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ABSTRACT

Human carcinoma (Hef,a) cells have been cultured in

monodÍsperse suspensions in contradistinction to the more

usual plaque cultures. These monodisperse suspensfons have

been used for the study of "índuced enzyme synthesis" in

mammalían ceIls. The induction of tryptophan peroxídase

uras found to occur ín response to the addl-tion of tryptophan

plus RNA to the medLum. Tryptophan alone or RNA alone

faíled to induce the enzyrne, The significance of the

findings is discussed"

.::.a,: -:
i :,: :.ì ,::
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TNTRODUCTION

The interactl-on between líving organisms and thelr

environment is an old but very important problem for

bíologists. Organísms respond to envíronmental change ín 
,., :

different ways according to tíme of exposure to the j l

environment.al change and to the magnítude of the stress .:.,.

In Iívíng organisms a change ín environment which favours

survíval fs saíd to be adaptive.

Animal physíologists have been concerned mainly with

adapti-ve change in the j-ntact organísm or in organ systems,

Microbíal physiologists, oh the other hand, have been

primarily concerned wlth enzymatic changes induced by

varying the nutrl-ents ín the environment, and have used

adaptíve enzlzme changes as a means of studyíng protein

syntheses.

It seems reasonable to suppose that if a given enzyme

can be induced in vívo, it míght also be induced ín vítro in

cultures of anímal celIs. If the latter ind.uction proved

successful a more precíse study of the mechanism of

ínductlon would be possíble than l-s r¡ossible in the intact



anímal, since ceIl cultures could. be exposed. to the inducing

environment whíIe they are mal-ntained in the logaríthmic

phase of grovrth. (In anímals the effect is lost rapidly due .'.'.'.,,,,,,,,
,:;.ir,1,;¡.1,

to the constant regeneration of fresh tíssue). Further,

the tíssue cells are monodisperse ín suspension culture and

each cell ís exposed to a known concentration of ínductoro ',,',,:1,'
'-t;:'. ':.::: ) ::

fhe abílity to control the compositlon of the growth 
:::ì:.i,:.i::ì:j:ì:

_;:: -:.:::'-'::

medium ís a dlstinct advantage of thLs method. Furthermore,

the stress caused by hormonal lnfluence is probably

mínímízed. One should therefore be reasonably cert'aín that

a specific cleange found in the enzymatic pattern of the

cells represents a direct response to added st¡bstrate.

Ttre well-knovrn índucíble enzyme system in aníma1s,

specifically, the induction of the tryptophan peroxídase-

oxidase system in Ilvers, \^/as chosen for this study. The 
;,,;..,,,;.,:: -

cell cultures selected belonged. to an established straín of ',.:;.,,:,,,:,',;

human epitheliat celJs ( straín Heï,a) . ':""":''":
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HTSTORTCAL

A. The Development of Modern Tissue Culture Techniques

Jolly, in 1903, performed experiments which marked

the first detaíled observations on cell survíval and cell

division in vítro by the maintenance of salamander leucocytes

in hanging drops for up to a month. In 1906, Beebe and

Ewing, in a genuíne attempt at tissue culture, described

the cultivatfon of an infectLous lymphosarcoma in blood

from resistant and susceptible animals. In I9O7, Harrison

demonstrated cult,ivatíon of normal function in vitro and

offered. a reproducible techníque marking the true beginning

of tissue culture. He explanted small pieces of tissue

from the medullary tube region of frog embryos lnto clots

of frog ly¡nph. Under aseptic conditions, the fragments

survived for some weeks and axones grelr out from the ce1Is.

fhe "tradítíonal" tissue culture techniques developed

rapidly from these early begínnings into the late 1940's;

but the complexity of the methodology that was developed

limiLed iLs appli-cation to selected areas of study, such as



embryology and histology. In virology and biochemiStry,

Ïrowever, only the recent development of techniques has

allowed the widespread application of the tissue culture -,,;.,.,,.,.
I ,: I ;;:t:.: i.'i

method to these fields of study.

The fírst major diffículty to be overcome was the
...; .. ..

establíshment of a synthetic growth medium. fhe med.ia ';:',:':,;,;',;,',",

. :'.i: .r.

derived from natural sources, such as embryo extract, had :,:1:.;'.,.:.:.::,:.

::r:,: 
,,4 _:,: 

a:,r: 
la

an unknown and variable compositíon and ít was virtually

impossible to reproduce conditions exactly from one experíment

to another. lnL946, Irrhite reported the first truly slmthetíc

medium, The first defined medium reported that supported

both growth, in terms of increase in protoplasmíc mass, and

maintenance of viability of cultures, r¡ras that of Morgan,

Morton and Parker (fgfO). However, one musL bear in mind

that the roIes, if any, that several of the metabolites in ',t,:¡',4r,.',,';',,'.;',t..,

defined medía possess, have not been determined. The ¡¡'.,r..,:...,.:,,

criterl-on for inclusíon is that the ce1Is grow more rapíd.ry 
:''1"".' :'

if these metabol-ites are present.

Thre second major development was the discovery of i.r,..,,;-;¡¡.
'._'::: :îì.

antibiotics. The incorporation of these strbstances into the

culture medium permiLted the abolition of many of the



"surgical" techníques previously required to maintain

aseptic tissue cultures. The antibiotics used routinely

today are usually penicílIin, streptomycin and neomycin

(t<eilova (f948); cruíckshank and Larailcurg (tgSz)).

Sanford et al. (fg+g) derived the fírst clone

strain of celIs, L no. 929, from mouse mesenchymal tissue.

Indívidual ceIls were isotated in capillary tubeÈ and

propagated in a medium containing the fluid removed from

a large metabolícally actíve culture in progressíveIy

larger vessels as ít increased. Puck and Marcus (tgS>)

developed the method for plating single cé1ls, which is

especially useful for cloning epithelial ceII strains

such as HeLa.

Ttre modern culture methods were devised. so that

pure straíns could be establíshed in large numbers of

uníform cultures. Syverton et aI" (tgS4) developed the

procedure for establishlng a pure strain of cells by

growing them as a monolayer ce1l sheet on glass. fhese

are transferred lnto larger numbers of cultures by

bringing the cell sheet into suspension followed by

dilution to an appropríate síze of ínoculum. This was



('\

d.one either by scraping the cells from the glass surface

or by the use of proteolytic enzlzmeso usually trypsin.

Many investigators, however, observed that the

mammalian cells can proliferate in agitated fluid

suspensíons, i.e. wíthout a supporting framework. The

inítia1 techniques s/ere introduced by Earle et al. (fll ),

who reported successful growth of the "L't straín (^o. 929)

utilizíng a conventional rotary shaker equipped with special

flasks, etc. They observed that at 3O0 r.P.h. some of the

cells remaíned adherent to the walls of the test tube but

at 24OO r.p.h. they \dere all in suspensíon. Addition of

O.L% methyt-cellulose helped to keep the cells i-n

suspension. Under these conditions the cells suffered no

damage (..g. trypsín shock) and contínued to proliferate

freely. This method has been further modífled by Kelley

et al. GgeO) who !úere successful in cultivating swirl

cultures wíthout any carbon díoxide enrichment of the

atmosphere.

Suspension cultures have also been obtaíned by using

stirrer vessels. (ucr,imans et al. (WSf) ; Cherry and HulI

(wr6)) 
"



t

B. Enzyme Induction in Mammalian Cells Cultured in y:Ltro

fhe phenomenon of substrat,e-índuced enzyme formatíon .:-.:,:ì-i:
,.-.:.,-1_;,:,,:

Ls well known in bactería and other microorganísms. fhis

work has been well reviewed (StanJ-er , I95L; Cohn , L957 ¡

and Vogel, Jg5g) " ,'.,',',,'., '

ftre major contributíons for the existence of this

phenomenon ln mammalían celIs have appeared only wLthin the

last decade.

I(nox and Meh1er, in 1951, demonstrated the induction

of a ten-fo1d íncrease of L-tryptophan oxl-dase-peroxJ-dase

(feo) ln rat líver following admJ.nistration of L-tryptophan

to the animals.

Some evidences of substrate inductLon have been

reported in chick embryos, not,ably arginase (Roeder, L95T)

and alkaline phosphatase (Xato and Moog , I95B). Ftrrther

references are cLted in the review by l(nox et al. (t956).

Relatively few investigators have used anímal cells

cultivatedin vítro. Kato and Moog (fg¡g) found an increase

ín alkaline phosphatase in duodenal fragments cultívated in

the presence of phenylphosphate.



B

rn 1960, Krein was able to fnduce arginase activity

ín freshly lsolated erbryonic chick and mouse cells but

courd not obtaln any actj-víty in esÈablished. ceII strains.

Tn a further work, (xtein , Lg6L), he studíed substrate-

induced enzlzme synthesis using arginase in embryonic, normal

adult, and malignant, tl-ssues. He was not al¡re to ind.uce

enzl¡me actlvJ-ty ln cultures growh in Morgan's Medj-um fft9),
unless, curlousryr he incorporated RNA derLved from l¡east

into the medfum along with the substrate.

cox and pontecorvo (t96t) demonstrated the Lnduction

of alkal-ine phosphatase in establíshed cul-tures of human

skln fibroblasts by phenylphosphate and p-glycerophosphate.

It is with this background thaË the present work,

aimed at the inductl-on of enzl¡mes (in particular tryptophan

peroxJ-dase) in monodfsperse suspensJ-on of human carcínoma

ce1ls (ner,a) was begun.
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MATERIALS AND METHODS

A. TISSUE CIII,TURE PROCEDURES

1. CleanFing and Preparation of Glassware

It is a well established fact that nothing is more

basic to ceII cultures than properly cleaned glassware. A

very rfgid and thorough procedure must be followed in

cleansíng because elíminatíon of any step may leave

substances adhering to the walls of the vessels that are

potentíalIy toxic to the ce11 cultures.

Any new glassware or equipment was ímmersed ín tfr nCt

for three hours followed by a thorough rinsing in running

tap waLer, Used. glassware was brushed thoroughly ín warm tap

water and immersed in a detergent solutíon (,'Micro-solv",

from Microbiological Assocj-ates, Bethesda, Md.) for twelve

hours, Final cleaníng was d.one by an automatíc washer set

to Èhe following sequence:

(.) An B min. wash with detergent using water at a

temperature of lBO-2OOo r.

(f) an B mÍn. rinse with water of the same temperature.
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(") A rinse of I I/Z min. duratj-on with dístíIled

water.

The glassware was then drained for two hours. All 
,,,:,r,.,,

flasks v¡ere plugged with cotton and gauze capped wíth tl-nfoil '
and all glassware rlt¡as sterilized prior to use for four hours

at t6oo c in a hot air oven. .',i , ,

:_::_. :::' I

Immediately after use, all pÍpettes \Àtere immersed ín ...;
.',t'1.:'.''

detergent solution for twelve hours followed by a rinse l-n an

automatic pípette rínser for four hours. They vüere finally

rinsed three times with dLstíIled water.

2. Culture Procedures

(a) MonotaYer Cell Sheets:

ftrroughout the work, a stock of HeLa cells was

maintal-ned by classical monolayer culture. In such cultures .,,.,..

cells attach themselves to the glass, flatten and grow to .:ì..:l
:,.,.,.-.ir,

yie1d. a continuous sheet, or network along the glass surface,

usually one celI thtck. Thl-s technique of cultivatíng animal

cells on a solid surface usíng a f luíd overlay was originated - ,:,.1
i,',.,,t-:'

and developed by Ear]e and co-workers (narte, Schí11in9, and

Shelton , Lg5O; Evans, Earle et al; 195f).
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1,he culture of HeLa ce11sI used ln the present work

had been cultured as monolayers in a medium contaínj-ng ZOft

human serum in milk ditution bottles. Ttte cultures grew

slowly, howevero and some cultures failed to establÍsh cell

monolayers due to the early onset of non-specifíc ceIl

degeneratj-on. on the basis of the work by Albano (tgSg),

the cells rlrrere successfully adapted to a calf serum

supplementz ín place of human serum. The Serum varíables

\^rere thus eliminated" The advantage of thís serum was that

non-specífíc cell degeneratíon developed at a later time

allowing for prolonged. culture maintenance and its use .\^ras:

less expensive and time consumíng.

The following procedure was employed ln the harvest

of ÏIeI,a cel-ls from a monolayer culture:

( i) The growth medl-um was removed and replaced by 10

mI of O"25y'" trypsin solution. The culture was then re-

j-ncnbated at 37o c for 10-15 mins. untíl it could be observed

that the cell sheet had detached from the glass surface.

The original cultures of HeLa ce1ls lrlere kíndly provided
by Ðr. C. K. Hannan, Ðept. of Bacteriology, U of M.

From Microbl-ological Associates, Bethesda, Md.
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( ii) rfre cells were separated in the suspensíon by

pipetting up and down several times. The suspension v/as then

centrÍfuged at BOO-fOOO rpm for 10 mín. and. the supernatant ,t.,:.,,,..
i :'':,:::' : :::

díscarded. Ttre celIs vlere washed once wlth 1O ml of Hank's

Balanced Sdts Solution (fante II) and recentrifuged.

(iii) n " cells were resuspended in Hank's solutíon
aata

and distributed equally to four milk dilution bottles each 't_:.::.

contaíning 10 ml of growth medíum.

( irr) n " bottles \^lere íncubated statically for a

mínimum of two days at 37o C to allow for tþe formation of

the new cell sheet on tÏ¡e glass surface.

( v) ttt" cell monolayers \'\tere fed by removal of half

of the old medium and replacement with fresh medium every 2

days.

'¡i;:: ' 
,, ;:,:

(b) Aqitated Monodisperse cell suspensions:
,,.t.,¡'

fhroughout the work, all e>rperimental studíes \^¡ere ":: "

performed on cultures grown in monod.isperse suspension for

reasons already outlined in the introduction. The important 
,..:,.;::

feature ls that in these suspensions, each ce1l exists as a -:.l'j'

separate organic entl-tY.
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ÍLre original culture was obtained from a monolayer

culture by trlrpsinízation as ín 2(a) above and enumerated 
:.::::,.:,...:::

by the haemocytometer method (see below). HeLa celts were ."¡'.',¡'.,1,,

díspersed ínto 90 mI of growth medium in a 250 mI

Erlenmeyer flask i-n a concentration of 4'O x 105 cells/ml 
.,.;i,,.,:,,.

and placed on the shaker (ttew Brunswick Gyratory Water Bath :;,::;;:';:,::

.. -,...:. :.,4 _:.. -,:.1

Shaker, Series G 76) set at 37.5o C and a rotation speed of ;,i,1:.:,,,,:',,¡:,,

120 rpm.

The following procedure \^¡as then employed ín subse-

quent culture of HeLa cells in agitated suspensíon:

( i) sufcutturing was performed after 24 hrs. usíng

inocula of 2.O x 105 cells/ml in 6O mt of growth medíum ín a

250 ml ErlenmeYer flask.

( ii) Ttre flasks were tl.en placed on the shaker.
.,:r:- :,. .,:ì . ; ...r

(fii) centrífugatíon was carried out at 2OOO rpm ín ,:''i"ri'¡''¡,'¡

';.',:.¡,:;.,: :;

order to obtaín cells from the suspension. ';,'.;';';,,.; ,'

All subculturing and experimental procedures could

now be performed by símple aseptic bacteriological techniques.

Upon microscopic observation (fy franging drop preparatíons) .l{:i.ij;ì'l.l

the cells appeared to be monodisperse, i.e. they existed as
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rABLE r(")

Growth Medium for HeLa CeII Cultures

20% calf serum

Bo% Morgan's Mixture #l9g

50 t-tg/ml DihydrostreptomycÍn sulphate

lOO T..ïJ./mL Penicíltin G. Potassíum

50 $q/ml Neomycín sulphatê
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TABLE ÏI

Hankrs Balanced Salts

A. lOX solution

Solution (ess)

Preparation

DLssolvedin 250 mI dis-
water and dispensed In
a convenient bottle
/1(screw-capJ and auto-
claved at 12Oo C for 15
míns.

Díssolved in B0O ml
dístíIled. water.

Díssolved Ln lOO mI
dístilled water"

I*ixed ín small amount
of water unËil a paste,
diluted to 150 ml with
distilled water, titrated
to pH 7 vfith N/zO NaoH.
Made up to final volume
of 20O m1 and preserved
with 1-2 m1 chloroform.

unl-t #1

vnj-t #2

uni.E #3

TJr.Lt #4

Material

NaHCOaJ

NaCl
KCl
MgSO/+.THZO
Na2IIPOI¡.2H2O
Glucose
KH2Po/¡

CaC12

Phenol red

Amount

3.5 9m

Bo.o
hn
éoU

0.6
10.0
o.6

gm
gm
gm
gm
gm
gm

1,4 gm

0,4 gm
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Eable II contd.

lOO mI of Unit fiz were added to Unit #Z arta then unit #3
was added to make 1OOO ml. The solutl-on lrlas poured lnto a
glass stoppered bott,le and 3-4 ml chloroform \^zere added as
a preservative" The solution was stored at room temperatulre.

B, Vlorkíng Solution

fhe workíng BSS \^ras prepared by dilution of 1OX
stock 1:1O with df stilled water. It was dl-spensed in scre$r
cap bottles and autoclaved at 12Oo C for 15 mins. 2.5 mI
of steríIe sodlum bicarbonate solution (unit #t) \^zere added
aseptically to each 100 mI of BSS. ftte pII was adjusted to
7LL



EW

separate entitíes ín the suspension. Cells obtained from

monodisperse suspensions could be cultured as monolayers
::. . -'I 

Fla n a rnnnran# rarlrrn{- ì nn nf flrcl r rrl a ss-al-1. acllr i no oror 
:,.tar:,|'', \n/ith no apparent reduction of their glass-attaching property. ,'j

In the above culture procedures, all cultures and

reagents vyere tested for bacterial sterilíty as follows:
. ,,]. '/ ,\( r-l Aerobic microorqanisms - inoculation of tubes ":'.'

. .t. ..:.

, of Difco brain heart infusion broth followed by íncubatíon '",

for one week at 2Bo and 3To c.

(ií) Anaerobic microorqanisms - inoculation of tubes

of thioglycollate agar fol1owed by incubation for one week l

at 2Bo and 3To c.

3 - Cell Enumeration Procedure

Although the direct count of cells is tedíous in

comparJ-son wíth the indírect methods, (total Nê by mlcro-

Kjeldahl, determinatíon of cellular RNA' etc. ) tfre indi-

vidual existence of the cells in agltated suspension favoured

a dírect count. Such a method was used because ít allowed

for a more accurate determinatíon than ís often possible.

The method used was the haemocytometer technique



adapted from that of Merchant et al. (f960).

After the haemocytometer had been thoroughly cleansed,

0.5 mI of celI suspension \^/as diluted to a final ceJ-l

concentration of I x 105 - 2 x 105 cel1s per mI. The

diluent was a solution of O.OL% crystal víolet in 0.1 M

cltric acid. Thís díluent also stained the nuclei whích

facilitated enumeration and tended to mlniml-ze any clumping

that can occur ín the chamber.

Both chambers of the haemocytometer were fílled and

cel1s counted \4lere those in the four corner Squares and

centre scJuare of each chamber in the haemocytometer.

2L

the

the

B. L-TRYPTOPIÍAN PEROXTDASE ASSAY PROCEÐURE

Ttre following progralnme hTas carried out for alI

assay procedureso The method was modffied from that of

w. E. I{nox (WSf). The assay is based on these reactions:

(-) Tryptophan peroxidase (reo) catalyzes the

oxl-datlon of L-tryptophan tc L-formylkynurenÍne. This is

the first step in the major pathway of tryptophan

degradation, leadíng eventually to the formation of
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nlccùlnlc acld, to iatesmdietoe lik€ kynuroninc r¡¡d

xantbura¡¡l,c acid, aad tø ccrtaLn eyc pígænta f¡l lnrccts.

(U ) f,-forq¡Lklmrrreirlse ia trydro!.1n2+d to l.-klmr¡ren lne

by cxsecs k¡murcnlse fornasléaae prcccnt in the hoelogcnaÈc.

fho f"-kynr¡renLne le thtn døteralnad by Lte abrorptloa at

365 ryr.

A, Í**, lu",( l-l--cHrcHCooH O, ( þocttucHcooH(,\ I 

-( 

lj-**.roV\^./ H'oz \/H T PO r,-r{rmyrkynurenine
I

l Hon
I

L-trYPtoPhan 

r FoqìaA,.,'r DA.E
I

.,t

A, l" 
*,

HcooH {_ ( lfocu,.cHcooH
\ ¡NHIV

formic acid L-kvnurenine

Fig. 3 . The basic reactions of the TPO system.
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Deíonized water was used in all reagents and tesÈs

because of the inhíbl-tory effects of Cu** and Fet** íons.

All operations were carried out at O-5o c. All ,,,,r.,,'-,

determínations were performed in duplicate.

( f ) ftt" cell suspensions were centrifuged at

IO'OOO x g for ! mJ-ns, Tnis was followed by two washes with .. :.,'¡
I ì : :'. ::r'.::: i

Hanks Balanced salts solution (fafte rr) uo remove all :,,.,,1.,,.,

traces of the medium.

( fi) aff assays for tryptophan peroxldase (teo)

\^rere performed on a cell sample having a wet weight of 0.45

9,

(iii) nfre cells were resuspeRded by trituration

(effected by repeatedly drawJ-ng the materl-al lnto a pípette

and expellJ-ng it again) with I volumes of alkallne KCI.
;. ..: :.1..r'.

Etre suspenslons were atrlowed to stand fot J ml-ns. :.¡,.,ì.ì,..

| . \ *. t .1 t, - ' '( tt) The suspensions v¡ere then homogenlzed in a ,.,.,

glass tíssue grinder for I mfns.

( v) f.5 ml of homogenate were pipetted fnto each

reaction tr¡be. The reaction trrbe contained 1.0 ml of O '2 M .',',','.,'
: . : ,.i ::-ì. :

phosphate bufferr pH T.O, 0.3 ml of O"O3 4 L-trlptophan,

and deíonized water t,o make a total volume of 4.0 ml. ftte
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L-trlptophan was omitted from the control tube.

( ri ) m" tulces \4/ere tl.en shaken for one hour at

3Bo c ín an aerobic atmosphere. fhe reactl-on was st,opped, 
t;,:r,,:,,,:1,,,,

the material deprotefnized, and neutralLzed l-n a nlcrnner

identícal wlth that of l(nox.

(vli) ttt" determination of TPo actJ-vity was .::',.::,
' 
;.t 

,. 

.rt ;,,,,; ;,,

accomplished by the measurement of the I,-klmurenine present ---..:.. -.
.',.'a.a',.' 

.:.: ...: . 
.ín the sample by means of a Beckman DB spectrophotometer

at a \^¡ave length of 365 mU..

Calculation of Activitv

ftre optLcal density difference between the blank

and the experJ-mental was the neasure of the l-klmurenine

formed. fhLs f-s proportional to the TPO concentration

under t^he assay condítions.

The unLts of l{nox vrere used ín the calculatfonsr i.ê.

the nunber of micromoles of klmurenine formed per gram of

dry wel-ght of homogenate per hour.

fhe dry weight was determined from 2 ml of fresh

homogenate dried for 2 hor:rs at lOOo C, and corrected for

the weight of the contamLnat.íng KCl.
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The molar extinction coefficient of kynureníne under

these conditions is €. = 4540 at a vtavelength of 365 mU."

...'4.,.t,':,

C. TT:IE INDUCÏION OF TPO ACTIVÏftr

once it had been established that the Tpo system did 
,,,.,,-.,,

not exÍst in the normal HeLa ce11., êD attempt was made to ' '

induce fPO activf-ty by raising the L-trl4ptophan concentration ,,','.,..:',

of the growth medíum from 1O-4 M to 1O-2 ¡n.

Ekrfs attempt was unsuccessfulr Do TPo being induced

in response to the increase in trlz¡ptophan concentration. :

fhenextstep,l-nconformf.tywiththeffndf.ngsofK1ej-n

OgAt), was to increase both the tryptophan and the RNA

concentrations of the medium.

Yeast RNA (from Sigma Chemícal Co.) v¿s dl-ssolved irr

p parts of deÍonized wat^er to I part of O.2 Mphosphate :'.'.'""'

'..t,.--

buffer, pH B"O. lÍtre solution was then filtered through a .1,r'',,,.1,

Mif lipore membrane filter (pore sl-ze O.45 P) and aseptically

incorporated into the culture medíum to give a final

concentratlon of. 2JA ¡r"g RNA/ml medium. Under these

condítions, TPO activity was induced in the IIeLa ceIls.
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In the presentatíon of the Results and the Dfscussiont

the term "basal culture" will be used to describe one in

which the trlptophan concentratLon alone was íncreased; the

term I'RNA culture " will be used to descrlbe one in whích bottt

RNA and tryptophan concentrations were increased.

The experl-ment'al design conslsted of ten "loasal

cultures" and ten "RNA cultures" of HeI,a cells. fhese

cultures 1{ere then assayed at two day fntervals for the

actívity of ÎPO,

Fíve "normal" cultures (ín which neither the

trlptophan or RNA concentratíons were augmented) were

assayed" Five cultures fn whích the RNA coneentratíon alone

was augmented were also assaYed'
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RESULTS

A. Ttte Growbh of HeLa Cellq in Monodisperse Suspe4sions. .,.:,.:....:

''... ì ,., r.¡rr.,t.

The HeLa cell strain had been est.ablished in monolalier

cultures. Trypsinizatíon of the celI sheets produced a
. :'a. .-, ,,,.,,¡,,,t ',,',.;, suspension in which the cells were monodisperse, i.e, they .,,'t ''

,',,,,., existed indivídually wíth no evid.ence of aggregatíon or ..,r,,;rì1..,

clumping,

Once the fact had been established that the cells

could exist and multíply indivÍdually ín the agitated

suspensions, a growth curve \^/as determined" (I.ig. I).
l

I Haemocytometer counts of celI populati-on \t/ere made every two

days until the populatíon entered the maximum stationary

phase at the end. of 16 days.

',t''. A closer picture of the growth pattern during the lag :':''' .

I -.,1 ,.,

,,., phase ís províded in Flg. 1("). i" .

- r'i .r

During the period of accelerated çi:rowEh, the medium

was virtually free of noncellular debris and the pH of the

-aJ -- | , \ . | - .-.:',,ì-,i.,., medium (phenol red) remained stable aE 7.2. At the begLnning .j.,,,,,j.,.'

of the stationary phase, some non-speclfic degeneration and ,

debris was evident and the pH of the medLum decreased slightly.
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The mean generation time of the Ïfela ce1ls under

these conditions \^ras 24.83 hours.

B" Increased Activity of TPO

All of the "normal" cultures tested at two day

intervals over a ten day period showed no activity of TPO.

T'ne "basal" cultures, i.o. those containl-ng an

increased L-tryptophan concentration, were also lackLng in

TPO actívity.

The five cultures containíng extra RNA but no

tryptophan íncrement were devoíd of measurable actLvity.

llee positl-ve results that were obtained occured only

ín the "RNA" cultures, í.ê, those containing extra tryptophan

and. extra RNA.

These latter observations are summarized ín Table III.

A curve of ühe TPO actívíty obtaíned has been ccrrelated

wlth the growth curve of the HeLa celIs in FÍg. 2.

From Fig. 2, it can be observed that the actfvity of

the TPO system occurÍng in the "RNA" cultures Lncreases as

the culture age increases untíl the populatíon goes into

the stationary phase of growth" At thls polnt, EPO activity
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rABLE III

Actívíty of TPO in
with Relation to

o. D, díff .

^^V¡V

0.0

0.044

o,074

o.o9T

0.119

O,L55

o .L6g

o.L95

0 .21

I'RNA" Cultures
Culture Age

Itrox Uníts*

o,o

nô

Q.97

r.62

^ rlr

2,62

? lrr

? 7)f

4.6L

31

Acre ( aavs )

1

¿.

4

rl

B

IO

T2

14

L6

* Itnox UnLt,s
formed per gram dry

- micromoles of L-klmurenine
weight of homogenate per hour.
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Fig. 2. Increased activitY of TPO

concomitant with gro\,ùth.
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DTSCUSSION

fhe success in the development of a method of

culturing mammalían cells ín agítated monodísperse

suspensions offered celIular mat.eríal that has provided

relatively tractable for bl-octremical and. physJ-ologícal

st,udies of ceII behavíour. In particular, the homogeneity

of the ceII suspenslons has proved rather suÍtable for a

st,udy of "índuced enzyme slmthesís ".

The phrase, "the induction of ÍPO activity" in

mammalían cells cult,ured in vítro must be Lnterpreted wÍth

caution. I{nox ( fg¡g ) poJ-nts out that actl-víty assays are

always a ratLo of two factors:

(") the measured actJ-víty and

(¡) the amount of tfssue used in the assayr

SLnce our experÍments were carrLed out using the

same we.l-ght of cellular materíaI fn each lnstance,

specÍfically 0.45 gm wet weíght, then the condftion 1n (f)

has been fulfílled and ttre ínüerpretation of results is

dependent on (") onJ-y" Firm conclusíons about enzlme

concentration changes can be reached only Íf the changes
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observed are large in comparison with the mass of material

ín the tíssue because extractidl procedures are not always

replícable with high accuracy.

The results that we have obtained are based upon the

uniform amount of tissue used thus indicate a significant
¡ . r .r 1 5---l---- 

----llL'increase in enzyme actJ-vity underthe inducJ-ng condit,ions.

(rig, 2). This activity increase is concomitant with growth

of the cells and levels off vrhen the populatíon reaches the

maximum stationary phase of growth. There is also a lack

of any activity durÍng the 1ag phase of growth.

Ikrox (tgSS) offers considerable evidence that the

assay procedure ís valid for experl-ments performed on rat

livers. Thus tÏ¡e amount of L-kynurenine accumulated under

hís condÍtions and measured adequately indicated tÏ¡e amount

of tryptophan oxídized in. the TPO reaction. Deproteinízíation

with metaphosphoríc acíd gives superlor recoveries of

klmurenine as compared wl-th the former method using Jy'o zi-nc

acetate and O,1B tri NaoH (rnox , L95O), The immedl-ate

oxídatlon product of the reaction, L-formylklmureni.ne, does

not accumulate because a large excess of kynureníne

formamidase is present in the preparation.

.; ::-:

::r::
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However, all such conclusíons that Ëhe TPO system ís

Lnducíble are drawn on the basis of indirect in vivo

evldences that, Itrox ($OSS) outlines. Nov¡ that Èhe system Ïras ,,,,,.....,,. ...,

.'t;,¡;,;i;;¡

been found Eo occur in mammalÍan cells cultured in vitro,

the fLrst l-ndication of tl.ls work would seem to be the

determinatíon of actual enzyme synthesis, speciflcally, ', ¡;;;.:'':,
t.,:.1:..t:i.t:t.:,

cJ:anges in actual enz'me concenÈration. If thÍs proved to 
.,;.,,,;.r1,,,;,:;;,:,;

be negative, then the activitíes obtained would probalrly 
" " :'1:'

be due to activation of TPO protein already present ín the

HeLa cell.

ftre unusual aspect of the results obtal-ned in this

work is that the induclng substance, f,-trlzptophanrwas not

active alone but requl-red the extra additíon of RNA to the

culture. This problem also arose ín the work of Klein

(fg6O , J96l-). curíously enough, the addition of RNA

deríved from yeast promoted the increase l-n enzyme actívfty

in the presence of trlptophan. Hornrever, our results

dl-ffered from those of Kleín in which the addítfon of RNA

alone gave mínfmal actívity of arginase. In this workr no 
,:,.,,t,.,,.

such activíty was observed with TPo. The additÍon of

anl-ma} RNA was not necessary. Kleín suggests that there is
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a competítion for available RNA precursors and amíno acids

between different enzyme-formÍng templates in a cell. T'lfe

increased concentration of added RNA then facilftates the

productJ-on of templates that are poor precursors. He bases

thÍs assumption on a theory proposed by Spíegelman e! aI.

(tgs6),

This is the most ínteresting aspect of our results

in that iL promlses further investlgatíon. What ís the

effect of the added RNA? Incorporation of síng1e bases into

t'he medium, ê,g. uracil, m:ight prove to be the regulating

f actor. Dlalyzed and hydrolyzed RNA preparat,ions should

offer Lnteresting conclusíons.

In anÍmals, TPo activíty is also l-ncreased by the

adml-nl-stratj-on of hormones, specifícally, Ïrydrocortlsone 
"

If this and other related substances urere also studied by

the techniques outlined here, some insight l-nto the

mechanism of "índucedi rpo Synthesís may be gained.

fhere appear "to be advantages in the growEh of

tl-ssue cultures in agítated monodisperse suspensíons. If

other cell- systems can be adapted to thís procedure, ít

would become possible to carry out J-mportant bl-ochemical
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and physl-ological investigations with the advantage of

reduced time and materials" It also appears that the

cellular mat,erial thus obtaíned would provJ-de for more ,'.' ,'',.,
.,..,1,.r...,;,:;'.

accurate lnvestÍgatl-ons beCause of the greater control

the worker would have over the condÍt'ions of growth and

the medium. ltte homogeneíty of tþe cel]s 1n the suspenslons

l-s a distinct J-mprovement l-n thís control because the great

majority of the population are no\^¡ exposed t,o ídentical

conditlons affording a greater degree of accuracy in the

ínterpretatíon of experimental results.

The obvious "stress" and "shock" lmposed upon ttre

celt by the proteolytic procedure of trypsinization has
:

been elíminated" flre ability to obtaln successíve cell

cultures and to feed ex:Lsting populations by the use of

sJ-mple bacteríologlcal techníques is very useful. :.,, ,' '
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¡UMIIARY

(f) e method for tT¡e in vitro culture of mammalian

cells in agitated monodisperse suspensl-ons \^las developed'

(Z) activity of the enzyme system, tryptophan

peroxidase-oxidase (feo), was íncreased Ín monodisperse

suspensíons by the lnd.ucer, I,-tryptophan and added RNA

derlved from yeast.

(¡) The activlty of TPo increased as culture age

increased until the maxlmum statíonary ptrase of the

populat,ion growth had been achieved.

' :i-,)i:: .

:: 1.: _..f: -'.

:: i.: ri'..::i'.;.:
.-:':,¡i:,i:. l: --:
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