% 15g% cDNA in the 9§ cDNA; similarly
from Figure 23b, it is estimated that the 15S cDNA probe
contains 7.2% 9S cDNA. Although it is usually aésumed
that the purity of a cDNA is identical to the purity of the
MRNA from which it was made, the results shown here suggest‘
that when small differences\;re being measured, the purity
of a cDNA may not necessarily correspond to the purity of the
mRM . For further details of this gnalysis see Appendix.

- The hybridizations shown in Figures 22 and 23 indicate
that the purified 95 and 15S mRNAs and their correspondiné
cDNAs do not exhibit very significant levels of cross-
reactivity; thus these cDNA probes may be uséd to determine
the distribution of specific mRNA sequences between poiy(A)+
and poly (A) " mammary RNA preparations.

Examples of the use of these probes in these analyses
are presented in figure 24. Aliquots of pooled poly(A)+;RNAs
and the final poly(A) RNA from fractionation 3 were hybrid-
ized with {a) QSchA and (b) 158 cDNA. Standard mRNA
hybridizations are included in the figures for comparison.

For each sample, the concentration of the specific mRNA
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Figufe 24, Hybridizatimn of 95 and 155 cDNAs to Mammary
... poly(a)* and poly(A)  RNA fractions.°

Hybridizations were performed as described in methods
using the analysis of the type shown in Figure 23.
(A) The 9S cDNA was hybridized with 95 mBNA template (&)

and with poly(a)t RNA (¥) and poly(a)” RNA (O) from 11l-

15 day lactating mammary gland (fractionation 3, see

Table 8). The amount of 95 mRNA in each sample was
determined from the regressivon line for the 9S mRNA ?
standard (%hybrid = 17.45%/ng 9S mRNA + 7.2%).

(B) The 1%5 cDNA probe was hybridized with standard 158
mRNA (@) and with the poly(A)t RNA (¥) and the poly(a)~
RNA (O) of fracticnafion 3. The 15S mRNA standard gave
a.regreséion E;ne (¥hybrid =16.9%/ng lSémRNA + 7.3%5,
which in comparison with the curves for the sample RNAs

o
was used to calculate the amount of mRNA in these samples.

- I . ’ r

— -
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. 5
sequence being studied is determined by comparison of the
slope of the standard mRNA h&bridization with that for the
samplexhybridization.‘ Thus, in figure 23a the poly(A)+
RNA‘Q;aEtion contains 238ng 9S~mRNA/ug RNA samp%e and the
poly (A) ~ RNA fraction contains 1.24ng 95 mRNA/ug RNA due
to reductions in the slope of the hybridization curve of 4.4
ﬁxhdané 800‘f61d~reépectively for the sample RNAs, Similarly
the 1§S.ﬁRNA content of these fractidns is 429ng/ug poly(A)+
RNA and 4.61lng/ug poly (A) T RNA. .

Several ﬁbly(A)+ and polykA)_‘ﬁNA fractions prepared

‘as described in Chapters. 1 and\2 were anal&sed by cDNA

" hybridiZation in this manner. Using the values obtained for

' N
the concentrations of these. mRNA- sequences invthese mammary

RNH“’fr;?‘c:tions and adjusting them for the amounts of RNA
\feéent in each sample, afmeésure of‘the-absolute amount
of mMRNA sequence presenttin each RNA fraction was obﬁained.
In Figure 25 the amounts \of mRNA.sequence present in thé'
poly )% and - poly(a)” RNA fraétions;of'six different -

fractionations are expressed as ug of mRNA sequence per

mg of initial unfractionated RNA. This umit of measﬁre

. was chdsen so as to»}llow direc;~comparison between poly(A)+

and.polyfﬁg- samples [0f the'sa?e and different fractionations;

7furthermofe, it allows easy calculation of absolute amounts

of the mRNA sequence present in total unfractionated RNA,

a-measure -that would not pe available if the results were
. ! a '
’ L)

k4

-

A
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Figure 25.' Distribution of 9S and 155 mRNA between
Poly(a)* and P6ly(a)” RMA fractions of 11-15 day
lactating Mammary gland,

i

Several of the poly(A)+ and poly(A) RNA fractions of
_lactating mammary RNA prepared'as described in Ghapters
1l and 2 (see'TébleS'S and 12) were hybridized to the _
98 and 155 cDNAs. 'F;om this hybridization data {(of the
type shown in Figure 23) the 95 and 155 mRNA levels were
calculated for eaclh RNA fraction. The results are ex-
pressed as the amount of poly(A)+ sequence (open bar)
and the amount. of poly(A) sequence (éhaded bar) per mg
of unfractionated RNA. The error bars reprgsenﬁ the
standard deviation for the 4 - 8 determinations carried
out for each sample. The percentage of the total
sequenée present in the poly{A) RNA is given abave the

bar showing the poly(A)~ mRNA c%ntent;
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. 3
Figure 25 shows that the 98 and 158 milk protein mRNA

segquences are not distributed edqually between the poly(A)+

and poly(A) ENAs and the poly(A)+ forms of these mRNAs

,predpminate. If the results of five of these fractionations

are av, raged (la, 2a, 23, 2e and 3) only 19 b 8% of the

total 98 and 28 5% of the 158 mRNAs are found in the
poly (a)  fraction. Thus on average, about 75% of each

seguence is preseﬁt as glyadenylated mRNA af this stage

in lactation (11 . This observed distribution of

specific mRNAs was pendent on the fractionation

procedure employed as indigated by a comparison of the
three different fracti tions}(Za, 2d and 2e) performed
on aliquots ne togtal RNA extract. Eracticnations 2a

and 2d (Chapter 1, Table 8) had been performed by four

‘rounds of oligo (dT)-cellulose chromatography using a binding

-

buffer salt concentration of 0.4M and0.15M respectively
and frac;ionation 2e {(Chapter 2, Table 12) was performea
by two rounds of poly(U) sepharose chromatography. The
similarity in the mRNA contents of these three sets Of.

fractionations,’ particularly when expressed as a peccentage

" of the gatal sequence in each RNA fraction, 'shows that

these results are not dependent on the method of sample

<>

preparation, Fractionation 4 gave results which‘wére quite
' 4
different from those of the Other samples Tzﬁlyzed (Figure

25); in this case 40% of the oLA mRNA and 6

/\/

:% of the 158
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casein mRNA were present in the poly(A) RNA sample. This

sample.had also exhibited a particularly high level of poly (A) .

mRNA activity on trapslaéion in the wheat germ system

(Chap;ter 3, Table 13)'.‘\An explanation for this anomolous

béhaviour of sample 4 beca éﬁp;rent when the unfractionated
zg\@ith.other total RNA preparations

RNA of sample 4 was compar

by UV scanning of the RNAs after electrophoresis on 2.2%

polyacrylamide SDS gels. Unlike the other samples, Sample

4 contained significantly degradegirRNA peaks'and its UV
absorbance profile was similar to that f other degrade
mammary RNAs (see Chapter 1, Figureé’i/an 2). It appeareﬁ
that du;ing its preparation sample 4 had be exposed ta
a limited nuclease treatment., This exposure had not‘affected
the sample's total mRNA actiwvity to any. extent, but it had
significéntly reduced the’polyadenylation-of thesé mRNAS.
The data of Figure 25 algo yields information on the
total amount of mMRNA sequence present in unfractionated
mammary RNA. This is readily c§lculated from the amount
;f the sequence in corresponding poly (A) ' and poly(a)~
RNA preparations. Thus in these RNA extracts 9§ mRNA const-
ituted 0.55-1.0% of total mammary RNA and the 15S mRNA
constituted 1.2-1.6%. These valueg are in ?ood agreenment

with previous measurements of the amounts of: these sequences

in total rat mammary RNA .(275f.
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ﬁﬁgfelatively small levels, as is the case with rat mémmary
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DISCUSSION ' _ s

It has been shown that thé CDNAs prepared from purified
9S8 and 158 mRNAs do not exhibit a significant degree of
cross reactivity, and indeed the small levels of cross-
hybridi;at?dn observed in the heterologous’reactions are likelf
due predominantly to the presence of some 128 mRNA in both
purified mRNAs. These DNA preparations’may therefore be

ugsed to measure amounts of specific mRNA sequences present

in total and fractionated RNA samples. Preparations of

128 mRNA, which had been prepared by sucrose gradient cen-

trlfugatlon as described in chapter 5, were also used to
prepare 128 cDNA. Unfortunately hybridization  analysis of

this probe indicated that it contﬁzgsa\significant amounts
¥ ~ '

of other sequences (9§ and 15S) and ‘it could not be used

»

in the hybridization analysis presented here.. Other

'researchers have also had dlfflculty trylng to obtaln

3

reascnably pure mammary 128 mRNA (278). An egfectlve

separation of three-mRNA spec1es whlch differ in size by \"“—-—’/f/

mRNA, is not readily accomplished by methods such as
sucrose gradient centrifugation and even the preparative
gel electrophoFesis.uséd g}'Rosen was not successful (24).
Thus,¥in this work dnly the dmallest and largest mRNAS

were used, but this was sufficient to give a cDNA probe for

p. Y

each type of milk protein (whey protein cDNA and casein
ral ) oy
CcDHAY)Y . . B

Ky 4
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The hybridization anaiysis of several mammary poly(A)+'
and poly(A)  mRNAs has indicated that on average 20-30%
of the two milk protein mRNAs is nonpolyadenylatéd épd the /ﬂJ;//
rehainder'qxists in a poly(A)+ form. These values are g
quite different from the proportions of translational N
activity detected in the poly(A)+ and poly{a) fractions
(see Chapter 3, Table 13). Since the milk protein mRNAs
constitute a high proPorﬁion of total mRNA content of
lactating rat mammary gland, this difference in distribution
of specific sequences and overall translational activity
between the poly(A)+ and poly(A)_‘RNAs, was surprisiﬁé.l

' . ,
However, as was indicated in Chapter 3, quantitative com-

" parisén of the translational activities of poly (&)t an@)

poly(A) ~ mRNAs by the in vitro system described was likely
to be inaccurédte judgfhg from the miiimg experiments déta
of Table 14.'. ~

' The degree of nonpolyadénylation of rat 96 apd 158
mRNAs isg -therefore ‘smaller than’ first repdfted (42). It
is unclear whether the small diffe;epces in mRNA sequence
d!;tribution between poly(A)" and poly(A)” RNAs observed
for 98 and 15S mRNAs are r?al or whether they are entirely

due to experimental variation. With the small number of

frgctionations analyzed, the observed difference is . ;)

Ll n

‘statiétically~significant when analyéedfby,the Student's

1 .
.
L4
T
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T test (tf= 4.52, D.F. = 4) (0.02 < p < 0.01),

The results obtained with fractionation 4 demonstrate.
the impqrtance of using intact RNA samples for analysis of
" MRNA polyad?nylation.‘ Analysis of sample 4 indicated that

whereés'thé mRNA Eranslational‘activity of. these fractions
© was normal,»the 1ntegrity of the rREAs and mRNA polyadenyl-

‘
atlon was not, and it seems that the poly (A) tract of

poly(A) mRNA is especially susceptible to nuclease in these
preparations. In this respect it is of interest to note
that the Jistribution of the smaller mRNA sequences is

not as unusual

e larger sequehce} this ;esult
is consistent wi serva ioﬁofbsample degradation
which would be expected to _-eff"ct larger molecules to a
greater extent. Bergman and Brawerman have desc;ibed a
*xeatmenﬁ of polysomes witE-nuclease that causes little _
fragmentation of mRNA but considerable ioss of poly{A) (318);
they suggest that accidental exposure to nuclease activity
could interfere ﬁith measurements of mRNA polyadenylation.
‘Since sample 4 also exhibited a loss in rRNA structure, only
preparations which' contained intact rRNAs were analysed by

* cDNA hybridizatioﬂ,oso as to minimise the posgibility of
measuring artefaqtually‘inbreased levels of poly{(a)

mRNA. .




CHAPTER 7

POLYADENYLATION OF RAT MAMMARY RNA DURING DEVELOPMENT

Chapters 1-6 have described the déveﬂbpment of tech-
nigues necessary to perform the goals of this’fesearch.
Two major questions ‘may now be asked:

(1) Is there aﬁ} variatioﬁ in Poly(A) tract length éuring
mammary gland development?
(2} ‘Are there changes in the distribution of specific
milk protein‘hRNA sequences between the poly(A)+ and
poly(A)  RNA populations duriné gland developﬁent?

' As discussed in "Aims of This Research” the rationale

behind this research is to investigate the possibility

that variation in mRNA polyadenylation might be a

- mechanism for post—transcriptionai control of gene ex~

pression. This chapter will: be cbncerned with examining
the size of poly(A) during gland development.

Four stages in mamm;ry gland‘development were chosen
for the purpose of th;;‘study: 8 days and 16 days of
gestation, 7-8 days of lactation and 2 days of invdlution;,

At 8 dafs of gestaé.on, milk protein mRNA levels have

begun to rise but they are still very low compared to later™ -

levels, and this stage in gestation represents a 'very

earlf point in' .gland stfhulation 5279). By 16 days of- -

" gestation ;hé gland has differentiated very significantly

s | -

'



- 269 - L.

and milk protein mRNﬁblevels are increasing rapidly in

readiness for parturition (279). The 7-8 day lactating gland

represents very aétive mammary tissue. There has been
disagreement as “o the precise point of maximalnﬁ&h-ievels
in the rat gland; whilé Nakhasi and Qasba reported a iapid
decline in ﬁilk protein mRNA sequences (expressed as a
percentage of total RNA) after 12 days of lactation (279%,
Rosen has found that milk proteig mMRNA séquenées (expressed
ias Hg mRNA/gm tissue} increase continually up to 18 days
of. lactation (287). i1t. was thérefore of intereét

to compare the 7-8 day lactating stage to the 11-15 day
ldactating stage (analyéed in ‘chapters 1-6). Finally, the
shutdown of milk productionA and loss of milk protein mRNA
sequences is represented by the 2 day involuting gland. it
is known that after weaning thg return of the milk protein
MRNA levels to the non-pregnant amount is very rapid and-
'alm t complete by 6-7 days (42 ,276). In order to ensure
that the involuting glands studied still contained sig-
nificant milk'ﬁfotein mRNAs but were clearly in involution,

the q&izﬁé were >taken two. days after weaning.

These four stages ié pregnancy,'lactation and'involution’
represent the major étéges in maﬁmary gland pﬁysiblogy and
ghould permit the observation of ‘any Ehanges in mRNA
polyadenyl;tion in relation to mRNA function whicﬁ might

occur duriﬁg gland development.

-
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MATERIALS

Female Sprague Dawley rats were obtained from the usual
source (see Materials, Chapter 1). . Day one of pregnancy was,
definad as the day after Aating and the stage of pregnancy
was confirmed on the day of sacrifice by measurement of

the average length of the foetus after removal from .the

uterus (319). The day of parturition was the first day

. of factation. Pups were removed from the mother at 18-20/

days of lactation and the involuted gland was taken 48
hours later. X
Gland removal and storage was as described prev1ouslf‘ﬂ%'

(See Methods, Chapter l). Yields of mammary tissue ranged

from 3-5g (wet weight) per animal at the 8 day pregnant

~

stage, 6-9g at 16 days of gestatiOn,' B 14-18g_at 7-8

days of lactation and 20-25g at involution.

METHQDS . - e
All methods used were as described previously. For
details of the RNA extraction, DNA determinations, oligo (4T)

cellulongchromatography, and the [3H]—poly(U) assay, see
Methods, chapter 1. Poly(A) sizing was performed as

! e | o
detailed in Methods, Chapter 4.

RESULTS

-

(1) Preparation of RNA samples from rat mammary gland at
<

various stages of gland development .

-

-~

b

. . e
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During gestation and early lactation the nucleic
acid content of the rat mammary gland incrgases signif-
icantly” (279), and this is reflected in the R¥A yields
obtéfngd in thele studies. R

'A Puﬁmar;'of‘the results of RNA extraction using the
mammary‘glands éf rats at four stages of development_is
presehted in Table 18.Ve;ysignificantdifferences innmcleh:ﬁcid
-yield are ohsefved when the.extractions‘of gland from
different development stages are compared. The yield is
only 0.09-0.18% of tiSsue wet weight in early gestation
(8 days), but this rises 2-3 fold by late gestation (16
days). At 7-8 days of lactation, the recovery is increased
"'6—9 fol& above early pregnant levels and at this highly active
stage in the gland's development RNA constitutes‘up to 1% - -
of wet tissﬁe weight. Aléhough the involuted glands
studied had the highest wet tissue weight of all stages
invegtigatgd {possibly ﬁue to a high milk content), just
j{\\/ﬂﬁ hours after induction of invo{;tion it appears that:nucléic
- acid content has droppeg back to late pregnant levels. ' P

Analysis of\these RNA extracts by the Burton method
(see Qhapter-i, methods) indigated that these preparations
contained significant amounts of DNA,‘partiéuléFly the

*, extracts froﬁ early pregnant gland where DNA constituted

over two thirds of the nucleic acid content of these .2

-

preparations (see Table 18). The lactating gland extracks.

} d ¥
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TABIE 18: THE RESULTS OF RNA EXTRACTION OF RAT MAMMARY GLANDS

AT FOUR STAGES IN -DEVELOPMENT -

Stage of Sample Nucleié acid  INA levels Poly. A levels

gland # yield (% wet (% total (% total nucleic
tissue weight) nucleic acid) _
acii! . !
8 day 1 0.094 65 0.062
pregnant 2 0.12 0.134+ . 96 78.5¢% 0.077 0.071=
3 0.18 0,036 69 14.2 0.078 0.008
4 - 0.14 84 0.066
16 day 1 0.32 ' 57 - 0.091
pregnant 2 0.27. 0.295% 56 56,3t 0.093 0.095%"
E 3 0.29 0.021 59 2. . 0.098 0.004
: 4 0.30 53 0.098
7-8 day 1 0.93 27 0.119
lactating 2 0.69 0.8% 30 29.3% 0.137 0.132%
: . 0.78 0.121 1 2.0 0.130 0,011
involuting 1 0.25 44 ~ ™ 0.080 .
2 .30 0.29 % 44 44 * 0.093 0.087 %
3 0.30 0.027 4 0 0.090 0.006 g
4 0.31 ‘ 44 0.084

Nucleic acid extraction of mammary glands at the indicated
» developmental stages was ‘perf'ormed as described (methods,
Chapter 1). Total nucleic acid content was measured.lg'y
UV absorbance (260 nfm) and DNA content was measured by
the Burton method (see Chapter 1). It is assumed that the
amount of RNMA in these extiécts is the difference between
the amo f total nucleic acid and DNA. The amount of
poly (A) present in these preparations was determlned using
the [ H]—poly (U) assay. Valugs afte(r each group .are phe

+
meannSD., -

"

v
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exhibited the lowest DNA content, and_preparatione from

16 day pregnant and involuted glands contained intermediate
amounté-of DNA, ThlS varlatlon 1n DNA conteht of these
extracts is probably a consequence of. changes in the
relatlve amounts of DNA and, RNA present in the gland at
varloushstages_ln development.(see discussion). 1In spite

of thé DNA content of these preparations nc'eteps were taken
to remove the DNA,.since this would involue significantly
more sample handling. They will be referred to as.RNA
extracts, as has been aone-previously by Rosen (42).. Thel
presence of significant.amounts of DNA in these samples.
must be taken into account espec1ally in the’ hybrldlzatlon
analy51s (see chapter 8). _

Table 18 also indicates the levels of pol&(A) in’ these
samples as a percentage 6f total nucleic acid. These data.
suggest,that.there is a twoefbld increase in'levels'of‘
poly(A) of mammary gland RNA extracts between the 8 day
pregnant gland and ‘the 7-8<day lactatlng gland ,ﬁowever,
when the DNA ‘content of -the extracts is ‘taken intc accdunt
and poly(A) content is expressed as a percentage of total
RNA, then ve?y smmllar values ‘(0. 15 0.25%) are obtained e
ant differences between the different stagés in terms of

poly(A) levels per mg RNA

€

% -
- for all extracts. “It 1s likely that there are no 31gn1ficf

~

L
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Allquots of the total RNA extracts described in Table Cb

18 were fractlonated into polx(A)‘ and poly(A) RNA fractlons

by oligo(dT)—celiulose_chremetogfaphy and these_fractlonatlons“
are summarisea in Table 19. To ensure‘tﬁat only two col-

umns were neeaed to effect épmplete fractionatien (see

Chapter 1, Table 8), the .amount of RNA applie& to-the -

columns in‘eec éxperiment was kept below 30 mg.. In each,

fractionation qescrlbed 1n Table .19 the flrst column . L.l'

retained at least 70% of the poly (A} in the total sample
(measured by the [ H]—poly(U) assay)wand muach reduced amounts .

of poly(A)-were retained by the_second column., In the |

case -of the early and late pregnant“RNA extracts,‘muéh

lower amounte ef'RNA were applied (B—l?mgy since only

limited amounts of material were availatle. The amounts

of material tetained by the second columns during fraction-

ation of 8 day pregnant rat gland extracts were so small

_ thatlthey were not retained for enalyeis. In general, poly
(A) ‘recovery in column_retained fractions is around 90%'

of applieq poly (A} and these recoveries are comparable

to those observed in earlier studies (see Tables 8 & 12).

Recoveries from the S day pregnant gland extracts were

not quite so high w1th a range of 73- 90%, a p0551ble

reagon ‘for this observation is that since smaller amounts

of meterial were used at this stage, -recovery of RNA

~ during-ethanol preeipitation was not as efficient asgrl

usual.
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TABLE 19' FRACTIONATION OF RNA .EXTRACTS FROM. MAMMARY GLANDS
AT FOUR STAGES IN DEVELOPMENT BY OLIGO (4T) CELLULOSE CHROM-

N .. ATOGRAPHY) '
Stage Sample  Total poly(h)‘retained._ Final Poly(A)
L - on two oligo(dT)- RNA fraction: poly(A)
A : *cellulose columns (% . remaining -
Ceo- - of poly(A) in initial .= (Z of- . - . ng poly(A)/
. S unfractionated RNA) initial) . mg RNA -
8 day ‘ ;
Ppregnant 1 © 74 . 0.92 6.6
T 2 " 73 + 1.26 + 9.6
o . 3. 9% 77.5= 8.4 1 g p1-08 =0.20 7"
. _ 4 73 0.89 7.1
16-day - 1 92.4 2.14 20
pregnant 2 90.9 .t 2.02 + 21
. 3 92.5 91.5 1.3 ©1.18. 1.48 - 0.74 13
4 89.8 " 0.56 ) -~ 5.8 =
748 ' 1 86.1 . 1.22Y . 16
day 2 98.2 % 91.2 - 6.3 2,0341.56 - 0.42 29
lactating 3 89.3 1.43 ) 20
involut- 1 103.8 0.90 - 8.4
ing 2 91.3 + 1.20 + 12,3
. | 3 93.6 97.2 - ?.8 1.13 1.04 0.1511.0
C 4 100.0 | 0.92 . 930

‘The RNA extracts préparéd as described in Table 17 were fractionated

" by oligo(dT)-cellulose chromatography (see Methods, Chaptef 1). The
amounts of nucleic acid applied to the columns in these fractionations
are as follows: 8 day pregnant stage 8,7-13.4 mg; 16 day pregnant

',stage 15 mg; 7-8 day lactating stage, about 25 mg; involuting
stage, about 24 mg. These fractionations were performed using binding
buf fer containing 0. 4M NaCl. Column bound and unbound samples were
collected and assayed for poly(A) using the [ H]—polyGJ) assay. . The

value shown after each grouping bracket is the mean - ts.o.
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The unretainad|RNA preparations consistently contained

- 2% or less of the initial poly (A) éontent, and this corres-

ponds to 21 ng poly(A) per mg RNA or less. The depletion

. of poly (A} from these preparations 25 thereforé compﬁrable
'with earlier cobservations using 11-15 day lactating

rat gland RNA extracts (see_Tables’% and 12). It has been

shown in earlier poly(A) sizing étudies, that the poly(A)__
"RNA preparations: produced by oligo (dT)-cellulose fracti;n-

ation in this wor? contain no poly(A).tracts and few oligo(A)

sequences of/any significant size. This analysis WAS"ﬁot

repeated with the poly (A)  RNA samples from mammary glands'

of different stages.

(ii) Length of poly(A) tracts found in mammary gland RNA

of various stages in.development

Aliquots of the poly(A)+ RNA preparations of each
developmental stage were treaéed by the poly(a) sizing
procedure as described'in chapter 4. ,Figure 26 shows four
gel profiles of poly(A) trac;s, as detected by the [3H]—
poly (U) analysis 6f gel eiuates,'uéing mammary RNA_frdm
glands at the following stages in development: a)’ 8 day

pregnant, b) 16 day pregnant, .¢} 7-8 day lactating,

L]

<
The poly(A) tracts from § day pregnant gland RNA

d) invoiuting.
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Figure 26. Sizing of the Poly(A) Tracts obtained from

Poly (A)+ RNAs of Mammary Gland at four stages in develop-

ment

Poly(A)ltracts were isolated by[RNase‘digestion of
poly(A)+ RNA and sized by electrqphoresis on polyacryl-
amide gels as-described-préviously (see Methods, éhapter
4y . After electroﬁhoresis, gels were sliced and gei
eluates were assayed for poly (A} using“t3H] poly(U).
. £

The samples analysed were as follows:

(a) 199ng poly(A) from 3.95ug|poly(A)+,RNA,_sample 2 of
8 day pregnant gland ’ _ 4 '
(B) '248ng poly (&) from 8.lug'pol£r(A)+ RNA, sémple 4 of
.16 day pregnant gland ' ‘ ‘

(C) 317ng boly(A) from 9.3ng poiy(A)+ RNA, sample 3 of-
7-8 day lactating gland — o

(0) 244ng poly(a) from 8.6ug poly (A)* RNA, sample 2 of
involuting gland. .

Poly(A} recovery from each gel was 82%, 77%, 69% and
58% respectivély. The positions of several poly (A)

size markers are indicated.
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(Figure 26a) have a .B?Zé- range similar to that of the
tracts from RNA of l%—15 day .lactating gland; these tracts
are no sméller than 25”nucleotides long and are as large
as about 160 nﬁbléotides. The -medal tract length occurs
at about 80 nucleotides and the distribution of these
tract sizes is clearly unimodal. The poly(A) size dis-
tribution ‘of tracts fron§16 day pregnant gland RNA (Figure
26b) is rather similar to-thét for the tracts of 8 day" |
pregnant gland RNA in terms of range (25-160 nucleotides)
and modal length (80 nucleoﬁiﬁeé).‘ However in this second
profilé there is a suggestion of the appearance of a
second size class of poly (A} tracts peaking at a length

of approximately 45 nucleotides (see ;rrow).

Figure 26c is a poly(A) profile of RNA from 7-8 day
lactating glahd; this profile is similar to those observed
using 11-15 day lactating gland RNA but it is
included here to permit easy comparison with the profiles
using mammary RNA of glands at the other developmental
stages. This profile is bimodal with size class peaks
around 80 and 45 nucleotides. Furthermore there aﬁpears
to be proportionally less of the very large tracts; a rise
in the profiles in Figure 26c does not occur until slice
number 16 (corresponding to a tract leﬁéth of 145
res?dues) while in the other profiles of Figure 26 tracts
of up to 160-165 residues are detected. Another interest-

ing aspect of the profile in Figure 26c is that although it
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couﬁains an egtra peak of poly(d) tracts of smaller size,
there is no change in the length of the smallest poly (A)
tract obsérved (still around 25 nucleotides). However there
is a sharper drop in the poly(A) tract profile in the 25-35
residue size range iﬂhFigure 26c compared to the other
prgfiles iﬂ this figure. This would suggest that there might
‘be an important reason for the absence of poly(A) tracts
shorter than 25 nucleotides (see discussion). Figure 264
shows that £he size profile of poly(A} tracts obtained
from the involuting. gland exhibits an intermediate fofm
between the pregnant gland and lactating gland poly+A).
,.Thgre“is a reduét}on in the relative amount of the smaller
poly (A) ‘tracts agd it appears as if the poly(A) tract size
iag in the process of returning to the early prégant gland
form with just a siggle size peak at about 80 nucleotides.
Poly (A) tract size was examined using at least three
éifferent RNA extractg from mammary gland at each of the.
four developmental étages studied. The gel profiles shown
in Figure 26 were representative of each sfage. In order
ﬁs summarise all the available data on poly (A) tract.size,
a large:small tract ratio was calculated for each profile.
Large poly(A) tracts were defined as those sequencés‘with
a mobilityrelative to bluedye of €0.55. (larger than ‘about :
56 nucleotides) and small tracts were defined as the poly (A)

sequences smaller than 56 nucleotides.. Each gel profile
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was divided into two portions (greater and smaller than 56

nucleotides) and the total RNase-resistant cpm present in

each portion was calculated These ,data are presented in Table

20, together with the calculated large:small tract ratio

for each poly(A) sizing experimeht performed. The final

column of Table 20 presents the mean t S.D. for each

developmental stage; these figures illustrate the large

differences in the relative amounts of poly(A) tracts larger

and smgller than 56 nucleotidés in mammary gland of differ-

ent stages in development. The 'standard érror values

calculated for these data indicate that there are very

significant differences in poly(A) size in these develop-

mental groups, particularly between early pregnancy and lactation.
Figure 26 demonstrates that the functioﬂal development

of the rat mammary gland is associated with the appearance

of a distinct, relatively short‘p0pulati6n of poly(Aa)

seqguences, which apparently peak: at a size of about 45

- residues. This finding prompted further experimentation

to determine whether the poly(A) tracts associated with

milk protéin mRNAsS consisted entiFely of the smaller

size poly(A) population. To answer this question the

two purified abundant mRNAs, QS.whey protein mRNA and

the 158 casein mRNA — were analysed by the poly(A) tract °

sizing procedure.

Figure 27 shows that the profilesJof the poly(a)

tracts of both mRNAs are similar. The profile again
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»

TABLE 20: VARIATION IN THE.RATIO OF ‘LARGE AND SMALL POLY (A)

TRACTS IN RAT MAMMARY GLAND AT SEVERAL STAGES OF DEVELOPMENT

Stage Sample RNase resistant cpm present
in poly(A) tracts:
1afger than smaller than Large :Small mean b S.D.
- 56 nucleo- 56 nucleo- tract ratilo
tides tides
8-day 1 9663 5183 1.86
pregnant 2 9137 4268 . 2.14 +
3 9391 4269 2.20 2.05 = 0.13
4 9982 5011 1.99
16-day 1 9102 5042 1.81 +
pregnant 3 8917 6733 1.32 1.56 - 0.25
4 9525 6172 1.54
7-8 day 1 8370 7842 1.07 ‘
lactating 2 8595 7378 1,17 1.11 - 0.05
3 8208 7456 1.10
11-15 day la 8494 - 9904 0.86 .
lactating 2a 11249 9696 . .16 +
2e 9735 9009 1.06 1.02 - 0.13
3 11885 12959 0.99
invol- 1 9230 5620 1.64 R +
uting 2 9652 6441 1.50 1.52 - 0.11
4 8893 6278 1,42

Poly(A)+ RNAs of the indicated samples were subjected to poly(A) siz¥
as described (see Methods, Chapter 4). Each profile thus obtain as
divided into two portiens: tracts larger than 56 nucleotides (corpes-
ponding to a relative mobility of 0.55) and tracts smaller than

. nucleotides. The sum of the MNase resistant cpm in each portion of
the profile is presented, and these values were used to calculate the

large :small tract ratio for each sizing experiment.
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Figure 27. Sizing of Poly(A) Tracts obtained from
purified milk protein mRNAs

ly (A) tract sizing/was
/‘_\ ! -0

formed as described previously:
‘ Y

4), using the tracts isolated from
89S w protein mRMA! and 158 casein mRNA. These two
preparatic ly purified mRNAs described in
Chapter 5. The two profiles shown were obtained with:
(A) 50ng poly(A) from 2.2ug 15S casein mRNA

(B) 123ng poly(A) from 3.5ug 9S whey protein mRNA.
Poly(A) recevery from the gels was at least 89%. The

positions of several poly(A) size markers are indicated.

0



- 285 -

08

09

Y3EUAN - 3017S
| oF

10

s
—

T
—

alkp

Ar

b { -

\_I

%09,

>

T

Y06

YETT

——

L
LM
o

(;0TX) Wdd INViSIS3Y HSVRY



- 286 - -

exhibits a bimodal'form with peaks at 75-80 and 42're'idue .
This is in good agreement with the sizes of the two pgaks
in the poly (A) profile from lactatiﬁg gland RNA. The
major difference between the,profilgs in Figure 27 and the
profile of Figure 26c is ‘that in the former there is a
felative enrichment of the shorter poly(A) tract size v
class. Clearly the milk protein mRNAs contain the ;Ame
range of poly (A) tract sizes as tptal mammary poly(A)+
}ﬁ;NA, but the milk protein mRNAs contain préportidnately

higher amounts of the shofter poly (A} size'class; Thik

suggests that the shorter poly(A) size class isg associated
‘'with the milk protein mRNAs ahd perhaps other mRNAs directly .
related to the lactation process, while the other.constitut-
ive mMRNAS carry only the longé;\boly(A) size-class thr?ughout .
the gland's entire developmental process. - This hypothesis fﬂuﬁ:j
could explain the difference in the profiles of Figure 26c

and Figure 27. )

In summary, it has been shown that mammary glén ’
development. does involve changes in the polyadgnylat::;%Pf
its mRNA. During induction of lactation and milk protein
synthesis,adi‘st'inct poly (A) size class appears in the gland
and it is speculated that this size class is restricted to
milk protein mRNAs. Loss of this poly(A) size class para-

1llels ‘the. loss of milk protein mRNA seqﬁences during

involution.
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DISCUSSION

' An'explanation for the Varlable content of RNA and

DNA in nucléic acid extracts of mammary gland of varlous

- t

developmental stages is provided by Nakhasi. and Qasba

(279). They show that between 8 ang 16 days of gestation,

~

the RNA/DNA ratio of rat mammary gland_ increases 3~fold
and dﬁring lactation itfincreases another 4-fold, This
varlatlon in the RNA/DNA ratlo is reflected in the

-~

r%latlve RNA and DNA contents ¢f "the nuclelc ac1d extracts
of-glands at the fougb;tages analysed; thls changee 10-12
fold between the B day pregnant and 7-8 day 1actating stage.
The increase.in RNA content of the gland throughout pregnancf
and lactation would also explain thk higher yield of material
in the latter stages of‘aevelopment, ‘ .

Aé_discussed early in this chapter, one goal of this

~work wasgto determine whether there is any change in the

length of poly (A) tracts’ assogiated with mamWAry RNA during

the gland's development. It has been shown that native

polyIAj+ globin mRNA is more stable in X. laevis oocytes

thah poly (&) globin mRNA (190). The poly(A) tracts

assoc1ated with glopin nhNA, and other mRNAs, are
gradually reduced- in length‘q ~ during mRNA aging (98)
and this is likely the process by whigch poly (A) MRNA is

produced (123). This hypothesis wéuiiﬁguggest that one

i
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1l

means of prolonging mRNA half-life .is to extend the length
. of its associated poly(A) tract and therefore prolong the
‘périod reguired to Qompletely remove the poiy(A) and
convert the mRNA into its poly (A)  form. One might -’therefox:e
expect to see an overall increase in the steady—sﬁate
length of mammary RNA poly (A) during maximal stiﬁulation
of this tissue (during lactation ) if i;creased polyaden-
ylation of milk protein mRNAs is the mechanism by which
) their_half-lives are increased.
The ?oly(A} tract - profiles shown in Figures 26 and 27
clearly show that‘this is not the case; the poly(A) sequences
h" e associated with the abundant mRNAs (predomlnantly milk
protein mRNAS) durlng lactation are enrlched in smaller-
sized tracts ‘compared to those present in the pregnant gland.
The size of the poly (A) tract found associated with
NHSS casein mRNA in this study is ianuite close agreement
with the size profile determined by Rosen (24). In Rosen's
P ' study,'the poly (A} tracts were oxfdised.by periodate and
' 1abel%?d‘at their,3' €ermini using [3H]-borohydride,,before
* removal from the mRNA by_RNase digestion, The‘ge; profile
a Of this;[3n]-‘;}'o_1y (A) indicated a size range of about 15- -
150 residues, with a peak around 35-45 reéiaues.
+ * In the present study, it has beeh found that the 91ze
dlstrlbutlon of poly(&) t¥acts assoc;ated with a 9s mRNA -

. fraction is similar to that of the casein mRNA; ‘the 1éngth .

/

&
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of the poly (A} tract attached to mammary 95 mRNA had not

been reported previously. This similarity in size of the
two poly(A) populations suggeststhat the mRNAs for both types of milk
proteins are handled by the alveolar cellina similar manner

~with respect to polyadenylatidn. | )

It will be recalled from the general introduction

tha£ studies in X. laevig ococytes indicated that a poly(A)+'

ﬁRNA was stabilised maximally by poly () tracts of over

30 residues in length; when the poly(A) sequence was
reducealto 21 residues thé reSulting'ﬁRNA was destabilised
and fuither reduction of the sequénce to 16 residues pro-
duced a mRNA which was as unstable aS'poly(Ai- mRNA (193). °
It appéars that once poly(A) tract length is reduced below
25-30 residues( its effectiveness in stabilising \\jL“\\ “
is reduced. In this respect it is of interest to note \V/(O
that in all the mammary RNA samples analysed in this®work,

‘the smallest poly(A) tract observed was 25-30 residues long;
furthermore, Rosen did not find any poly(A) tracts smaller
than ZQ residues. These observations are explained by
the findings with the X. laevis sysfem; the absepce of
mRNAs bearing short poly(A) .tracts is due to their relative.

instability. This would also suggest that the conclusions

obtained with Xenopus are applicable to mammalian systems.
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Recent measuremeﬁfs‘df the size of poly(A) tracts
from rat liver and hepatoma tissues show that normal liver
RNA contains poly (A} tracts from 25 £o 140 nucleotides
long with a single peqk‘éround 80 nucleotides (320). The
normal liver size distribution is very similar to £Hat
observed for poly(A) of éarly pregnant gland RNA whilé in
- hepatoma RNA there is an increased ﬁroportion of tracts longer
than 110 rgsidues. In these rat liver studies, it appears
that the faster growing tissue contains longer poly(2a)
sequences, Mattei et al, speculate that since hepatoma
tissue coritains a higher proportion of non-translated mRNA
sequences compared to normal liver, the increase in steady-
state po;y(A) tail length in hepatoma might be a consequence
of reduced mRNA ut?lization(320). It had already been proposed
that poly (A) shortening‘migh; be a function of mRNA util- |
izatiog and if this were so, éhis wauld complicate attempts
to correlate mRNA hadf-life with poly(A[ tract length. The
final conclusions regarding mammary poly(a) tract length

k|
are discussed in Chapter 9.
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CHAPTER 8: DISTRIBUTION OF 9S AND 155 mRNA SEQUENCES

BETWEEN POLY (A)tAND POLY (A) ~ MAMMARY RNA DURING GIAND

DEVE LOPMENT . -

This chapter is concerned with answering the second
question posed at the beginning of chapter 7:-it inves-
tigates the distribution of mRMA sequences for the two types-
of abundant milk'proteins.between poly(A)+ and poly(A) RNA
forms at the .,four stages of development studied. It was
hoped that this analysis would provide further evidence to ,
suggest that changes in mRNA polyadenylation (or more
precisely the lack of polyadenylation) woula accompany
mammary gland development.

The. analysis has been performed using the ;;ecific CcDNA
probes that were prepared and used in previous experiments
(see Chapter 6). To confirm the presence of mRM in these
samples, bhoth poly(A}+ and poly(A)h RNA preparations were
translated in a wheat germ cell-free system and the identity
of the translation products was confirmed by their analysis

on urea SDS polyacrylamide slab gels.

METH CDS , )

(i) Preparation of rat mammary DNA.

A 2.25ml aliquot of the poly(A) RMA fraction of sample

3 from 8-day pregnant rat mammary q}and (see Table 19) was

L.
N x
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used; this contained about 3.7 mg DNA and 1.6 mg'RNA. The
RNA portion of this sample was destroyed by alkaline hydro-
lysis; the sample was brought to a pH of 12.8 by addition
of 1.0 ml-0.5N ﬁaCH, and it was incubated at 68° C. for 20
mins. The pH of the solution remained unchanged at the

end of the incubation. The solution was neutralised with
0.5N 1 and extra buffering capacity was provided by
addition of 10ul 0.2M EDTA (pH 7.0). This treatment is
sufficient to completely hydrolyse RNA molecules but it
leaves DNA molecules intact (321). The DNA was collected

by ethanol précipitation; about 4.0 mg of DNA were recovered.

{(ii) Nucleic acid hybridization to the cDNA probes

RNA excess hybridizations. were performed as describqﬁ
previously (see Chapter 6) éxcept that a final salt concen-
tration of 0.3M NaCl was used. Hybridization of. mammary
DﬁA to the 95 cDNA was also performed at 0.3M NaCl. A
number of technical difficultie; were assoéiated with the
* hybridization of mammary DN because it was necessary to
,attain particularly:high Cot values in this analysis.

Iong incubation times (up to days at 6B°C) were necessary

to achieve Cot values of 103

104 and during this time sig- .
nificant degradatién of the’ sample could oc¢cur. Further-
more, very concentrated DM solutions (6-7mg/ml) are requiréed

to maintain DNA sequence excess, and these solutions

A
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1

are viscous and difficult to pipet. A DNA/cDNA ratio of
3,000,000 was maintained in this hybridization; Rosen and
Barker achieved a ratio of 9,000,000 in their DML excess
hybridization using 15S casein cDNA (278).

The data obtained in, the mammary DNA:9ScDNA hybridiz-
ation have been fit to a first order curve using the
avgilable computer program as described (Chapter 6).
Although the DNA-cDNA hybridization is second order, the
curve obtained using the first order equation is not very
different from that obtained with sécond order kinetics,
‘particularly in the middle of thé curve which is the region
used to determine cotk (322).

2

(iii) Translation of RNA samples in the wheat germ cell-free

system /J )

Wheat germ cell-free translations were performed’gs
indicated previously (see Chapter 3}. The results of
chapter 3 had already shown that at the 11-15 day lactating
stage both poly@)" and poly @)~ RM fractions contained
significant translational activity. This result was
reconfirmed for the RNA fréctions prepared from several
stages of mammary gland development (see Chapter 7, Tables
18 and 19). Translations were performed us;ng [3H]-1eucine

(21Ci/assay) and total, poly &)" and poly(a)~ RNAs from

each developmental staée. All RNA preparations tested
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exhibited translational activity, although the specific
activities of total and poly(®) RMA from 8 day pregnant
_gland were very low. There were differences in the spec-
ific incorporation obtained with éotal RN\ preparations
from glands at different stages as expected from a previous
study (279), with a range of 320 cpm/ug RNA in early
gestation to 4900cpm/ug RMA during lactation. Poly(d) .
RMA showed a similar trend but with a smaller range (300-~400
cpm/ug RNA) . PbI?(A)+ RN from glands at ali stages of
development exhibited much higher specific aé%ivities;
typical values wereT6,300 cpm/ug RMA at 8 days of gestation
and 42,000 cpm/Ug RN at 7-8 days of gestation. This range
in polyG&)+ RNA specific activity (7 fold) is unexpectedly
large, since an in vitro translation system should translate
poly(A)+ R8s of differeht stages equally. This variation
in specific translational activity could be explained in
part by variations in rRNA content of the sampies; and/or
variation in the proportion of leucine incorporated into the
proteins encoded by polyG\)+'mRNAs from different develop-
mental stages. The translational activities of RNA fractions
from l6-day pregnant and involuting giands gave corresponding
' intermediate values in all cases.

A lthough cell-free translations indicated the presence
of mRNA in all these RNA preparations, both in the poly(A)+
and poly(A)h fractions, the nature of the translation

products was of interest. For this purpose, wheat germ



- 295 - )

celiLfree translations were also performed with PSS]—
methionine (61Ci/assay) and the products were analysed by
slab gel electrophoresis and fluorography as described

pre&iously (see Chapter 3). ¢

L

(i) Analysis of the translation pfoducts ‘of mammary RNA

RESULTS

fractions obtained from glands at different developmental

N

' stages

A total, poly(zi)+ and poly (A} RMA sample from each
development stage was translated in the wheat germ system
using [3SS]—methionine and the resulting translation products
are shown in Figure 28. A fluorogram of this same gel,
prepared with a shorter exposure pefiod,'was shown in'
Chapter 3 (Figure 7) to demonstraté the similarity of the
translation pfoductsqpf polyax)+ and poly(A) RNA from 7-8
day lactating gland. 1In Figure 28 a longer exposure is
shown to visualize morg\q}early some of the less prominent
translation products. The translation products of the two
purified 9S8 and 138 mRM s (see Chapter 5) are presented
for comparison.

Figure 28 shows that for almost all the samplés analysed,
the predominant translation products were proteins of

molecular weights 42-43,000 daltons, 30,000 daltons and
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Figure 28, Electrophoretic analysis of the Wheat germ
cell-free translation products of Mammary mRNA from
gland at several:.stages in deveibpment.

Total, poly(A)¥ and poly(A)” RNA fractions of one gland
extract from each of th; four developmental stages studied -
were translated in a wheaé germ cell-free system con-
taining [358]—methionine (see methods). The translations
were run on an urea SDS polyacrylamide slab gel together
with translatidns of purified 9S and 155 mRNAsS. Trans-
lation products were visualised by fluorography. The

RNAs used to provide these products are: lane 1, no mRNA;
lanes 2 -~ 4, total, poly(A)+ and poly(a) RNAs from 8 day

. Pregnant gland; lanes 5 - 7, total, poly(a)* and poly(A)_ e
RNAs of 16 day pregnant gland; lanes 8 - 10, total, poly(A)+
and poly(A)” RNAs from 7 - 8 day lactating gland; lanes

11 - 13, total, poly(A)+ and poly(a) RNAQ from involuting
gland; lane 14, 95 mRHA;'lane 15, 158 mRNA. Between
20,000-50,000 cpm of acid insoluble [3SS]—methionine label
'were applied to each lane.. The positions of the standard
protein markers are indicated by arrows and the molecular

weight of each protein is given in kilodaltons.
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25-26,000 daltons. These proteins have already been assigned
as caseins 1, 2 and 3 respectively (see Chapters 3 and 5).

One can also see the 18,500 dalton product of 9S mRNAlin the
lactating and involuting gland RMA s, however there appears to
be.very little of this product in Ehe trgnslations of pregnant
gland RMA. These results indicate that during pregnancy there
is a relatively high proportion of casein/aIA mRM sequences
compared to the proportions seen later in development., Total
and poly(A) RMs of B day pregnant gland gave very low levels
of incorporation, and it is difficult to detect specific bands
of translation product for these two samples (lanes 2 and 4);
on close inspection of these lanes very faint bands at the
position of the two larger caseins can be seen. The early

(8 day) and late (ls'day) pregnant giand RNAs gave translation
products other than thgfnaseins (see lanes 3 and 6)., This is
not surprising since the milk protein mRM's should constitute a
lower proportion of total mRMA Sequence in pregnancy than
during lactation.

The most important observation to be made from Figure 28
is that the poly(A)+ and poly(d) RMAs code for proteins of
quite similar sizes., This suggests that any poly(A) milk pro-
tein mRM\ sequences measured by cDNA hybridization (see below) do
not consist entirely of deéradation products of poly(A)+ RMA ;
indeed, many poly(A) mRNA sequences must be full length since

conplete milk proteins are made by this RMA, Furthermore the -
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finding that the poly(h)"' RMA s are translated predominantly into
fullMength milk proteins reduces the possibility that variatio
in the translational activity of these samples are due to

variable levels of RNA degradation.

(ii} Hybridization of 95 cDMA to rat mammary DMA

Several of the mammary RMA preparations contain large
amounts of DML (see Table 18) paiticularly the samples from
the early pregnant gland in which mRMA levels are still very
low. Although theré is e%idence that the 155 casein mRMA
sequences are transcribed from unique DNA (278), similar
information is not available for the 35 mRNA. It wag:

conceivable that some correctién to the hybridizati:;AEEta
might be necessary if the poly®) RM samples éontained
very low concentrations of milk protein mRNAsS and were-
enriched in milk protein DMA seguencek. ,This possibility
was evaluated by hybridization of rat mammary DNA.(prepafed
as indicated in Methods) to the 95 ¢DMA probe. <\J

_The Cot- curve representing this hybridization is givén
in Figure 29. Due to the practical difficuities encouﬁtered
in.achievingt3ot values greater than 103, the'upper part
of the curve is poorly defined. From the best curve f£it to
this data, a Cot%-of 780 mol.s.lm1 was obtained compared
to a Cot% value of 1.4 x 107> mol.s.1” ! for the 95 mR@

standard. Since the DNA :cDMA hybridizationwas performed at 0.3M

—

E—

N
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29.

Hybridization of 95 cDNA to Mammarw DNA

Mammary DNA was prepared as described (see Methods)

and hybridized-to 95 cDNA at a DNA/cDNA ratio of 3x106

{see Methods). The hybridization data points were
fitted to a first order equation and a Cot} value was
determined from the first order rate constant. The
curves shown are for hybridization of mammary DNA (o}a>
and of 95 mRNA template (o); Coti values aﬁg;}ndicéte
. by the arrows. To permit e/ drawing of thgge two curves
in the game figure, two scales were used for Iog: Coté iy
the scale of -5 to 0 refers to the 9S mRMA hybridization fﬂtf//ﬂ
(o) and the scale of -1 to 4 refers to the_ﬁamméry j2)21:8 f

hybridization (e).
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NaCl, this cérresponds to an equivalent:Cot% value of 1800
mol.s.;—l:(323{. This Cot% value is coriparable to values
obtained for other mRNAs that are transcribed from'unique
sequence DNA (27é, 3245 and on this basis it is cdncluded.
" that the 95 mRN\ sequence is contained in the rat genome
as unique ﬁNA. \\ ' _
In the following sect;;?it'will be shown that no poly(A)__

RNA samples give Cot%-valuestgproaching a value of ﬁBO and

therefore contribution of the DNA sequences to these hybrid-

izations is negligible.

(iii) Measurement of the 95 and 15S mRM\ concentrations“of

mammary RMA ' fractions by hybridization to cDNA probes

The poly@l)+ and poly) RNA samples prepared from
total.m;mmary RN of glands at the four developmental stages
studied (Tables 18 and 19) were analysed by hybridization
to -the 95 and 15S cDNA probes. As indicated previously,
where fractionation of a total mammary RN sample produced
" more than one'_poly(A)+ RIA ?ample, all poly(A)+ RNRQ were
pooled for hybridization analysis;-this éﬁsures that the
polyG\)+ BMA sample analysed is truly représentativea
Examples of the hybridizations performed using 98 and 15S

cDMi s are shown in Figures 30 and 31 respectively. For each

type of hybridization the analysis of only one sample for

5
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Figure 30. Hybridization of 95 cDNA' 4o Mammary Poly(A)+
and Poly{A) RNA fractions from glands at several stages
of development

Mammary. RNA samples {prepared as indicated in Chapter 7)
were hybridized to 9S.cDNA., Hybridizations were performed
as described (see Methods) using 1000cpm of cDNA pé; assay.
The data were fitted to first order curves and Coti values
were determined. The data shown were obtained using the
following samples: (V) Poly(A)+ and (®) Poly(ad) RNA of
sample 4, 8 day pregnant gland; .(Q) Poly(A)+ and (@)
Poly(A)~ RNA of sample 4, 16 day pregnant glahd; (O} Poly(A)+
and (@) Poly(A) RNA of sample 2, 7-8 day lactating gland;
(4) Poly(a)* and (a) Poly(a)” RNA of sample 4, involuting
gland. Pregnant gland data are shown in Figure 30A and
The lactating and involuting gland data are shown in
Figure 30B. The hybfidization of 95 mRNA template is also
shown (x). Cotd values are indicated by arrows. The root

mean square of each curve f£it is between 1.5% and 6%.
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+
Figure 31. Hybridization of 15S cDNA to M ary Poly(a)
and Poly(A)  RNA fractions from glands at several stages
of development

Mammary RNA samples (prepared as indicated in Chapter 7)
were hybridized to 155 cDNA. Hybridizations were performed
as described (see Methods) using 1000cpm of cDNA per assay.
The data were fitted to first order curves and Coti values
were determined. The data shown were obtained using the
following samples: (%) Poly(A)+ and (w) Poly(A) RNA of
sample. 2, 8 day pregnant gland; () Poly(A)+ and (M)

Poly (A)  RNA of sample 4, 16 day pregnant gland; (0) Poly(A)+
and (@) Poly(A)  RNA of sample 1, 7-8 day lactating gland;
(A} Poly(A)+ and (A) Poly{A) RNA of sample 4, involuting
gland. Pregnant gland data are shown in Figure 31A and the
lactating and involuting gland data are shown in Figure 31B.
The hybridization of 155 mRNA template is also shown (x).
Coti values are indicated by arrows. The root mean

square of each curve fit is between 1.5% and 6%.
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each developmental stage is shown., In thig way, examples
representative of all the hybridizations are illustrated.

The data of Figures 30 and 31 have been fitted to first
order curves and Cot%-valueé (see arrows) h;ve been calculated
from the fifst order rate constant., ne can see that the
rates of these reactions are such that thg DNA present
in these samples does not contribute significantly to these
hybridizations. The Cot% value for each sample was therefore
compared directly to the Cot%-of the standard mRM. template
in order to calcglafe the concentration of mRMA sequence in
that sample. As described previously, from a knowledge
of the concentration of mRNA sequence in a sample and the
total RNA present, absolute amounts of mRMA sequence
can be determined for each sample.

The results of the hybridization analyses performed on
these samples in the manner indicated in Figures 30 and 31
are given in Table 21 (for 95 cDNA) and Table 22 (for
155 cDNA). These results are expressed as pg mRMA sequence
per mg. unfractionated RM for both poly (A')_+ and poly (A)"

RNA fractions as éescribed in detail previously (Chapter 6).

The following observations may be made from Tables
21 and 22: >
a) As expected from previous studies there are very sub-
stantial increases in the amounts of the milk protein mRM

sequences between early gestation and lactation; this is
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LEGEND TO TABLE 21:

Poly )" and Poly(A)” RMA fractions from mammary gland

at the stage indicated were analysed 5} hybridization to-

95 cDM as indicated in Figure 30. From the Cot%- values &
obtained, the absolute amounﬁs of 98 @RNA in each sample
were determined. The values shown after each groub

are the mean S.D. Total 9S mRNA has been calculated by
summing the amounts of mRNA in the po}y(A)+ and pdly(R)~
RNA fractions. The 11-15 day 1acta1':ing gland datawere taken

from the results shown in Chapter é.
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LEGEND TO TA BIE 22

Poly(@)" and Poly@)” RM fractions from marmmary gland
at the stage indicated were analysed by hybridization to

155 cPbM as indicated in Figure 31, From the Cot%-values

obtained, the absolute amounts of 155 mRMA in each sample

*

were determined. The values shown after each group are
the mean * S.D.* Total 158 ﬁRNA has been calculated by

summing the amounts of mRNA in the poly(A)+ and poly(A)~™
ﬁNA fractions. The 11-15 day léctating gland data were

taken from the results shown in Chapter 6. v
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.followed by a drop in the levels of these éEEEEEEE§‘5£\~
involution. Examination of the standard deviations of these
values dees however show that there can be large variations
in the amounts of specific mRNAs present in mammary RNA
even when prepared}from glands of rats at similar stages
in gestation aqg~lgctatiqn. This variation is particularly'
H_Jq{\ noticeable in thE‘?S hybridization data for the 16 day
gestation samples (Table 21).
b) The levels of 155 casein mRNA are consistently higher
than levels of 95 mRNA. The difference between these two
sequences is minimal during maximal gland Activation, i.e.,
at lactation, where:zthe 155 casein mRNA sequence is present
/”\W at a level only 1.5 fold higher than that of the 95 mRI.
) At other stages of gland devélopme:f, S MRNA levels are
K\\ J 10~30 fold lower than those of caEein mRﬁﬁvr It there-
\\ fore appears tpat the 95 mRNA sequence accumulates
H\jat a later stage during gestation but is lost at an
earlier stage during involution compared to the 155 mRNA
sequence; in,other'words the levels of these two sequences
are not co-ordinately controlled throughout gland de- .
velopment. This observation is in agreement with

the analysis of the translation products of mammary RNA

prepared from glands &t different stages (see Figure 28).

L3
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cL.‘The most importént.observation to be made from these
data is the J;'ela;tive amounts of poly (A)f and poly (&)
milk profein. seque;icéé present at different si-;ages of gland
: de-velop.ment. The pr‘oportion of poly @) milk protein mRNA
1s not constant throucjhout mammary_glangi development; it
appears to be at a minimun (about 5-10% of total milk
protein mRNA) during-lacxa{:ion while during gestation and
involut"ion fhis prpportion inses (up 'to 65%). Study of these
data would suggest th.at there is an inverse relation’
"téétween total‘ levels of milk protein mRMA and tile propor-
tion of .tl:1at mRNA which is in the poly.(A) RM fraction.
. To deté:;mine the significance of the changes in relative
. pbly(l&)u ‘milk p:'r.'otein mRM levels during gland development,
stat;.stical analysis of the data of Tables 21 aﬁd 22 was ¥y
performed. An analS(sis of variance on the data of Table
21 did indicate a{ s.ignificant.variatién between groups
(p =" 0.6I5) . A similar analféis of the data of Table
22 indicated no significant difference between groups
‘_(0.2_‘ <'p < 0.15).. The reason for a lack of significance
_-ip the-latter“case is most likely the.high variability
\in_the perc_ent'age of polyﬂk)_-15s fnRIwA.'in_early pregnant
gland preparations. This group ?{Lelds tot‘al 155 mRNA
:sequénce wels of 0.23 - 1.10ug/mg total RNA and percent
poiy;(li"’)-_'lss mRNA sequences of 12-65%. A student's T test
indicates there is no significant dii::ference between the

-
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8 day gestation group and the 7-8 day lactating'g:oup in
Table 22, but by this test there is a s;gnificant difference
between the 7-8 day lactating group and all other groups
0.025 < p in all cases). Close examination of the early
gestation group of Table 22 indicates that within this
group there is .a trend in whigh high mRMA lévels are
associated with é low proportion of poly ()™ ‘mRM levé'ls.

It is possible that the trend o?igrved within this -group

is obscuring the overall trend gecause of the.high varié—

" bility of the early pregnant group.

It is’ of interest here to compare the 7-8 day lactating
values withrthOBe of 11-15 day lactating samples which have
been included in Tables 21 aﬂd 22 to permit ready comparison.
The percentage of poly() mRM in the latter samples was
14-33% for 9S mRMA and 23-35% for 15S mMRNA, These values
are rather highen than the percentages obtained for the 7-8
day lactating samples (4.4-8.4% and 10-16% respectively).

The total amount of each milk protein mRN§ is higher at the
7-8 day stage than the 11-15 day étage ana one could
therefore conclude that milk protein levels have begun to
decline at the later stage. The Z;B day lactating stage

is thus the sta:gg containing the highest mRM levels studied,
and this result is in agreement with Nakhasi and Qasba

who showed a rapiq decline iq milk protein mRMA sequences

\after day 12 of lactation (279).

’
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(iv) Recovery of mRM sequences af£er affihity chrom&tg;
graphy '

[3H]—p01Y(U) analysis of the RM fractions used in
these studies had indicéted that poly(A) recovery in the
polya-’g)"' RNA samples was high after mammary R fraction-
ation using oligo (dT)-cellulose (Téble 19). This does
not show that mRMA recovery in column bound and unbound
RM\ fractions is quantitative.,'It was therefore important
to show that in these developmental studies mRNA'sequence
recovery from total mammary RMis was close to complete and
that tﬁe ogserved variations in the relative proportions of
poly(A)+1and polyex)u mRM s during gland development were
not due to ﬁoor sample fractionation.

To determine mRNA recovery from several fractionations,
it was necessary to analyse unfractionated mammary RNAS
to determine the levels of total mRMA ‘sequence in these
samples. These analfses were perforﬁed by hybridization
with the 9S cDMA probe. The major reason for choosing this
sequence is that the 95 mRM is smaller than 155 casein
MR and therefore more readily lost during sample handling.
I+ would be expected that 155 casein mRNA recovery will &
be af least as high as 95 mRM , if not higher.

Four unfractionated RNA samples, one from each of the

four developmental stages studied, were analysed by

S
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TABLE 23 DETERMINATION OF 9S mRNA RECOVERY AFTER OLIGO(dT) -

CELLULOSE FRACTIONATION OF MAMMARY RNA BY HYBRIDIZATION OF

TOTAL;, POLY(A)" AND POLY(A) ™ RNAs TO 9S -cDNA

Stage of Sample mRNA in total . mRNA recovered recovery
development - RNA sample in poly(AY*

applied to and poly(a)~

column RNA fractions

(ug) (ug) (%)

8 day 2 0.221 0.193, 87
pregnant
le day As
pregnant 3 10.84 8.12 75
7-8 day
lactating _3 470.0 : 43170 92
involuting 2 36.52 35.7 . 98

Total unfractionated, poly(A)* and poly(A)  RNA samples from
the indicated mammary gland extracts (see Tables 18 and 19)
were hybridized with 95 cDNA as indicated in Figure 30, Using
" the Cot% values determined from this analysis the absolute
amount of mRNA contained in each sample was calculated. The
amount of 95 mRNA contained’ in total unfractionated RNA is
compared to the combined amount of 95 mRNA in the poly(a)*
and poly(A) RNA fractions recovered from the oligo (AT} -
cellulose columns. The overall mRNA. recovery is expressed as
a percentage of that applied to the column.

4

(- - i
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hybridizatibn to 98 ¢cDMA and the Cot% values thus obtained
for these samples were used to calculate the amount of 98
mRMA. sequence present in the initial samples. These values
are compared directly to.the amount of sequence recovered
in both the poly®)" and poly®)~ RNA fractions as shown

in Table 23. All the recoveries determined here were equal
to or gréﬁter than 75%; therefore high and satisfactory recov-
eries were observed for RMA obtained from all stages.

Thus the data of Table 23 show that the chhnges in
propoftiOn of poly@) milk prbtein mMRNAs during mammary
gland development' cannot be attributed'to_loss of sequence
from a particular.fraction during the fractionation pro-

cedure.

DISCUSSI (N

1.

Translation analyéis of RMA preparations from mammary
gland of several developmental stages clearly demonstrated
the progressive increase in translational activity df.'
mammary RN throughout gestation and lactation. Nakhasi
and Qasba have already shown that total mammary RN
preparations exhibit a ten fold increase in translational

activity between virgin and 12 day lactatihg rat gland

preparations (279).



- 320 -

The major translation products of the poly (A);}' and
poly(-Ai- RNAs were essentially similar in all cases (with the
exception of the low 95 mRMi product during gestation). This
observation suggested that the poly(A) RNA preparations were
not significantly degraded compared to the poly(A)+ RMAs ; both
RNA s translated into full-length milk proteins as the major
products. These translations aijso indicated that fhe poly(A)‘
milk protein sequences detected by hybridization did not con-
tain extra sequences -(eg. introns); this suggested that these
poly(A)  sequences were‘not newly synthesised, unprocessed
nuclear RNA. A lthough the precise relationship between
poly(A):" and poly (A)— forms of the same mRNMA has not been demon-
strated in any one system, several investigators have proposed
that poly(h) mRNA is produced as a consequence of poly(A) tract
removal from éoly (A)+ mRMy ., The analysis of translation pro-
ducts shown in Figure 28 is consistent with this hypotheéis,
but the possibilify that the poly®) mRM is a completely separ-
ate species, unrelated to poly(f\)+ mRM. , can not be eliminated.

The major goal of this chapter was to énalyse the dis-
tribution of 95 whey protein and 15S casein mRNAsS between
poly (11\)+ émd poly(a) mammary RMA s as a function of gland devel-
opment, Before the results of such an analysis could be discussed
it was necessary to eliminate the possibility that the -
relatively high proportion of polya) mRNA in certain

RM preparations ( as found for example in early
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gestation} was not a consequence of ¢DNA binding to milk
protein sequence in mammary DNA. The Cot%- of 95 cDMA
hybridization to mammary DNA was found to be 780 mol.s.1 ™

1

at 0.3M NaCl (equivalent Cotlf' of 1800 mol.s.l ~.). This

very high value of Cot %-indiéated that:

1) The rate of cDMA *DMA hybridization was too slow
to be a factor in the hybridization analyses of polym)ﬁ
Rl;m since even in early gestation mRNA sequences are present
at many fold the DMA level; (Tabiea 2L and 22).

2) This Cot%- value is in close agreeﬁent with the
Cot%- value of 1372 rnol..s.l“l obtained by Rosen and Barker for
hybridization of 15S casein cDNA to rat mammary DM (278).
Packman et al.calculated the Cotl- for an unigue duck globin

2
gene sequence to be 1500 mol.s.l"1 (324). It may therefore be

concluded that like the 1558 casein gene sequence, the 98
gene sequence is contained in the genome as unigque DM,

The analysis of variance and student'’s T test |
studies performed on the group data of Tables %1 and 22
suggest that while there is a significant variation between
groups in Table 21 (for 95 mRNA), the situation was less
clear-cut with the data in Table 22 (for 158 casein). It
was believed that a possible trend for these data was
being obscured by the high variation in the early gestation
group. It was observed that the total mRNA sequence and
the relative proportionof poly(a) mRNA in this group both

show large variations but these two measurements do change



- 322 -

inversely. A better analysis of the data of Tables 21 and
22 might therefore be achieved by investigating whether there
is an inverse relation between relative poly(A)-'nGmA levels
and the amount of total mRMA seguence. Graphical plotting
of the data in this manner clearly showed there was no
linear correlation; however, tﬂere was definitely a

trend towards a higher proportion of poly d) mRNA
sequences, especially at low mRMA sequence levels. The
datalfor the 98 mRMA seguence were again more convincing
than those for the 158 mRMi. It is postulated that
especially high polyG&)“IMuA levels appear at low levels

of mRM\ sequence, but since the levels of 95 mRNA detected
in these studies are lower than those for the 155 mRWA,

this trend is more readily apparent for the 9S sequence.
This hypothesis would suggest that a high proportion of
these sequences exists as non-polyadenylated mRMA S at

low mMRM& levels but as the total level of each mRMA rises,
the proportion of the poly@) forms of this mRM is

reduced,



CHAPTER 9
CONCLUDING DISCUSSION

The major aim of this work was to investigate whether
rat mammary gland development is asscociated with changes in
'mRN\ polyadenylation. It has been shown that two specific
changes in this mRNA characteristic appeared to parallel stim-
ulation of the gland and its synthesis of milk components.

The fiist change was the appearance of a specific poly(a)
size class (40-45 residues in length) 'in total poly(A)+
mammary mRMA; levels of this poly @A) size class were highest
during peak lactatién and much reduced or absent on involution
cor in.early pregnancy. It has been speéﬁlated that this
particular size class of poly(A) might be restricted to milk
protein mRNAs, since these sequences were found to be enriched
in the 40~45 residue poly @) tracts comparéd to total lactating
mammary poly(A)+ mRMA., Proof of this suggestion would require
further investigation of the translation products directed by
mammary mRMAS bearing long and short poly () tracts respectivély.

The finding of shorter poly () tract; in mammary gland
during the period of high protein synthesis was consisfent with
earlier reports that poly@\{ shortening might be associated
with mRMA translation. Indeed poly(A) shortening might be a
necessary cénsequence of translation. Could such observa-

tions be reconciled with the hypothesis that the poly (d) tracts
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associated with mammary R act tolstabilise these mRNA
sequences ? Investigatidns of poly®) function performed iﬁ
'ﬁL laevis ococytes have indicated that in order to effectively
stabilise mRMA sequences, the associated poly(A) tracts need
only be about 30 residues long (193). Thus 40 residue poly(A)
tracts could stabilise mRNAs as well as 80 re:idue tracts

and all the poly(A) tracts observed in mammary gland at the
various develobmental stages studied would be equally effective
in this respect.

The relatively high proportion'of‘smaller poly (A) tracts
observed during léctation might be a consequence of a specific®
mechanism in the mammary cell which restricted the appearance
of tracts smaller than 25 residues, thereby increasing the
levels of tracts in the 40-45 residue size range. There are
‘several means by which poly @) shortening might be strictly
controlled in the mammary cle during lactation: eg. by re-
duction of the activity of specific poly(A) nucleases (see
pP. 38); by stimulation of poly () elongation processes such
as that described by Brawérman and Diez (141) or by the action
of poly (@) binding proteins which are known to modulate poly (A}
metabolism (see p. 64). Mechanisms such as these might leng-
then the lifetime of a poly(Al tract and thefeby effect mRNA
stabilisation but at the same time cause an overall reduction
in pply@&)‘iengthm The observed cha%ﬁés in poly(A) tract length
during gland development are therefore not inconsistent with

a mechanism of increased mRMA stabilisation by changes in mRNA
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polyadenylation. -

The second observed change in mammary mRNA polyadenylatién
was with regard to the proportion of 95 and 158 milk protein
mMRMA sequences in poly(A)+ and poly @) forms. Both sequences
exhibited a trend in which the percentage of the pquG\)— form
was relatively high at early gestation and involution (up to
65%) but lower dufing lactation, especially at 7-8 days lac-~
tation (about 5-10%). This series of observations must be
evaluated cautiously in view of the technical problems
associated With this analysis as discussed previousiy (see
Abstract). If poly(A) tracts do function in mRNA stabilisation
however, a particularly low proportion of poly @) milk
protein mRMA sequences during high levels of gland stimuiation
would be ponsisteht with this hypothesis.

It has already been stated (see " ims of this Research")
that the hormone prolactin appears to have post-transcriptional
effects on the milk protein mRMis. Prolactin has been reported
to increase milk protein mRM half-life in rat mammary gland
in vitro (291) and it is therefore possible that an in vivo
function of prolactin is to stabilise these mRMAs, Iittle is
known about the méchanism by which prolactin mediates such
_an effect. In view of the observations made on the function
of poly (a) t;acts in mRMA stabilisétion {see Introducticn)
and the changes in mammary mRNA polyadenylation during devel-

opment as reported in this study, it is possible that the

r

y
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pogt;transcriptional actions df prolactin are mediated by the
poly A) tracts of milk protein mRMAs. It appears that mRMA
stabilisation in response to preolactin is specific to the milk
protein sequences and there are means by which changes in
polyadenylation could be specific eg. by variation 6f the
nature of 3' non-translated sequences in mRMs {203).

A direct link between the action of prolactin on milk
protein mRNA stability and the observed changes in-mRNA
polyadenylation have not been shown in this study, but the.
interreiationship of these processes and their potential
involvement in the control of gene expressioﬁ are clearly of
great interest. It is believed that this reéearchihas
demonstrated specific changes in mEM polyadenylation in the
developiﬁg mammary gland and this should permit future
research to examine more thordughly the mechanisms by which
these changes occur and their relative importance in the

control of gene expression.
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Contributions to Knowledge

1. The proportion of poly(A)- 155 casein mRNA has been shown
to vary from 10-30% of total 155 mRNA sequence in.lactating rat
mammary gland. This proportion is significantly smaller than
the 60% reported in a previous study. The earlier analysis

was performed by mRNA translation studies in a wheat germ
cell-free system; the present réport has shown that measure-
ments based on such an analysis may be inaccurate. The present
study has utiliseé the more accurate technique of RNA hyﬂrid—
ization to a specific 15S cDMA probe’ih order to measure levels
of 155 mRM sequence in poly (@)’ an& poly (&) fractions of
total lactating mammary RNA. The relative, amounts of poly(A.)+
and poly (@A)~ 95 whey protein mRMA have also been reported.

This is the first-time th&t the distribution of both 9S and
+155 mRMA s between poly(A)+ and pq;y(Ai_ RNA fractions has been
reported in the same, stud¥. This has allowed strict comparisons

between the two sequences with respect to their polyadenylation.

2. Specific changes in the characteristics of mRMA poly-
adenylation during mammary- gland development have been demon-
strated. Thelpoly(k) tract size profiles from glands at five
developmental stages indicated that very actiyve lactating
tissue was enriched with a poly {(a) size class peaking at 40-45
residues; relatively inactive gland contained predominantlyr

larger tracts with a modal length of about 80 nucleotides.
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During these studies, the size of the poly{(a) tfacts associated
with purified rat 95 whey protein mRNA was reported for the
first time. The distribution of both 9S and 158 mMRNA sequences
between poly'(A)+ and poly (A) mammary RMAs duringhgland &evel—
opment was inYestigated. There was evidence tThat there mightﬁ

be an inverse relation between the percentage of sequence in

the poly(A) RMA and total levels of the sequence in the gland,

3. During £he use Of, poly (0) sepharose columns to fr‘ac.tionate
total mammary RM into poly (A)+ and poiycﬁ)- fractions, it was
found that recovefy of RMA from solutions containing high con-
. centrations of formamaide was é;reproducible and often En—
acceptably low. In order to ensure effic:i_.ent recoveryf'rof\‘ RNA
on ethanol precipitatian from formamaide containing solutions,
the solution shouJQ_be diluted to a formamilde concentration

| M | '
not exceeding 30%. This problem of low recovery of RMA from °

70-90% formamide solutions has not been extéﬁsively described

or investigéted in the biochemical literature previcusly.

"



) APPENDIX,

" Determination of ithe purity of mRMA and cDM\ preparations by

measurement of their cross-reactivities in RMA :cDMA hybridization

\FEaCtlons -

;rfTﬁIEisectioﬁzeummaélsés the‘molécular basis of the use of
the hybrldlzatlon dFta presented ln{Flgure 23 to measure the
"degree of cross. c0ntam1natlon of pur:.fn.ed mRMs and their
- cor;equgd%ng cDNAs. This type of analysis of these hybrid-
ization curves has been performed in previous studies (317).
For ease of illustration, the hybridization of 9S8 cDNA
: wi£h its 95 mRNA template (A) and the 15S mRNA preparation (@)

has been reproduced here (see Figure 23a), and this is used

as an example of these calculations. The following\text makes

+ =« several references to the curves shown on p.330.

®
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9S mRMA hybridization

This curve represents only tﬁe hybridization of 95 cDNA
with 95 mRNA. The linear part of this curve (slope 1).@
provides a standard measure for the rate of hybridization of
9S8 mRNA wiéh this cDMA, All other RNAS containing 9S8 ﬁmNA will
hybridise to this c¢DNA but with a lower rate ie. a smaller

slope,* depending on the proportion of 95 mRNA in the sample.

155 mRM hybridization
" The hybridization curve for the heterologous reaction is
compbsed of two components: the hybridization of 95 cDNA: 95 mRMA
(section a) and the hybridization of 158 cDNA:15S mRNA (section
b). These ¥wo components are resolved as follows:-
(a) The linear portion of the curve corresponds to the
hybridization of the 9S cDMA with small amounts of con-~
tamiﬁating 95 mRNA sequence present in the 158 mﬁNA prep-
aration. By comparison of the slope of this curve (slope
2) with sloPé 1, the relative concentration of the 98
mRMA sequence in the 155 mRNA is determined. For example,
in this case slope 1 has a value of 36% hybrid/ng RNA ahd
slope 2 gives a value of 0.43% hybrid/ng R . Thus the
heterclogous reaction occurs at a rate of apéroximately
1.5% of that of the homologous reaction and it is con-

cluded that the 15§ mRMA preparation is 1.5% 95 mRW .
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(b) The portion of the curve at very low RM. amounts does
not appear to be linear - extrapolation of the linear
portion to the ordinate provides a " Ong RMA" value of
19% compared to the true "i0ng RM " value of 13%. This

o
6% difference is indicated in the illustration as
"interval 1". This interval represents-hybridization of
the 158 cDNA present iﬁ the 9S cDNA preparatifn with the
ldrge amounts of 155 mRMA present in the heterologous
reaction. Even at the lowest 155 mRNA concentratiom
studied, hybridization-of the 155 cDMA contaminant in the
95 cDNA is essentially complete due to the large excess

of the 155 mRNA sequence. Fortunately, this component is.

a small and constant level of hybridization and it is

readily separated from the 95 mRM\ hybridization by extra- .

polat;oh of the linear section of the curve to the
ordinate. The level of 155 cDNA measured here is 6%

of the 9S cDNA, but since the hybridization curves
proceed to only 85% completion, this va?ue is adjusted

to 7.5% on correction to 100% cDNA L

Using the data provided by Figure 23b in similar calculations,
corresponding values may be calculated for the levels of 15S
mRM\ sequence .,in 98 mRM. and the levels of 9S cDMA in the 158
cDNA preparafion.

NEXT PAGE IS 334

"
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