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ABSTRACT

WhiIe prolactin (PRL) is impticated in the growth of
the mammary grand (Lyons et aI l95B), manmary carcinogenesis
(Bishop et ar rg72) and the growth of various hemopoietic
maliginancies (Tanaka et ar 19g0 and Golde et ar_ rg77) , rittre
is known about the mechanism by which pRL induces mitosis.
crearly, a complsx set of changes occur which urtimately
result in an increase in activity of those enzymes respon_
sible for DNA synthesis and cell_ division.

Gene expression, in a pRL dependent rat lymphoma cel_I
line (Nb2) was examined. Total poly (A+)RNA from both opRL
stimulated and non-stimur-ated Nb2 cer-rs was purified and
transr-ated in a cell free transr-ational system. A 2 to 3_
fold highe.r level- of poly(A+)RUa was present in the pRL sti_
mulated celr-s - This poty (A+) RNA was about 2az more trans-
lationally active. Electrophoretic separation of transration
products indicated at least 3 proteins which were of greater
abundance in the pRL treaLed cel_ls.

The expression of the gene coding for the enzyme dihy-
drofolate reductase (DïFR) also was examined. Messenger RNA

(mn¡¡e) , for DIJFR was just detectabl-e in non-stimulated Nb2
cell-s, buÈ clearry was observed in those cerrs which had been
stimulated with opRL (18 hour). The i-ncrease in accumuration
of DHFR *RNA correrated. with an increase in activity of the
enzlzme. Both these events were foll0wed by a corresponding
increase in the rate of DNA synthesis.



II

This study indicates that PRL acts on Nb2 cells by

causing the expression of several genes, including the one

coding for the cel-l cycle linked enzyme DHFR. This increase

in gene expression resurts in the activation of those enzy-

matic pathways ,,".""=rry for DNA synthesis and cell division.
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INTRODUCTION

Several- experimental models suitable for the study

of st.eroid hormonås on gene expression have been described.

To date, studies have been carried out on the regulation

of such diverse gene product.s as o-2-u-globu1in nRNA in

Xenopus (Baker et al 1977) and pregrowth hormone mRNA in
rat pituitaries (Martial et aI L977) . Initial events in

the mechani-sm of action of a steroid hormone include the

binding of the horntone t,o its cytoplasmic receptor. This

event is fo1J-owed by the translocation of the hormone-

receptor complex to the nucleus where interacti-on v¡ith the

chromatin results in the expression of specj-fic gene pro-

ducts. The regulation of these gene products is a complex

process which is now known to involve both transcriptional
and post-transcriptional control- nechanisms.

In contrast to steroid hormones the events following

the binding of a polypeptide hormone to its membrane recep-

tor and the subsequent change in level of expression of

specific genes is not well understood" Classically the

binding of a polypeptide hormone to its membrane receptor

results in the activation of the membrane bound enzyme

adenyl cyclase. Subsequent activation of various prote-in

kinases is followed by the phosphorylation of nuclear

proteins" Further biochemical- events, not yet defined,

thus .result in either an increase or decrease in the expres-
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sion of specific gene products. Alternati_vely, peptide

hormone-receptor complexes have been shown to enter the

ceIl (NoIin I976) causing speculation as to whether the

peptide hormone itself or one of its metabolites interacts
with the genetic 'apparatus. Vague and of ten fragment.ed

information concerning the events follorving the binding of
a polypeptide hormone to its membrane receptor has precluded

the development of a model for the regulation of specific
genes at a transcriptional level.

Unlike many peptide hormones, prolactin (pRL) fails
to cause the activation of the membrane bound enzyme adenyl

cyclase (catt et al r976) " Turkington and corleagues (1973)

have reported that protein phosphorylation may be of import-
ance in the mechanism of action of PRL in the maflrmary grand.

rn a manner not yet understood, PRL binding to its receptor

results in a maximal stimulation of cAMp dependent protein
kinase activity within one hour" This stimulation may

involve the ultilization of existing cAMp. Nucrear proteins

of the Fra, type and Frb histones have been shown to be

maximally phosphorylated within 24 hours (Turkington et a1

1973) " rl is of interest to note that protein kinase act-
ivity may be blocl<ed by either actinomycin D or cycrohex-

imide suggesti-ng that the increase in enzyme activity
requj-res both rapid synthesis of mRNA and its translation
into protein.

While PRL receptors have been described in a variety
of t.issues in the rat including the liver, ovary and prost-



3-

ate, it is in the manìmary gland that the effects of pRL

binding have been most intensivery studied (shiu and

Friesen 1980) " lvhile some studies have examined the pro-
liferative effect of pRL on breast epitheliar cells, the
main forms of 'meóhanism of actionf related research has

invorved the examination of those pathways invorving the
synthesis and secretion of milk proteins (Juergen et al
1965; and Topper et al 1970) " Using antibodies prepared

to solubilized PRL receptors it has been shown that pRL

binding to its mernbrane receptor is a pre-requisite for the
synthesis of the milk protein casein (shiu and Frj-esen

1976) " The fact that adenyr cyclase is not activated
following PRL binding and that exogenous cAMp fairs to
mimic PRL action has prompted i-nvesligators to examine

several potential second messengers "

The role of cyclic nucreotides as mediators of pRL

action has been studied by Rillema and co-workers (r977a)

using casein synthesis as an endpoint. An increase in 32pi

labered calcium precipitabre casein resu-lted from t.he add-

ition of cGMP. Parallel studies on the effects of poly-
aminesn in particular spermidine, have been shown to have

no effect al-one but when combined with prostaglandins these

compounds will mimic some effects of pRL action. This

observation has led to specuration about links between

prostaglandin biosynthesis and pRL action. rnterestingl-y,
the membrane associated enzyme phospholipase A, which is
responsibre for Lhe convers-ion of phosphatidyl chorine to
the prostaglandin precursor arîachidonic acid, has been shown
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to be activated following PRL binding in the mammary gland

(Rillema et al- I977b). These findings indicate that prosta-

glaridins may be of importance in the normal functioning of

the mammary gland.

The develoþment of recombinant DNA technology has

recently permitted the examination of prolactin's effect on

the nucleic acids associated with the expression of the

casein gene. casein mRNA has been shown to represent about

508 of the total mRNA population in the lactating rat manìmary

gland (Rosen et al 1975). The high abundance of this family

of rnRNAs has greatly facilitated the preparation of compri-

mentary DNA (cDNA) probes which may be used to study the

accumul-ation and turnover of the casein gene products (Rosen

1976\. The accumulation of casein mRNA as measured by

molecular hybridization techniques has proved to be a very

sensitive method for studying PRL regulation of this gene.

lrlhen PRL is added to mammary gland organ culture in micro-

gram quantities an íncrease in the accumulation of casein

nRNA can be detected within one hour. Maximum levels are

attained in about 48 hours (Matusik et al I97B). As well

the effecÈ of PRL v¡as shown to be enhanced by the addition

of htrzfl¡ecortisone and antagonized by the addition of pro-

gesterone to the system. Further efforts utilizing pulse

labeling Lechniques have shown a tr,vo to four-foId increase

in the rate of casein gene transcription within one hour

(Guyette et al 1979). Accompanying this increase in the

transcripÈion rate was a marked increase (L7 to 25* fol-d)
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in the half-life of casein nRNA. These studies clearly
demonstrate that proractin acts at two level-s causing the
rapid increase in the transcription rate of the casein gene

as well as a post-transcriptional stabilizing effect on the
gene products" control- of casein gene expression at both

the trancriptionar and post-transcripLional levels permits

efficient regulation of casein mRNA by pRL"

The mammary gland exprant culture in conjunction with
casein gene expression has been utilized to study the role
of potential mediators of prolactin's effect. Treatment wíth
spermidine or with methylglyoxal bi-s guanylhydrazone

(an inhibitor of polyamine biosynthesis) resulted in a d.ecrease

in the accumuration of casein mRNA. Addition of cGMp alone

or in combination with spermidine resulted in about a two -
fold increase in the level of casein mRNA. while this
increase was reproducible it was still far below the s.6 to
22-ford increase observed after pRL treatment. An attempt

to directly stimulate cycric nucleotide biosynthesis by

prostaglandins E2 and Fro did not result in a detectabl_e

increase in casein mRNA accumulation. From these studies
it would appear that neither cyclic nucleotides nor sperm-

idine are directry responsible for prolactin's effect on

casein gene expression.

Prolactin long has 5ssn associated with the growth

and developmen'L of the epithelial cells of the mammary gland
(Lyons et al 1958), and earl-ì.er still with the growth of
the pigeon crop sac (Riddle et aI 1931) " Controversy has
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arisen as to whether PRL trury acts as a mitogen in these

systems. Dilley (L97L) demonstrated that pRL and insul_in

v¿as required to maintain mitotic activity in cultured
immature rat mammary gland. rnsulin alone was shown to be

capable of maintaining the culture but it did not maintain
mitotic activity as measured by 3u-tnymidine incorporation.
Topper and colleagi¡es (r972) administered pRL to mature

vrrgin mice which resulted in a 60% increase in the concen-

t.ration of mammary epithelial ceIl DNA" unlike the case of
the rat this effect was not seen on organ culture of the
mouse mammary grand. rnsulin and not pRL was shown to be

mitogenic in vitro. Topper (L972) concluded that the

administration of PRL sensitizes epitheliat cells to insulin's
mitogenic effects. rnsensitivity to insulin's mitogenic

effect in multiparous females is described as due to a

desensitization which results when pRL levels fal1. whil-e

these and other contradictory studies harze failed to demon-

strate the exact role of pRL in growth and differentiation
of the mammary gIand, .i.t is clear that pRL is of some

importance- in these events.

Regulation by prolactin of growth and differentiation
in the mammary gland has 1ed to extensive investigation of
its role in mammary tumorigenesis. The earliest observations

date back to Loeb et al (1916) who observed a positive
correlation between the hormonal changes of pregnancy and

the development of mammary carcinoma in mice. Muhlbach

et al (1959) demonstrated an increase in the incidence of
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of mammary tumors following the introduction of pituitary

isografts. Utilization of bromocryptine (2-bromo-o-ergocyp-

tine), an inhibitor of prolactin secretion, has provided

evidence iinplicating prolactin as key pituitary hormone

involved in murinó mammary carcinogensis. Reserpin and Ie-
sions of the hypothalamus both have been correlated with an

increased incidence of mammary tumors (Bishop et aI L972;

Lu et al 1970) . Similarly the injection of ovine pRL into
mice on a daily basrl-s will increase tumor frequency (Boot

et aI 1972) " If increased serum levels of prolactin are

t.ruly tumorogenic, it would seem 1il<ely that subnormal

levels may be protective. This possibility has been invest-
igated by Welsh and colleagues (1973) " They have shown that
bromocriptine treatment of young C3HllfeJ mice, (a strain
in which 252 of the population spontaneously develop

manìmary tumors) reduces the incidence of this tumor to

about tB. Observations made in rats generally paralle1

those in mice with tf¡e iotable exception of large spontan-

eous tumors rvhich regress promptly when treated with ergot

alkaloids in the rat (Quadii et al I97I) but fail to regress

in mice" This evidence suggests that certain populations

of nammary tumors become independant of PRL during their
advanced stages of growth. While the majority of reports

in the literature describe the stimulatory action of pRL on

mammary tumorigenesis, interesting examples of inhíbition
of tumorigenesis in the rat have also been observed. An

increase in PRL secretion induced by either stress, pituitary
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isografts, reserpine or hypothalamic lesions (Gala et al
1975; I'üelsh et al 1973; lrrelsh et al 1969) prior to carcin-
ogen treatment will result in a sharp decrease in appearance

of tumors " This result is particui-arily puzzling when one

considers that moêt treatments causing hyperprolactinemia

in rats already bearing a carcinogen induced tumor results
in a significant increase in growth of these tumors (Kaibler

et a1 1969; Hacada et ar 1969)" These data suggests that
while PRL may not be truly carcinogenic it can cause an

increased growth rate in many tumors in both the rat and

mouse.

while manìmary carcinoma is the most commonly studied

tumor with respect to PRL, other models have been described.

Noble and colleagues have described the development of a

lymphoma in the Nb rat" Original observations of the

lymphoma derived from the Nb2 node indicat.e the growth rate
of this tumor in estrogen treated rats \^¡as about twice that
of the untreated animals. This estrogen dependant tumor

has since been estabrished in suspension culture (Gout et
al 1980). This cell line was found to grow in response to
the addition of serum from normal rats at a concentration

of about 18. Interestingly¡ serum derived from estrogen

treated rats was found to be lO-ford more active in grovrth

promoting activity" This grow.th promoting activity was

absent in both estrogenized and normal rats which had been

hypophysectomized, clearly indicating that estrogen's

effect is at reast in part mediated through the pituitary.
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The original observation of the growth dependence of
the Nb2 lymphoma cell line on pituitary factors was extend.ed

by Gout et al (1980). Cultures of Nb2 ce1ls could be ren-
dered quiescent tl the presence of Fisher's medium suppre-

mented with horse serum (1oa) and 2-mercaptoethanor (ro-4 rq).

cell proliferation could then be induced by the addition of
prolactin to the culture medium. Prolactin addition resulted
in growth of this tumo:: Ín a dose dependant manner in hor-
mone concentrations from l-0 pg/n\ to 1 ngrlml (Gout et aI

1980). concentrations of PRL up to 104 ng/mr had no further
stimulatory effect with the doubling time of the cultures
remaining approximaLely 20 hours. No other pituitary hor-
mones tested were found to stimulate growth of this tumor.

Recently the Nb2 cell line has undergione further
characteri.zation and has been utilized as a sensitive bio-
assay system (Tanaka et al l9B0). The Nb2 cell line has

been shown to proliferate in a dose dependant manner in
response to the addition of either bovine, rat t oy human

prolactin in concentrations between 10 pg/nl and 1 ng/ml-.

The placental lactogens from the above mentioned species

are active within the same concentration range. Human

growth hormonen which is also lactogenicrinduces cell growth

in an analogous fashion. The Nb2 lymphoma ce1l line is one

of the few systems in which lactogenic hormones have been

shown to be a requirement for cell proliferation"
Endocrine influences on erythropoiesis have previously

lceen described (Peschle et al rgTr) . principalry the effects
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of grucocorticoids and thyroid hormone have been studied
(Golde et al 1979 and Popovic et al Ig71) " Of the peptide

hormones examined, growth hormone has been shown to stimulate
erythropoiesis in a species specific manner in vitro (Gorde

et al Ig77) . necåntly Golde and colteagues (1980) have

described the effects of various hormones on a human erytho-
leukemic cel1 line (K562) derived from a patient with chronic
myleogenous reukemia. This cel-r rine was found to prolif-
erate in response to a wide variety of hormones such as

triiodotyronine (to-7 ¡l), prostaglandins of the E series,
insurin, human growth hormone, and ovine prolactin (Gauwerky

et al 1980a). A further report by Gauwerky (1980b) has

demonstrated that hGH is a potent stimulaÈor of the growth

af K562 cells with proliferation being evident with hormone

concentrations as row as 0.1 ng/mr with maximal stimulation
being reached at about 100 ng/mI. The Cys (Cam) 53-fr"n(l-134)

fragments of hGH and hcs were found to have only about 50å

the activity of the parent mclecule. Bovine GH was inactive
in this system while porcine insulin rvas a potent stimulator
of ceLl proliferation at concentrations of I ng/m1.

vühile an increase in cell- number or an increase in
tissue weight has been the classical index for measuring

the proriferative effect of various mitogens or growth

factors, considerable attention is now being given to the

biochemical events mediated by these factors. of particular
interest has been the discovery and characterization of
several cell cycle linked enzymes. The observation that
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folic acid is reduced to tetrahydroforate in the presence

of chicken liver homogenates (silverman et ar L954¡

Fluttermin et ar rgsT) led to the initial identifcati-on
of dihydrofolate reductase (8C1.5.1-.3; DHFR) . Subsequent

characterization át this enzyme system has l-ed to the recog-
nition of the importance of its product tetrahydrofolate
in one carbon transfer reactions, particularry its pivotal
role in thymidylate synthesis (pastore et al Lg62) .

The requirement of thymidylate as a precusor for
DNA synthesis has l-ed to the extensive use of competitive
inhibitors of DHFR, such as methotrexate (MTx), for anti-
neoplastic chemotherapy. rt has been well established that.
resistance to treatment with MTX is a coilìmon cLini-caI
phenomena. schimke and colleagues were the first to show

that the elevation of the messenger RNA codíng for DHFR

v¡as soley responsible for the altered rate of synthesis
of this enzyme (Kellems et al 1976) . rn recent years it
has been demonstrated that resistance to MTX is a resurt
of an increased level of DHFR synthesis (Hanggi et ar 1975).
The abundance of mRNA specific for DHFR has enabled this
species to be isolated. complementary DNA was then synthe-
sized and inserted into the prasmid vector pBr322 (chang

et ar 1978). These techniques arlow for the probing of
total RNA populations of cells or tissue grov/n under various

conditions and the quantitation of mRNA under these conditions.
ït has been demonstrated that both serum stimulation and
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polyoma virus infection results in an increase in accumu-

Iation of DHFR mRNA (2 to S-fold respectively) in MTX

resistant mouse fibroblasts (Kellems et al 1978). Of

particular interest in this study is the fact that dibutryl
cyclic AMP, .rra pro=taglandir El inhibit. the accumul-ation

of DHFR mRhlA under the condition of serum stimulation.

Neither of these compounds, however, have any effect on

the induction of DHFR mRNA by polyoma virus suggesting

the existence of at least two regulatory pathways for the

induction of DHFR gene. Additional studies by Johnson and

colleagues (1980) have indicated that serum stimulation of
MTX-resistant fibroblasts resulted in an increase in about

10 hours, reaching a peak (4-fo1d) about 15 hours after
stimulation. Pulse labeling studies by the same group

indicate that the half-life of DHFR mRNA is about 7.5 hrs

in both the stimulated and non-stimutated cel1s. In

addition the half-life of both the poty (e+) and poty (A-)

fractions of DHFR mRNA \¡¡ere identical- (7.5 hours). This

evidence implies that the increase in DHFR mRNA which

occurs v¡hen MTX-resistant mouse fibroblasts enter the S

phase of the ceII cycle is primarily a function of the

rate of transcription of the DHFR gene.

It is clear from these studies that cell cycle linked
proteins and enzymes may prove to be useful endpoints for
studying prolactin's mechanism of action.
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MATERIALS AND METI{ODS

Cell Culture

Nb2 Cells This cel-1 line, derived from a lymphoma

arising in the Nb2 rat, was kindly provided by Dr.

Robert Noble. These cells uJere grown in suspension
)Ín 150 cm" tissue culture flasks (Corning) or in I litre

spinner flasks (Belco). Cultures were maintained at

37"C in an atmosphere of 952 air and 5"6 COZ in a Hotpak

model incubator. The relative humidity was maintained

at 99å . Routinel-y cells were grov¡n in "Fischer's
Medium for Leukemic Cells of Mice" supplemented with both

fetal calf serum and horse serum (FuIl Growth Media).

For all assay purposes cells were transferred to Assay

I"ledia which was supplemented with horse serum on1y.

Serum products and antibiotics \^¡ere purchased from Grand

Island Biological Company (GIBCO) 
"

Full Growth Medium (1 l-itre)

Fischerrs Medium for Leukemic Cell-s
of Mice (GIBCO)

7.5e" (w/v) sodium bicarbonate

penicillin/streptomycín (cIBCO)

1 x 10-2 M 2-mercaptoethanol

horse serum (GIBCO)

fetal calf serum (GIBCO)

780 mI

10 ml

5ml

5mI

100 mI

100 ml
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Assay Meduim (Fischerrs l,ledium plus 103 horse
serum)

This was the same as FuIl Growth Media but

without fetal calf serum. (Final serum concentration

10å). Unless othenvise indicated cells tvere transferred
to Assay Medium 24 hours prior to the start of the

experiment.

s-180 and S-180 (M500) Murine Sarcoma Cells

The S-180 sacroma cell line and its lvtTX-resistant

subline s-IBO (M500) (A1t et, al L976) were obtained through

the courtesy of Dr. Rodney Kellems for use as standards for
dihydrofolate reductase enzyme activity and mRNA content.

Both cell types were grown in 150 "*2 tissue culture

fLasks (Corning) containing 40 ml of trul] Growth Media.

A l-ow concentration of sodium bicarbonate buffer permitted

the cells to be gro\^¡n in the absence of a CO, atmosphere

in tightly seal-ed culture flasks at 37oC. Routinely, the

cells were treated with Trypsinr NartrDTA (GIBCO) and

resuspended to facilitate passaging.

- Growth Medium for 5-180 (M500) cells (f litre)

Eagles Minimal Essential- Media with Hanks
Sa1ts without sodium bicarbonate (IOX) 100 ml

double distilled water

7 .5e" sodium bicarbonate

penic i 11in,/streptomycin (GIBCO )

calf serum (GIBCO)

845 ml

2.7 mI

2.5 mI

50 nl,
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Methotrexate (MTX) (500 uM final
Concentration) 237.2 mg

5-180 celIs are not resistant to Methotrexate and

were grown in the same media without MTX. Routinety 5-180

and S-180 (M500).cells were grown in monolayer culture

until they r¡¡ere approximately 752 confluent. Several

flasks would then be split 5:1 keeping these lines in

continuous passage"

Extraction of Total Ribonucleic Acid

Note: Glass\Â/are was rinsed in 0.1 N NaOH and then finally

rinsed with distilled water prior to use. Rubber gloves

$¡ere worn throughout all procedures. Al-1 buf f ers and

liquid reagents \^rere filtered through Millipore filters

(45 ¡-rM pore size). The steps were taken to minimize

RNAase contamination of samples. Unl-ess otherwise noted

samples were continually kept on ice.

Solutíons

A. 0.5å SDS
25 mM Na,, EDTA - chelator
75 mM ¡¡aÓ1
pH=8.0

B " Redistilled phenol saturated \¡rith solution
A and adjusted to pH 8.0. (This solution
is photolabile).

C. 4"0 M Sodium Acetate, PH=5.0

D. Chloroform/Isoamyl Alcohol (242I)
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Procedure

This technique \^ras employed essentially as

described by Rosen (1975). Frozen cerls were homogenized,,

in either a glass homogenizer or a Waring. Blender, in
5 ml/g of tissue in solutions A and B. This homogenate

\^¡as then centrifuged at 121000 rpm in a swinging bucket

rotor (Beckman JS-13) for 60 minutes (at 4"c). The upper

aqueous phase plus the protein interface was re-extracted
for 5 minutes at room temperature with a half volume of
chloroform and isoamyl (242r). After re-extraction the

sample was centrifuged at 4"C for 30 minutes at 12,000 rpm.

The aqueous phase was then carefully removed leaving the

protein interface behind. Proteinase K (Boehringer

Manaheim) was then added to the aqueous phase at a finar
concentration of 20 vg/mL and the sampre was incubated at
37"C for 15 minutes. One volume of both solution B and

chl-oroform/isoamyl alcohol was then added. The homogenate

was mixed vigorously for 5 minutes and centrifuged at

12,000 rpm for 30 minutes. After removal of the aqueous

phase, 5 M NaCl was added to give a final concentration

of .2 M NaCI. Two volumes of 1003 ethanol- was added and

the nucleic acids were precipitated overnight at -2OoC.

The ethanol precipitated samples were then cen-

trifuged at 12,000 rpm (4'C) for 60 minuLes and the nucleic

acids pe1leted. The precipitate was dissolved in a volume

of water 5X the original tissue weight" Solutj-on C was
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added to give a final concentration of 3 M NOAc. The

samples \^/ere chilled on ice for one hour and then cen-

trifuged at 12,000 rpm and 4"C. This sal-t solution allows

the precipitation of RNA but not DNA or smaller molecular

weight RNA molecules (Palmiter l-g74).

The RNA pelIet was rinsed in 702 ethanol to remove

the NaOAc and centrifuged for 0.5 hours, The pellet was

redissolved in a small volume of water (variable but

usualty under 2 ml) and allowed to precipitate overnight

in 0.2 M NaCl and two volumes of 1004 EIOH. The RNA was

centrifuged for one hour at L2,000 rpm and the pellet

rinsed subsequently with 702 and 1003 ethanol. The pellet

was dissolved in water and stored at -70oC. While yields

v¡ere variable, usually 1.0-1.5 mg of RNA v¡as extracted from

one gram of Nb2 cells.

Preparation of Polv (A+) RNA bv oligo (dT) Cellulose

Chromatography

This technique involves the application of total

cyloplasmic RNA to an oligo (dT) affinity column which

under the conditions of high salt concentration binds the
!poly A' tails of nRNA molecules thus enabling separation

of this species from ribosomal, transfer and poly (A ) RNA.

(Aviv et al L972)
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Buffers

Binding Buffer: (High Salt) 0.5

0.01 M Tris-HCI (pH 7.6) and 0.001 M NaTEDTA

Elution Buffer: (Low Salt) 0.01

(pH 7 .6) and 0.001 M NaTEDTA"

M KC],

M Tris-HCl

Procedure

Prior to application to oligo-dT cellulose
(Collaborative Research, T3), the RNA sample was cen-

trifuged at L2,000 rpm for 10 minutes to remove any

insoluble impurities. Tris-HC1 (pH 7.6) and NaTEDTA were

added to the RN-A sample which was then heat denatured in
boiling water for two minutes. The sample was then quickly

cooled on dry ice, ethanol and KCI added to give a final
concentration of 0.5 M KCI. (Note: The final concentra-

tion of RNA prior to application was L mg/mL. Between

5.0 and 10.0 mg of RNA was applied to the column.)

The RNA sample now in Binding Buf fer, \^/as applied

to the oligo (dT). The first portion of the RNA sample

which did not bind is described as the first Flow Through.

The concelntration of RNA in the first Flow Through was

followed by UV absorbance at 259 nrn with an absorbance

monitor and recorder (ISCO). After the RNA was applied,

the column was washed in Binding Buffer until the

absorbance returned to the -J¡ase1ine. The poly (a+) RNA

$/as "melted." from the column with Elution Buffer and

colLected. The poly (a+) RNA was then reapplied to the
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olgio (dr¡ column in the presence of Binding Buffer. The

unbound RNA (about 508 of total) was washed through the

column with Binding Buffer until it was undetectable

with the UV absorbance monitor. The poly (a+) RNA was

"merted" from the column with etution buffer collected,
and precipitated overnight in 0.2 M KCI and 7oz ethanol_.

The sampre was perleted at12,000 rpm and subsequently

rinsed once with both 7Oe" and I00e" ethanol.

Normally 1.0å to 2.02 of the total RNA applied to the

column would bind. Subsequent rebinding to oligo (df)

cellul-ose resulted in about a 504 recovery. Approximately

a 100 to 2oo ford purification of poly (A+) RNA was rearized
from this technique"

Transformation of Bacteria

The recombinant plasmid pDHFRr, (chang et at rgTB),

which consists of cDNA made to mouse dihydrofclate reductase

gene was inserted in the Pstr site of the pBr322 prasmid (courtesy

of Dr. Robert Schimke). This plasmi_d, by the standard

technqiue of calcium shock (Cosloy Ig13), was int.roduced

into the-E" coli strain RR1"

Solutions

L-Broth (pH 7.0) - NaC1, 10 gm/L; Bactotryptone

10 gm/L; Yeast Extract 5 gm/r. This mixture was brought to
vol-ume with double distilled water and autoclaved

Wash Buf fer : 0.1 IvI NaCl, 5 mM MgC1, and. 5 mM

Tris-HCI, pH 7.6.
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Transformation Buffer 0.I M CaCIT O.2S M KCl

5 mM l4gCI, and 5 mM Tris-HCl (pH 7.6).

General Procedure

A sma]r1 (125 mI) Pyrex screw-cap culture flask
containing 25 ml of L-Broth was innoculated. with the E.

coli strain RRI and allowed to incubate overnight at 37oc

in a controlled Environment Incubator Shaker (New Brunswich)

The density of the cultures was monitored (550 nm) using
a Bausch and Lomb spectrophotometer. The curture was used

when the bacteria reached a density between o.zB and 0.32

o.D. units. Bacteria were centrifuged at about 1000 xg for
10 minutes. The pellet was then washed twice with two 25

m1 portions of wash Buffer and resuspended in 20 ml of cord

Transformation Buffer. This mixture was kept on ice for
30 minutes " This hypotonic buffer provides an "osmotic
shock" to the bacteria causing the cells to swel-l creating
pores in the membrane which alrow movement of plasmids into
the ceIls. The cerls $rere then resuspended in 0.4 ml of
Tranformation Buffer. To this solutionwas added 0.2 mf of
plasmid solution (nDHFRrr) at a concentration of 0.1 vg/mr
in 0.1 M Nacl- + 5 mM Tris-Hc1, pH 7.6. This suspension

wasmaintained on ice and gently shal<en every l0 minutes

for 60 minutes. Transformed bacteria (0.05 mI) were then

thinry spread on agar prepared with tetracycline (50 vg/mr)
and incubated at 37"C for 24 to 48 hours.

cloning of DHFR cDNA into the pstr site of pBR322

does not interfere with the ability of this plasmid to con*
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fere tetracycline resistance to the bacteria. Following

streaking of the agar prates, colonies of tetracycline
resistant and thus PDHFR2r containing RRr bacteria gro\¡/.

Routinery 200 to 300 colonies wilr result from this trans-
formation. rhese cultures are then stored on agar at
4"c.

Preparation of plasmid DNA

To obtain large quantities of recombinant prasmids

it was necessary to gro\¡¡ titre quantities of transformed

bacteria. These celrs are then lysed and the plasmid DNA.

was separated from bacterial genomic DNA on the basis of its
bouyant density on cscl gradients essentiarly as described

by Kahn et al (1979).

Reagents

*4. (10X) M9 salt solution; NarHpO 4-7H2O
70 gm/L; KFITPO* 30 gn/I; NaCl S gm/I; NH*CI 10 gm/L.

Brought to volume with double distilled water.
?tB. L-Broth (pH 7.0) : NaCI 10 1m/I¡

bactotryptone 10 gm/I; yeast extract 5 gm/I (GIBCO)

*C. M9 Culture Medium (per litre) : distilled
water 840 ftl, 10X M9 100 ml; 0.0I M CaCl?, 0.I M MgSon.7H2O,

10 mt; 2OZ glucose 20 ml; 2OZ casamino acid, 20 ml and

2 mg/mL thiamine, I mI.

D. Triton solution: 10% Triton X-100 (lO

ml); 0.5 M NaTEDTA, pH 8.0 (125 mI) ; 1.0 M Tris, pH g.0

(50 mI), and distilled water to make 1.0 litre.
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E. 252 sucrose i-n 50 mM Tris:HCl, pH 8.0

F. 10 mglml lysozyme (Sigrna) in 252

sucrose/sO mM Tris-HCl, pH 8.0 (Make just prior to use)

c. 0.5 I{ NaTEDTA, pH 8"0

ú. 10 mgrlml ethid.ium bromide solution in

50 mM Tris-HCI, pH 8.0, "l ¡,1 NaTEDTA

I. 2"0 M NaOAC, pH 5.0

(* indcates autoclaved)

Bacterial Culture

Twenty-five ml- of L-Broth containing L2.5

pg,/ml of tetracycline rvas inoculated with transformed RRI

cel}s and incubated at 37oC overnight. To each liter of

M-9 culture medium 5 ml- of this starter culture was added"

The bacteria !,/ere incubated at 37oC witha gyro rotation

of 200 rpfr, their density being monitored spectrophoto-

metrically at ASSO. At a density between 0.6 and 0. B

absorbance units, 100m9 of chloramphenicol- was added to

each litre of bacteria. Incubation was continued for

12 to 16 hours. This antibiotic inhibits proLein syn-

thesis, and genomíc DNA replication but aIlows replication

of plasmids. The cells are centrifuged at 6000 rpm

(Beckman, JA-10) for 20 minutes at 4"C and then rinsed in

Transformation Buf fer.
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Cell LVsis and Isolation. of Plasmid DNA

This technique is a modification of the procedure

described by Colman et aI (1978). Litre cultures of
bacterial cell-s are suspended in 6.25 ml of 25? sucrose/

50 mM Tris-HCI pir 8.0. Lysozyme (15.0 mg) \¡/as added and

the suspension is shaken periodically on ice for 5 minutes.

Sodium EDTA (0.5 l¿) \^¡as added (1.5 ml) and the mixture

was swirl-ed well for 5 minutes. Finally t0 mI of Trition
solution was added and this mixture was shaken periodic-
ally for 15 minutes on ice. The lysed cells were centri-
fuged at 19,000 rpm (Beckman JA-20 rotor) for 30 minutes

at 4oC. The supernatant (lysate) was carefully decanted.

Tris-EDTA (50 mM) pH 8.0 was added to each sample

of lysate to bring the volume up to 20 mt" By gentle

shaking, 19 gm of CsCI was dissolved in the lysate.
(Final volume was 25 mI at a CsCl concentration of 0.95

gm/Iitre). Two and one half mI of 10 mg/mL EtBr was

added to each lysate sample. This was transferred to
polyallomer centrifuge tubes and centrifuged at 38,000 rpm

for 60 hours at room temperature (Beckman Ti 60 rotor).
The centrifuge tubes were then scanned visually under

UV light revealing two prominent bands separated by about

I cm. The lower band was the plasmid DNA which because

of its super coiled structure has a greater density. The

lower band was removed from the gradient using a 2I gauge

needle and 3 cc syringe. The EtBr was removed from the



24

sample by two extractions with Iso-Amyl a1cohol. The

final aqueous phase was diluted three-foId with water.

Sodium acetate (2.0 M) pH 5.0 was added to produce a

final salt concentration of 0.2 M. The DNA was precipitated
overnight with tïo volumes of 1003 ETOH at -2OoC. The

sample was centrifuged at LI,OOO rpm for 40 minutes

(Beckman JA-13 rotor) " The pellet of plasmid ONA was

dissoÌved in 0.5 ml of water and NaOAc \das added to make

a final concentration of 0.2 M sa1t. Two volumes of 100å

ETOH are used to reprecipitate sample. Following cen-

trifugation at 12,000 rpm the DNA was dissolved in about

0.1 ml of water" The average yield of plasmid OnA as

determined by a UV spectrophotmeter was 0.25 mg per liter
of bacteria.

Nick Translation of Plasmid DNA

This technique was utilized to incorporate
?a
"P deoxynucleotides into double stranded DNA (Rigby et al,
L9771. The enzyme DNA Polymerase I has inherent DNAase

contamination in most preparations. Incubation of plasmid

DNA and this enzyme with Lhe appropriate buffer, suffi-
1',)

cient Ia--oP]deoxynucleotides and cold deoxynucleotùdes

results in "nicking" of the DNA by the contaminent endo-

nuclease. Subsequent repair by Polymerase I with l-abel-ed

deoxynucleotides yields dou-ble stranded probes of high

specific activity.
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Reagents

IOX Salt Solution: 500 mM Tris-HCI' PH 7.6¡

75 mM MgClr;, This solution is heated to 6BoC for 15' to

inactivate DNAase then filter sterilized-

Z*¡t.rr.ptoethanol (14. 3 m¡4)

DNA Polymerase I (E. cot! from Bohringer

Mannahiem)

Stopping Buf fer: 30 mM NaTEDTA; 3e" SDS;

600 ug/ml sheared salmon sperm DNA (Sigma).

Elution Buffer: (G-50 Chromatography) 10 mM

Tris-HCl, pH 7.6¡ and 100 mM NaCl.

Deoxnucleotides: (dATP, dCTP, dGTP and dTTP)

made up to a concentration of 10 mM"

Procedure

About 250 uci of 3'n 
( a ) -detp and 32p 

(er ) -dcrP

(Amersham Corp, Specific Activity 400 Ci/mMol) was flask

evaporated to dryness. Unlabeled deoxynucleotides, flTTP

and dGTP are added so that their final concentrations are

30 ¡rM each. Rad.io1abeled triphosphates \¡/ere used at a

hot/cotd ratio of 2tI, their final concetrations being

about I úM. Salt Solution (10x) was added to give a

final concentration of lX. 2-Mercaptoethanol (14.3. 14) was

added its final concentration being 10 mM. Approximately

5 units of DNA Polymerase I (Boheringer Mannahiem) and I

pgm of plasmid DNA was then added to the mixture. The

reaction mixture was brought to a final volume of 150 pl
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with double distilred water, mixed thoroughly and main-
tained at 15oC in a water bath for two hours.

The reaction was stopped by the addition of 45 ur- of
stopping Buffer and incubation at 6goc for 15 mi-nutes.

Transfer RNA (Bd ug) was added to the reactÍon mixture.
The labeled DNA was separated from the free deoxynucleotides
by G-50 Sephadex chromatography. Fractions (.75 ml) were

corlected and 5 u1 aliquots counted to determine the loca-
tion of the nick-translated product. Those fractions
containing the 32p-1.bu1ed plasmid DNA were poored and the
product was precipitated with a final concentration of
0.2 M Nacl- and two volumes of 1002 ethanol. Routinely
1 ug of plasmid incorporates 40 to r00 milrion cpm of 32n.

In Vitro Translation of polv (A+) mRl¡e

This technique (Evans et ar l-969) was used to
search for differences in translational activity of the

-Lpoly (A') mRMA species found in quiescen¡ and stimulated
Nb2 celI cultures. Total RNA was extracted from Nb2

cul-tures as previously described. purification of poly
+(A') RNA was accomplished by two subsequent applications

to an oli-go (df ¡ column. Translation of poly (e+) RNA

tnras carried out in a 1.5 ml microfuge tube using reagents
supplied in reticurocyte rysate transration kit (New Engl_and

Nuclear, Boston Mass.).



27

Routinely a good translation would yield about L.25 x 106

cpm incorporated into TCA precipitable protein"

Polyacrylamide Gel Electrophoresis of Protein

This procedure was utilized to separate trans-

lation products of the ..reticulocyte lysate translational

system. A 4Z stacking ge1 was poured over a I4Z resolving

ger.

Stacking GeI:

Acrylamide-BIS (30:0.8) 3.8 mI (of 402) ¡

stacking gel buf fer, 20 ml; d.d. FI2O, 13.7 mt; TEMED 40 ul;
108 ammonium persulfate, 600 u1.

Stacking Gel Buffer; (f litre)

76.6 mI Tris-HCI I M, (pH 7.6) ¡ 20 ml of 10å

SDS; 20 ml 0.2 M NaTEDTA (pH 6.5) "

Resolving Gel; (148)

Acrylamide-BIS (30:0.8) 21 mI (403); resolving

ge1 buffer 30 ml; dd nZ}, L.4 ml; TEMED,40 ul; 10å

ammonium persulfate, 600 u1.

Resolving Gel Buffer; (1 litre)

536 pl Tris-HCl 1 M (pH 8.0); 20 ml of SDS

(108) 'ì 20 ml of 0.2 M NaTEDTA, (pH 8.9) .
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Reagents

Rabbit Reticulocyté Lysate: This lysate

contains alI the cytoplasmic factors necessary for trans-

lation of mRNA into protein. In addition the lysate has

been treated with a calcium activated nuclease to digest

any endogenous reticulocyte mRNA.

Translation Cocktail: This is a mixture of

spermidine, creatine phosphate, dithiothreitol and

guanosine triphosphate in N-2-hydroxyethyl piperazine

N-2-ethane sulphonic acid (concentration not given).

ReacÈion Mixture (for each typical mRNA
sample) :

mRNg" (1 rg/I0 ul)
L-["s]-Methionine
Translation Cocktail
I M Potassium Acetate
Magnesium Acetaten 50 mM
Reticulocyte Lysate

5 uf2v1
2vr
2vr
0.5 ¡1110 ul

Double distilled deionized water 4.5 u1

Total- Volume 25 ul
AII reagents ÌÁ/ere kept on ice unt.il the reaction was

begun" The reaction mixture was mj-xed and incubated for
one hour at 37"C. The reaction was stopped by placing the

sample on ice. Trichloroacetic acid (202) was then used

to precipitate those counts of radioactivity incorporated

into protein in a 2 vL aliquot of the reaction mixture.

This precipitate was collected by filtration on a Millipore
filter apparatus (filter paper type HA, pore size 0.45 mM).

The filters were then dried and counted in a liquid
scintillatj-on counter (Beckman) using Liquiflour as a solvent.
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Electrode Buffer: (1 1itre)

Tris-HCI , 20"35 9¡ Glycine , 142.5 gì 10å

SDS, 50 mI; 0,2 M NaTEDTA, 50 ml; final pH g.3.

Denatufing Cocktail:

4Z SDS; Aeo 2-Mercaptoethanol; ZOZ glycerol;
and 0.18 bromphenol blue.

samples of labeled protein were treated with equal
volumes of denaturing cocktail and brought to a final- volume

with equar volumes of erectrode buffer. The gel was run at
25 mA at room temperature for 3 to 4 hours. This was

followed by treatment in 509 TCA for one hour and an over-
night rinse in dd rJ20. The ger was placed for 3 hours in
DMSO a 202 p"p"o. water was used in the final rinse of the
gel which was then dried overnight under a vacuum (BioRad).

An autoradiogram was exposed for 24 to 48 hours.

Restriction Endonuclease Mapping of plasmid DNA

This technique was used primariry to positivery
identify the plasmid DNA isorated from the RRI bacteria.
Partial restriction map of both the cDNA made complimentary

to dihydrofolate reductase have been published (Chang et aI
1978). samples of pDHFR2r were incubated with various re-
striction enzymes in the appropriate buffer. simian virus
40 DNA and pBr322 plasmid DNA vrere used as molecular weight
standards.
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Reagents (all restriction exnzymes were obtained

from Boheringer Mannahiem)

Enzyme

ol" I

Hind II

Hpa Iï

Pst I Tris-HCI, .01 mmol-/I; NaCl 50
mmol/l i MgCIr, L0 mmol/l; pH 7.0

Routinely 4 ug of plasmid DNA was digested with four

units of a given restriction enzyme in the appropriate buffer

for one hour at 37"C (final volume 30 u]). The reaction

was stopped with 5 r,f of 108 SDS followed by treatment

at 68oC for 15 minutes. Tracking dye (l ul) composed of

0.13 Bromophenol blue, 508 glycerol and 1.5% Ficol1 was

added to the sample before it was applied to a 5U poly-
acrylamide geI. Electrophoresis \^/as carried out at 15 mA

and 200 V for about four hours during which time the tracking

dye had mi-grated about 10cm. The gel was Ètaj-ned with

500 rnl 0 " 5 pg/ml of ethidium bromide for 15 minutes and

then rinsed in distilled water. The gel was viewed on a

UV tight transluminator and a polaroid photograph was taken.

Reaction Buffer

Tris-HCl buffer, 6 mmol/li Nacl,
50 mmolrzl; MgCL, 6 mmot/Orr; 10
mmol/I; pH 7.6

Tris-FICl, 10 mmol/}; NaCI 50
mmol/]; MgCl1r 10 mmol/l-; DTT
15 mmol/l; pÉ 7.6

Tris-HC1, 10 mmolr/l; MgCl- ¡ 10
mmol/l, and DTT/mmoL/Ii pÉ 7.5
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+
Detection of Specific PoIL (A') RNAs Uåing

Nitrocellulose Filter Hybridization

This technique is useful for detecting specific
+poly (A') RNAs Which are normally present in low concentra-

tions (Thomas 1980). In general total cytoplasmic RNA or
+poly (A') RNA was electrophoresed on a denaturing 1.5%

agarose (BioRad) gel. The two denaturing agents used were

5.0 mM methyl mercury hydroxide or 2.2 M formaldehyde.

Methyl MercurY Gels

(Used in fume hood only). These gels were

prepared by a modification of Wieslander (I979 ) technique.

Agarose was dissolved in E buffer (50 mM boric acid, 5mM

sodium borate, l0 mM sodium sulphate, 0"1 mM NaTEDTA'

pH 8.2) at l0OoC (fínal concentration of agarose is 1.3å

w/v). Just prior to pouring 50 mM methyl mercu.ry hydroxide

(AIfa) was added to make a final concentration of 5 mM-

The RNA sample was dissolved in an equal volume of 508

glycerol, l0 mM methlzl mercury hydroxide and 2X E buffer wÍth 0.12

bromophenol blue. The sample \i¡as 'electrophoresed at 25-35

volts at room temperature for L2 to 16 hours in E buffer.

Under UV light RNA may be visualLzed prior to transfer to

nitrocellulose following staining with 0"5 vg/mI of

ethidium bromide"
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Formaldehyde Gels

Formaldehyde gels at a final concentration
of 2.2 I"I were used to denature RNA.

I 0X flil.ruiì /-+r¡,'u<,Buf f er

200 mM NaHepes, 50 mM NaOAc and 10 mM

NaTEDTA (filtered), Þnaturing solution , gO pI of 10X

denaturing buffer, 450 u1 of 9BA formamide (chelexed and

filtered 146 ut 37oc formaldehyde and 64 ul of doubre

distill-ed water "

Loading buffer

Sodium phosphate (20 nM), pH 7.0, 50A glycerol,
and 0"18 bromophe¡rol b1ue.

Sample Treatment

One volume of RNA solution was mixed with
five volumes of denaturj-ng solution" This mixture was then
heated to 50"c for 15 minutes and quickly cooted on ice.
Next two volumes of loading L:uffer are added to the sample.

The ger was run at 25 to 35 v at room temperature for L2

to 16 hours "

Transfer to Nitrocell-ul-ose

Following electrophoresis the gels were

treated with 0. r N NaoH for 30 minutes foll_owed by neutral-
ization with 0.1 M Tris-HCI pH 7.0 for 30 minutes. The

ge] r'ras then placed on a sheet of vfhatman filter paper
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saturated witfr 2OxSSC (3 M NaCl 0.03 M Trisodium citrate).
A sheet of nitrocellulose paper is then placed on top of the

gel. The nitrocellulose paper (Schleicher and Schuell)

then in turn was åo-r.r.¿ by a layer of paper towel-s. The

2OxSSC buffer passes through the gel by way of a filter
paper wick and through the nitrocellulose paper into the

layer of paper towels by capillary action" The RNA moves

from the gel with the 2OxSSC buffer to the nitrocellulose

h¡ere it is retained. (The Whatman fílter paper is kept

continually saturated with 2OxSSC and the transfer is

allowed to proceed for at least twelve hours) . The

nitrocellulose filter rvas then dried at BO"C in a Thelco

oven and stored in hybridization buffer (see following

section) in a Sears Save-N-Seal- bag until use.

Detection of Specific mRNA Bound to Nitrocel-Iulose

Filters Using cDNA Probes

Messenger RNA separated on denaturing gels and

transferred to nitrocellulose filters can be probed for

the presence of a specific mRNA speicies with 32n cDNA.

Excess and non-specific cDNA can be removed from the nitro-

cell-ulose filters by repeated washing in low salt buffers.

An autoradiogram can then be prepared indicating the presence

and the size of a specific mRNA.
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Hybridization Buffer

Dextran Sulphate I0?; 508 formamide; 0.9 M NaCl;
50 mM sodium phosphate, pH 7.0¡ 5 mM NaTEDTA; O.IB SDS;

0 -022 (w/v) BSA., o.o2z (z/v) Ficorr î o.o2ea (w/v) poryvinyl-
pyrrolidonei and 2oo vg/mr of sonicated salmon sperm DNA.

procedure

Each 10 cm by 15 cm nitrocellulose filter
was placed in a sears sear-N-save bag along with about 3 ml
of hybridization buffer. The bag is then seared and atr.owed
to ¡pre-hybridize' in a water bath at 420c for about four
hours. The nick-translated .DNA probe was heat denatured
in the presence of 0.001 M NaTEDTA at 100oc for five minutes.
Hybridization buffer was then added to produce a finar_
concentration of about 3 million cpms/ml. The nitrocellu_
lose firter was removed from the bag in which it was pre-
hybridized and placed in a new bag along with about 3 mr of
32n cDNA/hybridization buffer mix. The bag was then seared
and the cDNA probe was atrowed to hybridize at 42oc for
about 24 hours - The nitrocer-r-ur-ose firter was rinsed with
two changes of 250 mr of 0,36 M Nac1, 20 mM sodium phos-
phater pFI 7.0, 2 mM NaTEDTA, and O.reó sDS at room tempera-
ture for 15 minutes - This was follov¡ed by a rinse with
two changes of 250m1 portions of 18 mM Nacr_ ? r_ mM sodium
phosphate, pH 7.0, 0.1 M NaTEDTA, and 0,Is SDS. The
nitrocellurose filter was then placed in a film cassette
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v/ith Kodak x*Ray film and a flurograph was exposed for
variable periods of time at -70oC.

Pre qgtion of Aminobenzylo met r (ABM)

Nitrobenzyloxymethyl (NBM) papers were purchased

from schleicher and schuell (Keewe, New Hampshire) . Act-
iviation of NBM paper to ABM paper is accomplished

essentially as descr.ibed by Alwine et al (Ig77) . A 20x20

cm sheet of NBM paper was immersed in 160 mls of 2oz (w/v)

sodium dithioninte at 68oc for 45 minutes, t_he temperature

being maintainéd by a water bath (this should be done a

good fume hood) . Tire paper was t.hen washed several times
with water follovred by several rinses in 308 acetic acid
and be several more rinses in water. The paper was allowed
to air dry and was then stored dessicated. at 4oc until use.

Diazotization of ABM paper- 
,t9.*DBM paper and subsequent

Linkage of RNA

This technique, as described by A1wine et a1

(1977) , involves the diazotization of the amj-no group of the
aminobenzyloxymethyr group to faciritate covarent linkage
of RNA through the 2-position of guanosine. A piece of
ABM paper v¡as placed in125mr of ice col-d L.2MHcr (0.3mI percm

of paper) and 0.3 mI of 10 mg/ml sodium nitrite was added.

The paper was kept in sorut.ion on ice for 30 minutes with
occassional shaking" The paper was then v¿ashed several
times in acetone. Transfer of RNA Lo diazobenzyloxymethyl

1-
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paper (DBM) \^las hegun immediately as the diazo groups are

quite unstable.

Transfer of RNA from Agarose Gels

This {vas qccomplished in an analagous manner to

the transfer of RNA from agarose 9e1s to nitrocellulose

paper by the blotting technique described earlier. Following

the transfer, horvever, the paper was treated at 42oC in

hybridization buffer (see below) and lE (w/v) glycine for

24 hours. The glycine was necessary to inactivate any

remaining groups. ïf hybridizatíon was not done immediately

the paper v/as stored at 4"C.

Direct Application of RNA to DBM Discs

Total RNA extracted from the Nb2 cell line was

applied to 11 mm circles of DBIvI paper in a quantitative

fashion. Total RNA in concentration between 1 pg and 25 ug

in 0.1 ¡4 sodium phosphate buffer was brought to a final

vol-ume of 30 ul and pipetted directly on to l-1 mm discs

of DBM paper. These discs $tere incubated in hybridization

buffer at 42oC with IE (w/v) glycine then stored at 4"C

until- hybridized with cDNA probes "

Hybridization of RNA Covalently

or Immobilized on Nitrocellulose

The following procedure with

rtras originally described by Wahl et al

paper and nitrocellulose Paper, linked

Linked to DBM Paper

with 32n cDNA probes

minor modification

(L979). Both DBM

with RNA were
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pre-hybridized for at least 2 hours in hybridization

buffer at 42oC.

32n cDNA Probes

This ¡rrobe was prepared by nick translation as

described previouslyo yielding a specj-fic activity between

40 million and 100 million cpm ,/ug of cDNA. Normally

between r0 mill-ion and 20 million counts v¿as used for each

20 cm x 20 cm sheet of either DBM or nitrocellulose paper,

or for every hundred 0.11 cm circles of DMB. The probe

Ít¡as dissolved in about 70 ut l mM NaTEDTA and heat denatured

at 100oC for about five minutes fotlowed by immediate

addition to about 3 ml of hybrid.ization buffer. The DBM

or nitrocellulose paper was placed in a Sear,s Seal-N-Save

bag with 3 ml hybridization buffer containing 10 million
?,)

cpm of "P cDNA. The air bubbles were removed from the bag

prior to final sealing to,,ensure uniform exposure of the

paper to thre cDNA probe. The sealed bags were then placed

in a water bath at 42oc and allowed to hybridize for 24 hours.

Quantitative hybridizations with the Il mm DBM circles
were performed for variable lengihs of time at 4ZoC"

Following hybridj-zation extensive rinsing was required

to remove all 32n non-specifically associated with the paper.

The paper was rinsed twice with 250 mI portions of

lxssc for 15 minutes, folrovzed by two rinses with z5o mr of
0.O1xSSC at 40"C. Sheets of paper containing RNA trans-
ferred from gels t{ere placed in a clean
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seal-N-save bag and loaded into a film cassette with
Dupont Cronex X-ray film. A one hour exposure v/as

forlowed by a longer exposure of variable length (24

4B hours). Hybridizations performed using 11 mm discs
of DBM were quantitated by counting each.disc in Aquasol
in a chicago Nuclear rsocap 300 liquid scintillation
counter.

Liquid Hybridization of 32, 
cDNA with Total

Cellular RNA

This technique was emproyed to quantitate the
level-s of a specific mRNA species in total- cerlular RNA

essentially as described by Monaham et a.t Ãg76).

Hybridization Buffer;

2.4 NaCl

0.04 M Hepes

0"008 M NaTEDTA

Sl Nuclease Buffer;

0. B M sodium acetate pH 4.s

1.6 M NaCl_

10 mM zinc sulphate"

S1 Nuclease (from Aspergillus oryzae) was

purchased from BoehringerMannaheim (Iyophilzed) . (1xl06

unj-ts dissolved in 3 ml of 0.01 M NaOAc, pH 5"0)

The react,ion mixture contained about 2000 cpm cDNA,

12.5 ui of 4X hybridization buffer, t=RNA (carrier) 20 lrgr
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and the RNA sample between 2 ¡Lg to 50 ug. The final volume

was brought to 50 ul with distirled v/ater. The reaction
mixture was heated to r00oc for five minutes in 2 mr Kontes

IrÍicrofrex tubes. and then incubated at 68oc for a constant

period of time" The reaction was stopped by quick cooling
on dry ice and ethanol.

To quantitate the 32p cDNA which has hybridized to its
comprementary RNA species, it was necessary to remove arl
non-hybridized 32n cDNA. This wâs ¿ssemplishedby the add=

ition of Sl nuclease which wilt digest aII single stranded

nucleic acid morecules but will not digest DNA:RNA hybrids

or doubl-e stranded DNA. Each sample was treated with a

mixture of 200 ul of 51 nuclease buffer, 5.0 ul of 51

nuclease and 145 ul of distilled water" This solution
was thoroughty mixed with the sample and allowed to incubate

at 37"C for two hours. The samples \^rere then cooled on

ice and two drops carrier albumin (1 mg/ml) was added to
each vial. The hybridization vials were each fi1led with
cold 202 TCA, mixed and fittered through individual
Millipor-e type HA 45 um fil-ters in a ô{illipore filter box;

(The vials were rinsed twice with 2OZ TCA). The filters
v/ere dried at 70oC and counted in Liquiflour,/toluene in a

Chicago Nuclear liquid scintillation counter. )
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Dihydrofolate Reductase Activity As.say

Dihydrofolate reductase (DIIFR: 8C1.5.1.3) activity was

measured in the Nb2 ceII line as described by Rothenberg

(1966) and modified by Alt. (L976) . The substrate dihydro-

folate is insoluble in 17 mM zLnc sulfate while the product

tetrahydrofolate is soluble. Precipitation of the 3"-

labeled substrate and subsequent determination of levels

of the product, by liquid scintillation counting is the

basis of this assay.

Reagents

Hank ! s Balanced Sal-t Solution
0"1 M Tris pH 7 "0potassium acetate 1.25 M
NADPH 0.01 M (Carbonate buffer pH 9.9)
zi-nc sulfate 0.17 M
folic ãcid 0.027 M
glacial acetic Acid
3H-folic acid (58 CÍ/mmol; Amersham)

Procedure

About I x tOB u¡Z cells were washed twice with
Hankrs balanced salt solution and sonicated for 20 sec in
0.1 M Tris pH 7.0 at 4l<c. The disrupted cells vrere then

centrifuged at 20, O0O rpm (Beckman J-2I rotor) at 4oC for
one hour" Aliquots of the supernatant "ce1l extract" \,,/ere

assayed immediately or frozen for determination of protein

content.

The reaction mixture consisted of potassium a.cetate,

.125 M; NADPH 0.001 M; 3t¡-foli" acid, 1 x tO-B ¡l; and

p1 to 80 ul of Nb2 "cell extract". The reagents were

0

5
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combined in a 1.5 ml Eppendorf tube and the final volume

brought to 200 ul with 0.01 M Tris pH 7.0. The final pH

of the reaction mÍxture was approximately 4.3. The reaction

uras stopped by the addÍtion of 20 ul of 0.027 14 folic acid,

20 ¡.r1 of 0.17 14 zinc sulphate and 5 uI of glacial acetic

acid. This mixture was then centrifuged aL 18,000 rpm

(Beckman JA-21 rotor) at AoC for 15 minutes to pellet

total folic acid. Aliquots of the supernatant, containing

the solubl-e product tetrahydrofolate, were counted in

Aquasol (New England Nuclear) in an LKB model I2L6 liquid

scintillation counter. All samples \¡¡ere done in either

duplicate or triplicate and corrected for by a blank

containing either a heat denatured cel-l extract or no

cell- extract.

The activity of DHFR was expressed as nmoles of tetra-

hydrofolate produced per ce1l per hour at 37"C. Protein

content of the cell extract was determined as described by

Lowry (1951).

?
Incorporation of "H*Thvmidine into. .DNA,

-6Assay media (1.5 ml), containing Nb2 cells (f x 10'

cells/ml) was incubated in tissue culture welIs (Costar)

at 37çC in a 952 air, 5å COZ atmosphere" Samples v/ere

pulse*labe1ed for one hour with 5 uCi of 3g-thy*idine

(Amersham 58 Ci/mMol) at various times" The cells were then

centrifuged at 10,000 xg for three minutes, rapidly frozen

on dry ice,,/ethanol and stored at -70oC until processed.
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Extraction of DNA was accomplished by modifications of
the technique described by Scheider (1945). Pellets of
Nb2 cells vrere extracted with cold 103 TCA (0.5 ml) and

kept on ice for 15 minutes. Samples were then centrifuged

at 10,0û0 xg for three minutes. This procedure v/as then

repeated. Following the second extraction with cold TCA,

58 TCA (0.1 mI) was added to each sample which was then

heated to 100oC for 30 minutes. This step breaks down

the DNA molecules causing them to become soluble. The

samples \^rere then centrifuged at 10,000 xg for three minutes

to pellet that material which was not soluble. The amount

of radioactivity in the supernatant was determined by

liquid scintil-lation counting using Aquasol (NEN) as a
solvent.

fluutveaç
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RESULTS

Procluction and Purification of Plasmid DNA

Pl-asmids are circular extra chromosomal pieces of DNA

found in bacteria. Great variation is found in the size of

these elements which may range from a few thousand bases

pairs up to 202 of the size of a bacterial chromosome "

Certain subclasses of plasmids are important for transferring
sex factors between bacteria while others contain the genes

specifying the proteins which confer resistance to anti-

bodies such as tetracycline and ampicillin. The ability to

confer antibiotic resistance, and the ability to replicate

independently of bacterial chromosomal DNA are the main

characteristics of plasmids which allow for their utiliz-

ation as vectors for the cloning of segments of eucaryotic

DNA.

Complimentary DNA (cDNA) prepared from murine dihydro-

folate recluctase mRNA and inserted into the PstI site of

the plasmid pBr322 was utilized for these studies (courtesy

of Dr. R"T. Schimke, Stanford University). This plasmid,

designated pDHFRrrr has been partially characterized (Chang

et al 1978) . The DHFR cDNA insert was 1500 base pairs in

length. It contains the entire 3' unÈranslated region of

the DHFR gene while the entire 5' untranslated region and

the first 240 nucl-eotides of the coding region of the DHFR

gene are absent from this clone"
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Following the transformation of E" coli RRl with

pDHFRrl, these bacteria were streaked on agar plates contain-

ing tetracycline (0.5 pg/ml) . The colonies which grew on

this substrate v/ere resistant to tetracycline confirming

they cont.ained an antibiotic resistant plasmid. Several

liters of bacteria were grown and prepared as described

in the Materials and Methods section. Cesium chloride
gradient centrifugation of the bacterial DNA resorved two

distinct species. Most DNA visualized following ethidium

Ì¡romide staining and UV illumination was chromosomal in
origin. Pl.asmid DNA, because of its "supercoiled" nature

has less bouyant density and. migrated as a distinct band

about 1 cm ahead of the genomic DNA (data not shown).

The yield of plasmid DNA varied from preparation to
preparation usually ranging from l_50 to 600 vg/Iítre. rt
is likely that this variation is due to subtle differences

in the lysis of the bacteria. As described in the Materials

and Methods section, each litre of bacteria was centrifuged

and the pelleted bacteria resuspended in 252 sucrose. At

this point lysozyme was added and the mixtu.re shaken contin-
uously on ice for five minutes " Some bacterial pellets were

more difficult to resuspend requiring more vigorous disrup-
tion and therefore greater lysis of the cel-ls. sright vari-
ation in the total time that the cells \¡/ere exposed to

lysozyme resulted due to the simultaneous processing of
several samples. Both of these factors ',¡/ere responsible

for variation in the degree of lysis of individual samples.
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were not sufficiently lysed would not release

cells which were over-Iysed would release aII

reducing the yield of the plasmid DNA due to

association of the plasmid DNA with the genomic

Characterization of Isolated Plasmid DNA

The entire nucleotide sequence of the pBr322 plasmid

previously has been described (Sutcl-iffe 1978). Partial

restriction endonuclease mapping of DHFR cDNA also had

been published (Chang et al 1978; Nunberg et al 1980) . It

is possible to predict the size of the DNA fragments gen-

erated with certain restriction endonucleases.

Restriction enzyme digestion of plasmid DNA was ana-

lyzed after electrophoresis on a Seo polyacrylamide ge1

(Figure 1). Lane B demonstrates the restriction pattern

resulting from HPA II digestion of pDHFR2I. Lane C contains

HPA II pattern of the standard pBr322 (Figure 2 and Table 1).

The pBr322 plasmid has 26 sites where HPA II will recognize

and cut the sequence C/CGG (Tab]e 4). The CDNA made to

DHFR mRNA has been shown to contain one HPA II site at

position 240 (Chang et al I97B) " Fragment number 5 repre-

sents 1200 base pairs corresponding to about 803 the cDNA

insert. Fragment number I0, which is not present in lane

C, corresponds to the remaining 240 base pairs of the cDNA

insert plus about 50 nucleotides of the pBr322 plasmid.

Lanes A and D contain the HIND II rest.riction digested SV40
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Fig"f"__L. Pglyacrylamide (5eo I--gSt , eteclropftqrgsi
resTrÏõEion EEqgmen,qs" Following digestion with restric-

PIes were electroPhoresed on a 5g
polyacrl'lamide gel. Each sample contained 4 vg of DNA-
The bands were visualized under UV light following stain-
.ing with ethidum bromide. Lane A is Sv40 DNA digested
with HIND II. Lane B is pDHFR2l digested with HPA II.
Lane C is pDHFR2l digested with HPA II" Lane D ís pBx322
digested with HIND II. Lane E is undigested pDHFR21.
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Figure 2. Standards for the determj-nation of restriction
fragment size on 58 ge1s. The SV40 DNA fragments from
HIND II digestion are represented by the open circles (O).
Fragments from HPA II digest of pBr322 represented by
closed circles (@). The distance migrated is in cm.
The fragment size is in base pairs.
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Tahle 1. The migrati-on of restriction fraqments of 5Z
põilacryram a
in Figure 1. Distance; refers to distance migrated by
Lhe fragment in cm. Size; refers to the size of the
fragnnents in base pairs (1 base pair has an approximate
molecuLar weight of 600).

Table 2. The migration of restrict fragments on a 7.5e"
pofyac?yfam
in Figure 3. Distance; refers to distance migrated in
cm. Size; refers to fragment size in base pairs.



TAELH 1

Þistanee
Læne a

$Eze

Lano b
$iae

La¡re c
Sise

Lane d
Size
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a"E
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242 (S)

x 22 (6)

1r0 (73

s0 (s)
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Table 4. Restriction endonuclease recognition and
õlãavage si ine,
G = guanosine, Pu = purineo Py = pyrimidine. The 'site'
refers to recognition site of the endonuclease. An arrow
indicates cleavage points " The number of sites refers
to pBr322 plasmid (A) or to pDHFR2l (B).
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DNA and pBr322, respectively. Lanes A and D have been used

as size markers for comparison with fragment 5 (Figure 2) "

Lane E represents the intact pDHFR2l plasmid (approximately

5B0O base pairs) which did not enter this 5E potyacrylamide.

It shoutd be noted that no DNA is visibte above fragment 5

(other then lane E) indicating that there is no detectabl-e

large molecular weight E. coli DNA contaminating this plasmid

preparation.

As the pBr322 plasmid is circular, the insertion of a

segment of DNA into the plasmid at a site other than a HPA

II site (i.e. PstI site) must result in the disruption of

the fragment between the two adjacent HPA II sites" The

pDHFR plasmid is an example of this type of construction.

Thus a digestion of pBr322 with HPA II will result in the

generation of a fragment of DNA which is not seen in the

HPA II digestion of the plasmid p] us the insert (pDHFRrl) .

AtI the restriction fragments of pBr322 (lane C) are also

present in pDHFRr, (lane B, Figure f) " Thus all t.he high

molecular weight species are accounted for on this 52

polyacylamide gel. In order to resolve the lower molecular

weight species, a 7.52 polyacrylamide gel was utilized.

Simian virus 40 (SV40) DNA digested with HIND II (lane A)

is included as external size marker. Fragment number 7

(1ane C) clearly has no counterpart in lane B. It is this

fragment which is disrupted when the DHFR cDNA was inserted

into pBr322. Using lane A and pBr322 as its or,rln int.ernal

standard, it is evident, that the fragment missing is 110
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Figu.re 3" Polyacrlzlamide gel (7.5) electrophoresis of
restriction fæ_ggrtË9. FoIlowing restriction enzyme

s v/ere electrophoresed on 7 "52
pol1z¿sttlamide gel. The ge1 was stained with ethidíum
bromide and the DNA visualized under UV light.. Lane A
contains SV40 DNA digested with HIND II " Lane B contains
pDHFR2l digested with HPA II " Lane C contains pBr322
digesLed with HPA II.
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Figure 4. Standards for the determination of the size
of restriction f ragments on 7 "5ei polyacrylamide ge1s.

ance
is in cm and size is base pairs (1 base pair has molecular
weight of approximately 600).
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base pairs (Table 2). With the exception of fragment number

7 (Figure 3), it is evident that restriction fragments

generated by HPA II are identical for both pBr322 and pDHFR,

at this lor¿er size range.

I^]ith the above restriction analysis, the partial

analysis of DHFR cDNA (Chang et aI l-97B), and the nucle-

otide sequence of pBr322 described by Sutctiffe (1978), it

is possible to create a composite restriction map for HPA II

digestion of the pDHFR^ plasmid (Figure 5) " The position

of the 12 critical HPA II sites are indicated by number while

the remaining sites are approximately indicated but not

numbered. The size and location of these restriction fragmen't.s

are further described in Table 3. The 110 base pair fragment,

absent in pDHFR, can be seen on the portion of plasmid

flanking the inserted gene (Figure 5) " The 290 base pair

fragment present in pDHFRT' but not in pBr322, resu1ts

from cleavage by HPA TI at position 3658 on the plasmid

and position (240) on the inserted gene " The 240 base

pairs from the insert plus the 47 base pairs from the plasmid

result i.n fragment 287 base pairs long. Restriction

analysis of pDHFR, in this manner permits identification

of all predicted restriction fragments.

Extraction of Tot,al Ribonucleic Acid

Tota1 RNA was extract.ed in order to measure the pro-

ducts of gene expression. When smal-l quantities of cells
o

(1 x 10') were extracted a 2 Lo z.s-fold higher yield was
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Figure 5. A comp-osite restgiction map of pDHFR21" A
single line represents the parental pBr322 plasmid" A
clouble line represents the inserted gene. The HPA II
sites are indicated by a line intersecting the circular
plasmid. Critical HPA If siLes on pBr322 are indicated
by base pair numb¡er. A HPA II site on the gene is in-
dicated Ì:y (240) rvhich refers to numbering of the cDNA"
The letters indicate'fragments used as size mar]<ers (see
Table 3). The orientation of the cDNA insert is opposite
to that of the pBr322 plasmid, being numbered (1) to
(1500). The number one indicates the fírst nucleotide
on pBr322. The letters A-E indicate restriction fragments "

Table 3. The HPA II restriction fragments of pBr322.
tetters rer bers:
( ) refer to fragments in lane C of both Figure 1 and
Figure 3. The size refers to fragment size in base pairs"
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real-ized from those cells which were grov¡n in assay media

plus oPRL (for 18-24 hrs) as compared to cells maintained

only in assay media (Table 5). Larger preparations of Nb2
c¡

cel-Is (f x I0-) cells treated with oPRL (f ng/m\ for tB hrs)

had a wet weight 202 higþer than those cells which did not

receive oPRL. Difference in cell size, cell volume, and

possible differences in the activity of RNA metabolizíng

enzymes may influence the total RNA leve1s, seen under

stimulated and nonstimulated conditions "

Purification of Poly
I

(A, ) RNA

Ribosomal RNA and IRNA represents approximately 9BZ

the total RNA popul-ation. The poly (A+) fraction, whi-ch

is known to contain most mRNAs, may be purified utilizing

an oligo-dT cellulose affinitlz column. Under conditions

of high salt concentration (0,5 M KCI), the poly (a+) taits

found on many mRNA molecules will base pair with the deoxy-

thymidine bound to the cellulose solid phase. Unbound

ribosomal RNA and poly (A-) RNA may then be rinsed from the

column. Decreasing the salL concentration of the column

buffer (0.05 M) witl disrupt the hydrogen bonds between

the thymidine and adenosine permit.ting the recovery of this

fraction.

i{hen total- RNA is purified by oligo-dT cellulose

affinity chromatography, a 2.5 to 3-fold higher level of
.L

poly (A' ) RNA is recovered from celis which have been

exposed to oPRL for 18 hours (Tabl-e 5) . Contamination of
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Table 5. Purification of total RNA and poly (a+) RNA
-fr-om stimut

2 vg/mL oPRL
for l-B hours. The termìchromatography'refers to oligo-
dT cellulose chromatograPhY.
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I8S ribosomal RNA is evident by

of denaturing RNA gels (Figure 7) .

?.)l,iquid ttybrid!?g.lïLon of "p-labeled pourR".,

RNA

with Total Nb2

Several_ attempts were made to quantitate Nb2 DHFR

mRNA by hybridization of total Nb2 RNA with 32e-poHrR,

rn all cases no hybridizarion was obserr";",."." ;:.-:i"r", .

Short periods of hybridization at 68oC \.{ere insufficient
to detect the low levers of DHFR mRNA and extended periods

of hybridization (i.e. 64 hours) resulted in t.he re-associ-
ation of complimentary strands of the 32p-1ob"1ed pDHFRZ'"

Nick Translation ql pDHFR".,

This technique is ut.ilized to radiolabel cDNA probes.

The reaction involves the incorporation of 32p-(o) 
-deoxy

nucleotides (dATP and dCTP) into the recombinant plasmid

pDHFRrr. The DNA polymerase 1t with endogenous DNAase

contamination, vras utitized to simurtaneously break dov¡n

and repair pDHFRrr. The 32n-1-lr"Ied product was subsequentry

separated from the remaining free deoxy-nucleotides by G-50

sephadex chromatography (Figure 6). The 32p-1.b.1"d

pDHFR, appears in the void volume and is separated from

the free nucreotides by about eight 0"75 mr fractions" The

specific activity of the labeled PDHFR2l plasmid ranged

from 40 to f00 million counts per ug. Routinely 1.0 to
1.5 pg quantities of pl.asmid were labeled"
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Figure 6. purification of 32p-Iabeled pogpn2l from
free deoxynucleotides by G-50 Sephadex chromatography.
Following nick-translation of pDHFR2l the entire reaction
mixture was loaded on a G-50 column. Fractions of 0.75
ml were collected at a rate of about 4 ml/min. The
radioactivity in 2 ul aliquots of each fraction is
determined and plotted verus the fraction nurnber. The
32P*1abe1ed product appears in the void volume" A repre-
sents the p32-labeled product and B represents the free
nucl-eotides "
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Figurg 7. 1.5? +garqse, 5 mrY methyl mercury hydroxide
gel eleçtrophoresis of total s;l80 (¡t500) nmÀ and ¡tb2
poly (AT) RNA. Lane A contains total RNA from 5*180
(M500) ce11s. Contaminating DNA is indicated by arro\^r.
Lanes B and C contain poly (A+) RNA from opRL tieated
Nb2 cells and non-treated celIs, respectively, The
symbols 28$ and 1Bø indicate prominent ribosomal bands
which are visible in all lanes. This gel was stained
with ethidium bromide and photographed unde:c UV light.
(Each lane contains 10 ug of RNA. )
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Hvbridi zation of DBM Paper-bound Nb2 RNA wibh 32p-I.b.1"d

pDHFR2l

As described in the Materials and Methods section,

thj.s technique involves covalently tinking total RNA at
various concentrations to 11 nm circles. of DBlul paper. This

DBM-linked RNA is allowed to hybridize with 32p-Iub"l.d

pDHFR^ under DNA excess conditions for 1 to 3 hours "

This hybridization reaction is driven by the high DNA con-

centration and thus can be carried out for short periods

of time eliminating the problem of the pDHFR' plasmid

re-anealling with i'uself. The 32p-l.buled pDHFR' that
has not hybridized with the covalently bound RNA is
thoroughly rj-nsed from the DBivI paper" The hybridized

labered DI'fA/DBM paper is counted in a liquid scintilration
counter. The 32p-1ub.1ed pDHFR' did hybridize with the

covalently linked Nb2 RNA" Several problems, however,

hrere encountered. The maximal amount of radioactivety

rabeled DNA hybridized did not exceed nonspecifically bound

counts by more than two-fold. These results were not

reproclucible.

Activation of DBM paper could be observed since the

presence of the aciíve diazo-groups causes the DBM paper

to turn orange. Considerable variation was observed in
the degree of color change for each circle of ngyl paper

used" This apparent difference in activation of diazo-
groups was confirmed by the binding of known quantities

aof 'H cDNA to a serj-es of DBM circles (dat.a not shown) .



61

Varj-ation in the efficiency of covalent linkage of 3u

cDNA ranged as high as 90%. As previously reported,

induction of DHFR mRNA (Kellems et al L979) results in

only a 2 to 4-fold increase in the level of this mRNA.

Thus, variation in the binding of RNA to DBM paper was

sufficient to make quantitation of sma1I changes in DHFR

mRNA impossible.

Detection of DHFR mRNA Bound to Nitrocell-ulose Paper Using
?')--P-labeled pDHFR'

Although it long has been known that DNA can be bound

to nitrocellulose paper it only recently has been shown by

Thopas and colleagues (1980) that denatured RNA molecules

simitarly can be retained. As described in the Materials

and Methods section, RNA is electrophoresised on denaturing

5 mM methyl mecury hydroxide agarose gels (Figure 7). Lane

A cont.ains 10 ug of total RNA extracted from S-IB0 (M500)

sacroma cells " These cells contain about 400-fold hiqrher

levels of mur-ine DHFR mRNA than do normal murine sarcoma

cells (Kel-lem et aI 1976) . Lanes B and C each contain

1O pg of twice oligo-dT cellulose chromotographed poly (a+)

RNA from oPRL stimulated (18 hr) and nonstimulated cells,

respectively. It is clear that oligo-dT chromatography

does not remove all 28S and lBS ribosomal RNA since these

species are evident in all lanes

As described in the Materials and Methods section,

RNA was transferred from the agarose gels to nitrocellufose
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paper. Foll-owing the transfer, flo remaining RNA could be

detected in the agarose 9e1, as determined by ethidium

bromide staining and uv examination of the 9e1, similar

examination of the nitrocellulose following transfer

revealed the presence of RNA, particularly the 285 and

I8S ribosomal bands. The nitrocellulose paper was hybridized

as previously described with 32p-1tb"1ed pDHFRZ'. Following

a thorough rinsing procedure to remove nonspecifically bound

?')
'le-pnuFR21, frurography was performed'

A composite of two different exposures to the same

nitrocel'l ulose transfer demonstrates unique DHFR mRNAs

(Figure B). The s-180 (M500) cells (lane A) have been

shown to have seven distinct murj-ne DHFR mRNA species

(set¿er et aI I9B0), four of which have been indicated here

(Figure B). pory (a+) RNA from N]:2 cells stimulated with

2 ng/ml opRL for IB hours (lane C) hybridized with 32p-

labeled pDHFRrl producing three distinct signals. The

molecular weight of these three species of Nb2 raL DHFR

mRNA as determined from S-I80 (l{500) cell standards (Table

6) is 1300, g25 and g75 base pairs. poty (a+) RNA from

Nb2 cells which were not stimulated by oPRL (Iane B) also

hybridized with 32r-poHrR' producing much fainter signals

which co-migrated vtith those from the prolactin stimulated

cells. These data indicates the presence of increased

levels of DHFR mRNA following oPRL stimulation of Nb2

cells
It should- be noted that the lane containing s-I80

(M500) cell RNA was exposed to x-Ray film for 64 hours while
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Figure B. Composi\q f l-urograph of nitrocellul-ose=bound
mRNA hybridized to r¿P-labeled pDHFR2l " Lane A represents
10 ug of total RNA from the 5*180 (M500) cell line. (Ex-
posure time is approximately 64 hours " ) Lane B and C

represent 10 ug of poly (Ar) RNA from nonstimulated
and oPRL stimulated Nb2 ceI1s, respectively" (Exposure
Lime is about 300 hours. ) All three samples were hybrid-
ized with 1.5 x I07 cpm (total of 32p-taÈeled pDFIFR2I for
!2 hours at 37oC). Mo1ecular size is given in nucleotide
bases.
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Table 6. Determination of the size of the Nb2 DHFR mRNA
sÞecies. Distance is given in cm and refers to the dis-
tance migrated by these mRNA species on 1.5U agarose
denaturing gels. Size is given in nucleotide bases.
Distances were determined from Fiqure B "



Table 6

Ðistance
cm

8180 (m500) cells
size

Nbz cells
size

5.8
Ão

6.2

6"5

6.7
6.8

7.2

1 6tt
1 ã0t
1 00t

7S0

1 700

925
875
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the remaining lanes \^Iere exposed for about 300 hours.

Exposure of the flurograph for 300 hours results in an

overexposure of the lane containing 5-180 (M500) ce11

DHFR mRNA making resolution of the separate signals

impossible" A 64 hour exposure provided optimum resol-

ution of these species.

Determination of DHFR Enzyme Activity

The increase in DHFR mRNA levels in the S-I80 (M500)

cel1s has been shown by Schimke and colleagues (L976) to

parallel the increase Ín DHFR enzyme activity. The activity

of DHFR in Nb2 ceils has been determined by modifications

of the method described by Alt et al (L976) " Enzyme activ-

ity was shown to increase with the addition of increasing

amoun.ts of Nb2 cell extract (Figure 9) " This relationship

is linear with supernatant volumes ranging from I ul to

l0 UI. Supernatant volumes greater than I0 Ul resulted in

enzyme excess substrate limiting conditions.

The enzyme activity of DHFR remains constant for the

first eight hours following the addition of L ng/mL oPRL

(Figure 10). By lB hours a 1"S-fold increase in activity

was observed. At 24 hours after the addition of oPRL the

actj-vity of DHFR has returned to its l:asal Ievel. This

vras consistent with the increase in DHFR synthesis and

activity demonstrated in 3T6R mouse fibroblasts following

serum stimulation (Kellems et aI L979).
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Figgre 9. DHFR enzyme activity as a function of Nb2 _cel1extract. Following the termination of this reaction the
enzyme substrate is selectively precipitated while the
product (tetrahydrofolate) remains. Aliquots of 10 uI of
supernatant were counted in a liquid scintillation counter
and corrected for a blank containing no enzyme. The units
of activity are dpms of 3H-tetrahydiofolate produced.
Volume of supernatant refers to cel1 extract used

Figure 10. A time course stud of the act.ivít of the
DHFR enz followinq the addit on of oPRl, (1 n
Ce1ls were harvested at the time
assayed for DHFR enzyme activity
amount of radioactive product was
of tetrahydrofolate, Each point
determinations.

points indicate and
as described. The
converted to nmoles

is the mean of triplicate
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Determination of the Rate of DNA svnthesis in Nb2 cells

The rate of incorporation of 3H-thymidine into DNA

of Nb2 cells following tàe addition of L ng/m\ of opRL

hras deterlnined (Figure 11). These celrs were rabeled for
a one hour period beginning at the indicated time points.
A maximal increase of 50? in the rate of DNA synthesis was

observed 18 hours after the addition of oPRL. The rate of
synthesis returned to its basal leveI vrithin 23 hours.

This increase in the rate of DNA synthesis corresponds

temporarj-ly to the observed increase in the enzyme activity
of DIIFR. The 50% increase in the rate of DNA synthesis is
similar to that seen in 3T6R2 fibroblasts stj-mulated by

serum (Kellems et aI 1979) "

Anal sis of Nb2 Pol (a+) RNA Translation products

The Nb2 cells were gror¡/n in the presence and. absence

of 2 ng/mr of oPRL for 18 hours. Following the extraction
of Lot.al RNA and two bindings of this material- to an oligo-
dT cellulose affinity column, I ug quantities of poly (a+)

RNA were transrated in an in vitro reticulocyLe lysate system.

Routinely, about I.4 million cpms of 3SS-methionine were

incorporated into transrated protein. The translational
activity of poly (A+) RNA purified from Nb2 cells grown

in the presence of oPRl, was about 2OZ higher than that
of Nb2 cells not given opRL"

Translationar products were electrophoresed on r52

polyacrylamide urea gels with a 52 polyacylamide stacking
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Figure 11. The rate of i"""tp"t'"ti""
into DNA following €RL sti . The

ra
period of one hour. The cDNA was extracted by hot TCA
and radioactivity was determined by liquid scintillation
counting. This assay v/as perfornred in duplicate. The
tritiated thymidine incorporated is reported in cpmfx
1o 3,).
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gef- A frurograph was exposed for about 60 hours (Figure

12). Poly (a+) RNA was purified from B-day ractating rat
mammary glands, translated in vitro with 3Ss-methionine 

and

used as morecura¡ weight marl<ers. The l-actating rat maÍìrnary

gland has been shown to be enriched for mRNA which codes

for the casein milk proteins (Rosen 1975) " The molecular
weight of the protein produced by in vitro translation of
lactating rat poly (A+) RNA has been reported (Richards

et aI 19BI) .

Three protein bands are clearly more highly abundant

in the tra¡rslation products of opRL stimurated Nb2 celrs
than in the transration products of unstimulated Nk¡2 cell_s.

using the casein standards (lane c) , the approximate

molecurar weight of these proteins has been determined to
be 75, 60, and 42 daltons respectivery. Further differences
in intensity of the exposure are seen in the 25 dalton
range, but dist.inct. bands are not visibte"
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Fig'gre 12. Potyacrylamide-urg,a ge1 _electropþore-sis . of
ÑEZ translttigtt_lgtoê,r.t". Lane A and B contain the in

ts from ncnstimulated and stñ-
ufate¿ (PRL) Nb2 cells, respectively. Lane C contains
the translation products of B-day lactating rat mammary
gland poly (A+) RNA. Casein was used as molecular weight
markers" Bands label-ed X, Y and Z are unidentified pro-
teins (lanes A and B) which are more abundant in the oPRL
treated cells. This translation was done in the presence
of 35s methionine and the flurograph was exposed for 64
hours.



.-

rrC iz



7L

Table 7 " Determination of the molecular weiqht of Nb2
poty (At) RNA translatign products. The distance
to distance migrated by the protein band in cm.

refers
The

mol-ecular weight ( Mwt- ) is given in daltons (d) . These
proteíns \¡rere electrophorêsed on a denaturing 15?
polyacrylamide-urea gel. The translation products from
Iaciating rat manmary gland poly (A+) RNA was used as
molecular weight standards (Figure L2).



Tahle 7

Ð!stance
crn

6aseins
Mwt (d)

f\tb2
Mwt (d)

1.5

2.8

4.1

6.4
6"9

42,

29"5

24"5

75
60
42
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DISCUSSION

Characterization of pDHFR'

Disruption of the HPA rr restriction fragment, glener-

ated by cleavage at positions 3548 and 3658 on the PDHFR¿

prasmid, demonstrates concrusively that the cDNA insert is
located between these two restríction sites. The appearance

of both the 1200 base pair (bp) and 290 bp fragments follow-
ing HPA rr digestion is consistent with the restriction map

of the 1500 bp DHFR insert described by Schimke and co1-

leagues (1978) . The size of the HIND II fragments of SV40

in the lor,ver mol-ecular size range are 369 bp and 240 bp,

respectively. The latter species co-migrates with a 242 bp

fragment of HPA rr digested pBr322. At the higher bp síze

range an sv40 HIND rr fragment of 1063 bp co-migrates with
a HIND rr pBr322 fragment of r07B bp" As shown in Table 2,

fragments 122 bp and 110 bp in size is clearry resolved.

The error in this molecurar sizing technique is crearry
less than 108 for DNA molecures below 1000 bp in rength.

The FIPA II restriction endonuclease recognizes the

sequence ccGG and cleaves l¡etween the cytosine residues.

The frequency of random occurrence of these four nucleotides

in a segment of DNA would be 44 or once in every 2s6 nucre-

otides. The 1500 bp cDNA inser¡- in pDHFR, has only one

HPA If site or about L/6 of the expected number.
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Given that there is only one HPA II site in this
1500 bp insert and that the enzyme must recognize all four

bases in the sequence CCGG, the probability of this restric-
tion site occurrj,ngat bp number 240 is 1 in 1494. Although

this cDNA insert has only one HPA II site the probability

of it being a sequence of DNA other than pDHFR2l is very

low"

Dect.eclion of DHFR mRNA by Liquid Hybridization

This technique was completely unsuccessful for
quantit.ating Nb2 DHFR mRNA. The S-IB0 (M500) cel1 line has

been reported to contain about 200-fold more DHFR enzyme

than MTX-sensitive ceIls. This enzyme represents about

8"6 of Lhe total- soluble protein in these cells (Kellems

et al L976). This increase in enzyme Ievel has been shown

to be solely dependant on increased mRNA coding for this
protein. Assuming this relationship is valid, about Be"

of the total nRNA would code for this protein in the S-tB0

(M500) ceIls. The MTX sensitive ceIls (S-180) presumably

cont.ain 200-fold less DHFR mRNA v¡ith about 0.04? of total
mRNA coding for this protein.

Messenger RNA in Nb2 cells like1y represents between

1.0-2.0å of the total- RNA. Assuming similiarity between the

levels of DHFR in 5-180 sarcoma cells and Nb2 lymphoma ceIls,

one would expect between 0.00044 and 0.00082 of the total
RNA from Nb2 cells to be DHFR mRNA. In our assay system,

1)
2OOO cpm of "P-l-abeled DHFR, (specificalJ-y activity
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approximately B0 million counts/ug) , or 2.5 x 10-10 g was

added to between 0.1 and 20.0 ug of tota] RNA extracted

from Nb2 cell-s. At these levels between 4 x t0-Ì3 and 4 x 1 0-9 g of
",)"-P-labeted pDHFR^ is availabl-e to hybridize, these condi-

tions would not alIow for an RNA excess reaction to occur.

The fact that the cDNA concentration is higher than the

DHFR mRNA concentration results in DNA;DNA reannealing

being favored kinetically over DNA:RNA hybridization.

Practical constraints, such as the small volumes in which

these hybridization reactions may occur, (50 Þ1) , preclude

the further increases in RNA concentration needed to induce

an RNA excess reaction.

Detection of DHFR mRNA by DNA Excess Hydridization

As described earlier the covalent linkage of total

Nb2 RNA to DBM paper and subsequent hydridization with
)a
"P-labeled pDHFRrl Vielcl variable results. As all- l1 mm

circles of ABM paper were treated identically \^rit.h HNO2

by a batch processing technique, it is difficult to imagine

how the diazonium groups would be activated to different

degrees. These apparent differences in the activation of

DBM paper \^¡ere seen with respect to a variable color change

in same group of l-I mm circles. This color is proportional

to the degree of activation. The retention of 3H*Irb.I"d

prostate cDNA was variable on similarly treated circles of

DBM paper " The most likely explanation for these differences

in the binding activity of the DBM paper seems to be variabil-

ity inherent in the purchased NBM product.
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D.etection of DHFR mRNA folloWing Agarose Methyl Mercury

Hydroxide Gel ElectLophoresis

Following electrophoresis, transfer of RNA to nitro-

cellulose paperr.and subsequent hybridization with 32p'

label-ed DHFR2I, signals corresponding to DHFR mRNA were

detected on a flurograph. The seven signals from seven

distinct mRNAs coding for murine DHFR were visible in the

lane containing S-J-80 (M500) cell RNA (Figure B). The

paLtern of signals agreed with previous reports by Schimke

and colleagues (1980). The most intense signals resulted

from four murine DHFR mRNAs ranging in size from 750 nucle-

otides to 1600 nucleotides " Three faint.er signals also were

visible in the 2000 to 4000 nucleotide range (R.T. Schimke'

personal communication). All species of murine DHFR have

been shown to be active by in vitro tra-nslational systems,

producing proteins which co-migrate with purified murine

DIIFR. These translational products also react with anti-

DHFR immunoglobulin. Sequence analysis of these species

of mRNA indicate that the size heterogeneityis confined to

the 3' end of the mRNA molecule. To date r flo functional

signíficance has been attributed to this size heterogeneity.

Hybridization of 32p-1.b.1ed pDHFR^ to poly (a+)

RNA isolated from FRII stimulated and non-stimulated Nb2

cells increases the presence of at least three distinct

species of rat DIIFR mRNA (Figure B). Although photographic

reprodu.btion results in a marked decrease in resolution of

the two smaller mRNA species (925 nucleotides and 815 nucle-
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otides), this area on the flurograph can be seen to contain

trvo separate signals. The three signals present on this

flurograph may not represent all the species of rat DHFR

mRNA. As in the case of murine DHFR mRNA, the signals in

the 750 to 1600 nucleot.ide range may only represent these

species which are most abundant and thus most easily detect-

able "

The rat DHFR mRNA signals are most easily visible in

the lane containing Nb2 cell-s stimulated with PRL for a

period of 18 hours (Figure B). In contrast, the signals

obtained from Nb2 cells grown in the absence of exogenous

PRL (Assay Media) are just detectable. These results are

consistent with the induction of murine DHFR mRNA seen in

l\T3000 (MTX-resistant) fibroblasts following serum stimu-

lation (I(eIlems et al ].979) . The induction of DHFR mRNA

in the murine system occurs just prior to an increase r-n

both DHFR enzyme synthesis and activity. These events

are then followed by cel1 division.

The induction of rat DHFR mRNA is the first example

of an event of this kind in a cell line which is not over-

producing this gene product. Similarily, this is the first

report of induction of the DHFR gene following hormonal

stimulation. While PRL induction of the DHFR giene is not

an immediate action of PRL on the Nb2 lymphoma, it represents

the induction of one of what is almost certainly a series

of cell-cycle linked enzymes which are involved in the medi-

ation of PR.lrs mitogenic effect on this lymphoma ce1l line.
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Prolactin Induction of DHFR Enzyme Activity

DIIFR (BC 1.5.1.3) is required for the reduction of

dihydrofolate to tetrahydrofolate which is responsible for

a series of I-cÊrbon transfer necessary for the synthesis

of purines and thymidine. This enzyme has been identified

in rapidty growing tissues such as re-generating liver and

in many tumors. Increased activity of this enzyme results

in the increase of intracellular thymidine level-s which are

necessary prerequisites of DNA synthesis. At IB hours after

the addition of L ng/ml of oPRL to quiescentNb2 cells, a

L.7-fold increase in the activity of DHFR is observed. By

24 hours the activity has returned to its basal level. This

increase in activity coincides with the increase in induction

of DHFR mRNA.

In all other systems examined, the increase in DHFR

synthesis and actirrity is dependent upon the abundance of

the DHFR mRNA (Kellems et al L979; Hanggi et al 1975) .

This correlation has not previously been made in a system

which is not amplified. This is due to -uhe difficulty

encountered in showing induction of DHFR mRNA in MTX sensi-

tive ceIls.

The Effect of Prolactin on DNA Synthesis in the Nb2 CeIl

Line
)

No increase in the rate of incorporation of 'H-

thymidine into DNA of the Nb2 cell lymphoma was seen during

the firsÈ 14 hours after the addition of PRl. However,



-78

between 74 and 16 hours a 50% increase in the rate of
incorporation of 3u-thymidine was observed. This effect
was observed until about 18 hours when the rate of incorp-
oration began to decrease reaching its basal level at about

24 hours. This increase in the rate of Otta synthesis is
similar to the rate seen in other rapidly growing cells
such as serum stimulated mouse sarcoma cell_s (Kellems et

al 1979) " The increase in rate of DNA synthesis occurs just

following, a¡rd more abruptly than the increase seen in the

activity of the DHFR enzyme. This delay corresponds with

the time required to increase the intracellular leve1s of
DNA precursors, such as thymidine, through folic acid rel-ated

pathways "

The Inductíon by Prolactin of Various Gene Products

Prolactin treatment of Nb2 cell culture resulted in
a 2 to 3-fold increase in the poly (e+) RNA fraction within
1B hours. This apparent difference does not necessariJ-y

reflect simple changes in the rate of transcription of

certain genes in the Nb2 cells. The activity of RNAase is
known to be high rapidly growing normal tissue and in most

neoplastic tissues. The increase in the accumulation of
+poly (A') RNA in Nb2 cells may be related to an increase

in stability of these species or even possibly a decrease

in the activity of RNAase or other unknown enzymes which

may regulate RNA metabolism.
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ïn the nucleus at least two levers of control 0f gene
expression are possible. The rate of transcription and the
time period for which the gene is transcribed wil-l influence
the accumulation of primary transcripts - heteronucl_ear RNA
(HnRNA) - rn a manner not well understood the HnRNA is
further processed by enzymes which recognize and remove
those segments of the HnRNA molecule which correspond to
the intervening sequences transcribed from the gene. The
mature *RNA processed at these two levels is then free to
translocate to the cytoprasm where it may be further regu-
lated or transrated into protein. rt is possible that the
increased poly (e+) RNA appearing in the cytoprasm of pRL

stimulated Nb2 cer-r-s may be rerated to changes in the rate
of transcription of HnRNA or to changes in the processj-ng
of these precursor. Additional facLors modur_ating the harf-
life of the mature *RNA species may also infruence the levers
of particular gene products.

The in vitro transl-ation of poly (a+) RNA from stim_
ulated and non-sÈimulated Nb2 cerrs d.emonstrates a differ-
ence in abundance of at least three distinct proteins between
these groups. The abundance of these poly (A+) RNA trans_
lation products is seen rg hours following the stimulation
of Nb2 cells by pRr. This time frame is consistent with
the increases seen in DHFR enzyme activity and the increase
in activity of those enzymes which are responsible for DNA

synthesis. rt appears that these proteins are cell cycle
Iinked and perhaps may even be enzymes.
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It is interesting to note that the poly (a+) RNA

isolated from the PRL treated Nb2 ce11s, incorporated about
)É

2OZ more "S-methionine into translation products than did

unstimulated Nb2 cells. This difference may represent a

higher affinity of the poly (a+) RNA from stimulated cell-s

for ribosomal binding sites. Alternatively the poly (e+)

RNA from non-stimulated ce1ls may simply have lost its

translational integrity. It is possible that this poly
¿-(A') RNA is partially degraded with large fragments sti1l

polyadenylated and able to retain their ability to bind

oligo-dt cellulose. The decreased translateability may

also result from contamination of this preparation with

ribosomal RNA.

Problems Inherent in the Study of Poly (A+) Gene Products

Analysis of Nb2 DHFR mRNA was only accomplished after

oligo-dt ce1lulose chromatography of total RNA" While

this fraction is enriched at least 100-fo1d for poly (a+)

RNA species, it is not necessarily representative of the

DHFR mRNA present in these cells. Various studies indicate

that the poly (e+) RNA fraction contains only about 5Oz

of the hybridizabl-e DHFR mRNA in MTX-resistant mouse fibro-

blasts. Several subsequent bindings of cytoplasmic RNA to
J-a poly (A') Sepharose affinity column failed to remove

translatable activity from their fraction (KeIlems et aI

-f976). Investigation of the metabolism of DHFR mRNA in

mouse fibroblasts indicates that the half-life and rate of
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accumulation for both the poly (a+) and poly (A-) DHFR

mRNAs is identical (Hendrickson et al 1980) .

Whether poty (A+) translation products are truly

representative of the species of gene products remains

to be determined. Answers to these questions will lead

to better characterization of the poly (A-) RNA species.

Further investigation is needed to determine whether poly

(A-) RNAs are completely lacking poly A tails or if indeed

they are metabolites of mRNAs which v/ere originalty poly-

adenylated" These future studies will 1ike1y reveal the

physiological significance of the phenomena of polyadenyl-

ation.
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SUY1MARY

Prolactin has been shown to increase the accumul_ation

of various gene products in Nb2 lymphoma cell curture. Trans-

lation of poly (A+) RNA demonstrates the induction of mRNA

coding for at least three distinct proteins, following 1B

hours of treatment with oPRL. Messenger RNA coding for DHFR

has been shown to accumulate wiLh pRL treatment during the

same time period. The increase in DHFR mRNA accumulation

corresponds to an increase in activity of this enzyme. An

increased rate of DNA synthesis fol-lows these changes in gene

expression and enzyme activity. This data demonstrates that
PRL treatment of the Nb2 lymphoma results in the increase in
gene products, specificalty for those enzymes which are

required for DNA synthesis and subseguent cell division.
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