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luCOQ INCORPORATION INTO THE NUCLEIC ACIDS OF

SYNCHRONOUSLY GROWING CHLORELLA CELLS

Luise Stange*, Martha Kirk, Zdward L. Bennett and M. Calvin

Lawrencz Rsdiation Leboratory and Department of Chemistry,
University of California, Berkeley, California (U&A)‘

SUMMARY

1L

A study of the incocporation oo ~7C0. into cell components

AV

x]

o synchronously geowing Chlorella nyrencidosa has shown that

DNA is synthesized prisarily during the latter stégcs of the.
celi cycle prior to cell division.

RNA vas synthesizcd al an epproximately egial rate ducringg
cach of the three phases of the cell growth studicd. No malor

54 PP ot s PN ~ L& 3
differences vere noted in the incorporation of 'LCOQ into the
&

soluble cell components in’ these long-term incorporaticn studies.

s

* Present address:; Universitét zu Kdln, Institut £l Entwleklungs-
J) &

physiologie, K8ln-Lindenthal, Gyrhofstrasse 17, Germany.
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INTRODUCTION
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5hifts in the metabolisa of individusl czlls presumably are

gssociated. with the varicus worphological and physiological chang

that ocecur during the development of these cells. In investigations

on the sequence of actebolic changes underlying the cyeclic pro <]
of c=21l growtn and dvaslcn, the nucleic acids are of special intzrest

vecause of thelr functions in éall growth and reproduction. Incospora=
tion of lL“OQ in different stages of the synchronbus growth of Chlorella
cells has D=cn used a3 & uunhod tu inve stlwaue possible mutabolic dif-
ferences related to different stages of ths lle cycle of the cel1l,

We have.used the sieady-state gpparatus descridved by BASSHAM to carry
out experimenis on the long-tera lncorporalion of 1“202 to label the
so-called insoluble material of the cells, This ingoluble material,
particulerly the nuclelc aclids, has besn analyzedvby & fractionation procedurc
previously describedl. Rates of synthesis or of turncver of RHA wore
estimated by determining the amocunt of radicactivity incorporéted and the
specific activity as a function of time. The lL"C activity incorporated
into the bases of RNA has been determined after hydrolysis and their
separation ¢n paper chromatograms. Th: amount of lhc arpearing in the

P~

thymine of the DNA fraction was taken as a measurcment of DNA synthesis.



syncheonous growth

"The culture of Chlorslla pysenoldosa was grown in the contiauous-

culture apparatus describved by HOLM-HANGEN ct al.h without the automatic

—— et

dilution device. The culture medium had the following composition:
5.0 g; HgS0,-7 B0, 2.5 g; KHzPOy, 1.1 g; Ca(W0g)p, 0.02 g;

olution, 1 ml; distilled

[ &1]
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Fe~Versen-0l/, 1 nl; wodified Arnon's A-b

The synchronization of the cells was brouzght sbout by rezular

light and dark changes(~10, Full synchronization of ithe culture wes
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induced by using e te ature of 259, and alt srneting

initial culturs wes starisd by inoculaetinig the

{

18 h dar periods. Th

tube with a sampie of cells from a stock culture in & shaker flesk

(!

groving at o light intensiiy of 13,000 lux under continuous illumi Auyion.
The initial ealg=e population in the tube of the continuvous-culiure
apparatus had a densitybof sbout 20 - 10° celils/ml (0.1%) end vas ex=
posed to eight 20 watt escent liéhﬁs Yielding & constont ligat

= .4.

intensity cf 12,000 lux. At the beglaning of cach light phase th:

\b

culture was diluted menually to the initial density.

Theacontinuous sterility of the Eulture was checked by 1non¢latinb
an sgar plate each time a sauple was taken from the tube. No bacterial
contazination was observed in the culture used for the experiments re-
ported here

The synchroncus growth of the culture was followed by determining
-the cell number per unit volume in a haematocytomzier and by measucing
the diameter of 200 cells with an ocular micrometes each tice a ssuple

“as taken, and at the ends of the ligzhti and dark phases.
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R A P R T .
BLion eXperiments

In the long-time incorporation experiuecnts, varying beiween 1 h

and 27 o incorposratiocn, the élgae wera supplied with lLCCE in the sicady-ctate
apparatus descrivbed by BAGSHAMS. At the desired time, sauples of the
synchroncusly growing culture were removed from the continuosus-culture
tube and cenirifuzed and the algase were resuspended in foesh nutrient
solution of the same composition at a 0.5% concentration (volume vet
packed cellé/volumc). Subsequently, 70-80 ml of this suspension vas
transferred into the algae chanber of the stéady-state apparatus.

Thz algae chaxber was illumineted rom both sides by photospot
lamps (G.5. RSP 2) with a light intensity of 25,000 lux. The tempera-
ture in the algae suspension was maintained at 250 by circulating water
froﬁ a water bath. The density of the culture was measured in a side
loop of the algzae chémber by a photocell and the culture was diluted
with nutrient solution tc the original value whenever the density in-
creased by spproximately 8% over the original density.

A stream of gas (2% CO, in air initially) was circulated through
the whole closed system of the epparatus, and bubbled at a constant rate
through the algae suspension. iACOE was added to this zas by turning
the stopeock of a loop containing the desired amount of thOQ (an average

£ for b h incorporation). After the gas bubbled through the algae, it

N
o

passed through instruments which measurs COp, th, and Op». Bach msasure-
ment was automatically recorded. The goowth chamber and asasuring instiu-.
ments can be isolated‘frém the lerger part of the systean, termed the
reservoir, by turning a stopcock. In this way rate measurements of COp

and thOg uptake and Oy evolution can be made by observing the ratz of

change of their concentratiocns on the secorder. From the xnowvn ssnsitivitiss




,‘)..
of these instruments and the volume of the system, one can caleulate
rates 0f gas exchangs, spacific radicectivity, and--by ssgsuming en

: N of ) . 5 2 :
averege carvon composition of 52.3%--the increase in subsitance“. The

utilized end 1ts spccific activiity. Such measuremun

hour. All cslceulations involving e uptaie and epzcific activity have

veen nornalized for 1“002 of & specific activity of 1 uC/pmole. The

<

“

actual specific activity used, however, was 2.0 to 3.3 uC/umole,

At the end of Lhe Gesired time interval, a 30 ml saaple of the
algae suspznsion was taken from the algae chamber, centrifuged, and, aiter
decanting the supernatant nutrient solution, resuspended in 1 =l distillied
vater and killed by adding U4 ml boiling ethanol. The tim: between taking

the sample and killing the algae varied between 10 and 12 ain.

Fractionavion of the samples

ince in Experiments I and IT not all the sazples could be analyzed

i

simultaneously, the three samples with the same incorporation time dbut

of different steges of the cell cycle have besn worked up tozether.
a5 &S

The cells were homogenized in a Xontes Duall~type all-glass homogenizer

and the fractioration procedure for thg inscluble materiel of Chlorella
cells described earl;er3 vwas followed. After the removal of the ethaﬁbl-,
water~, and ether-soluble materials, the RNA and DNA were degraded to
soluble components with ribonuclease and deoxyribonuclease, respectively.
The extraction procedure consisted of six extractions =ach with S ml
boiling 80% ethanol, two extractions with 5 ml 20% ethanol heated 5 min
at hod, three extractions‘with 5 ml water heated 5 min at 70°. The resi-
due was treated for 3 h with 3 mg ribonuclease (Armour, crystallized) dis-

solved in 3 rl of distilled water at 37° to yield the RNA-1 fraction.
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Then the suspension was centrifuged and the residue was waghed with
5 sl of distilled vater. This trsatzent with ribonuclease wae repeated
in the same way twice. For the last wash 0.005 M MgSO;
lowing treatment with ridbonucleass, the residus was digoested with O.k ng
deoxyribonuclease (vicethington Biochemical Corp.? U.S.A.) in 3 ml of
0.005 8 Mz&0), pE 5 (0.1 ¥ acectate buffer) Tor 3 k at 37° and the sus-
vension was centrifuged afterwards.. In some cases, the digestion with

deoxyriboanuclease was repceeted twice in the same way. To exclude an
P

(9}

offects thrcugh contamination of the samples by bacteria, one drop of
~toluane was edded to the ¢nwymic digestions.

To determine the radioactivity of the total suspension and of the
single fractions, smell aliquots were dried onto sluaminun planchettces
and counted with a Mylar-window Scott-types Geiger-Muller tube connected

to a scaler.

Analysis of the nucleic acid fractions

The nucleic acid content of the nﬁcleic acid fractions was deter=-
ained by measuring the uv absc:splion in a.Beczman spectropnotometer.
The amount of RNA present (in mg) in each RNA fraction .as calculated
from the 280 zp extinction, using an absorbancy of 3hk.% oo the nucleo-
tides obtained from a 0.1% RHA solution. This extinction was calculated

- . e s . \ .13 .
from the inown extinction coefficients of the nucleotides—t, and 1t was

assuméd that éhe RNA had the tollowing base ratio: guanylic acld, 0.30;
adenylic ecid, 0.23; cytidylic acid, 0.255; and uridylic acld, 0.21512.
RNA of this couposition contain5 35.7% carbon. If an equimoclar distri-
bution of the four bases werie assgmed, the absorbancy would be 29.4 and the

carbon perccntage would be .5%. The uv abzorption of the 20% ethanol
P S » B3 I
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ead the water fractions was élso checked to detemine any extraction

of nuclaic acld in thess fracticns.

) Tue nucleic acid frections were analyzed furthsr by paper chroma-
togrephy. 100 pl of the AIA fractions was hydrolyzed by ¥ HCL at 100° rfor
4 h (in some cases, 2 h). 500 ul of the DN fracticns (in soms cases of
the RNA fractions too) were hydrolyzed with § N HCl for 2 h at 120° ia
order to detect [ree thymine. Thesee hydroly:zates had to be evaporated

to dryness three tiimes after redissolving in water twice to remove HC
wiich inmterfered with the chromatogrephy.

Th2 chrometograms were made on oxalic scid-washsd Whatinan No. &
filter papsr and were developed in phenol-weter in the first dimension
g1d in n-butancl-propionic ecid-water in the.second dizmension. Since
under thess sgperation conditions edenine and thymine run ©o almost the
sane pogition, this arca of the chrcmatogiran wes cluted snd rechionsto-
grephed with watér adjusted to »H 10 with amaonium hydroxide; thise

solvent system clearly separates adenine end thyaine.

-~

adioactive substances wers located by exposurse of the chromatozoan
-3

s

to Kodak single-coatzd x-ray fili. The radicactivity of tne single spots
on the chromatograms wes counted directly on the paper with a Myler-window
Scott~type Guiger-Muller tube. The totel activity in the RNA fractiocn

has been calculated from the sum of these counts and 4 conversion faétor

- of 11.2 to convert counts to disintegrations.
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Trree sxperimsntis were carried out with koo, Ashomat
of thz experimcental design 1s given in Fig. 1. OBince there i

In BExperiments I and XTI, samplas warg taken from th2 sym
culture and transferred to the steady~state apparatus st 3; 8

after the beginning of the light phase.  The sample

ic swmmary
5 Zenerally

he results

chronous

8, end 13 h
teken 3 h after onset

tght was called "A,” the sesple after § 2 "B,” and the sample after

~l‘

13 1 "¢." In cach case, after an initisl adaptation for 15 min +%c0on
’ . & J > 2

was sdded to the systea. Aliquots wers removed after 1,2, and L h of incor-

poration of l1‘002 in the steady-state epperatus. In naming these samples,

the incorporation timz 1s given as & subscript to the letter,

) N R _ EEN
The light phess wes started and after 15 min of adaptation 47

added. This sasple was called "L.” Aliguots were removed aft

and 15 h. The lights wers then turned off, and the last aliqu

after 12 h in the dark or 2] h after sdministration of LhCop.

Synchronous rrowin

For all three experiments algae of the saice culture were

culture was sterted August 3 from a continuously illuminated

in a snaker flask. Experiment I was carried outv suvgust 3, in

light phase, 36 h after the start of the culture.
cells proved to be not yet coapletely sy

started cell division 12 h after cnset of light, whersas the

vas taken at

apparatus.

CO.- was

frer 7.5 h

ot was taeken

used. This
stock culture

the second

In. this experiment the

ichronized--about 10% ¢of the cells

- g e Yy -
¢st of the

cells entersd cell division 5 h later at the end of the light phase.
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Experiment II

[N

was carrisd out Suptember 27 and Baperiment YIIT September 30,

=

2

}.J

after the culture had grown under regulor lignt end dack changes for 5
and 53 days, respctively. In both these eaperiments the cells were
growing completely synchronously; no divigion occurred during the light
phase.

Figure 2 presents variation cusves for the cell dipmeter obtained
for the cell culture of Exiperiment II. Whereas the values 2t O h, 3 h,
8h, 13 b, and 18 h wers measurad in samples from the continuous culture
tube, the valu2s at 7 h, 12 h, and 17 h were determined from the samples

takxen from the steady-state apparaius.

Most of the increase in ce-l gsize had occurred in ;e time between

ehift of the curve to the right was observed after 3 h,) Therse is o
phase in the further course of cell develcpment in which little or no
increase of volwne takes place. However, Cog’upta*e continues and tune
cells incrsass in mess. AT the end of the lig
divisions in the culture can be seza. The shift of the curves for 17 n
and 18 n to the right indicate a further increase in volume preceding

ezll division. This increase in velumz preceding cell division has been
observed also by SOEDE rR13. Since it occurs also in-the dark, it cannot
be rselated to the producilen of ﬁ’u substance 13 but ig probably a =echani-

~

cal prepacation for sporulation.
We believe it is not generally possible {0 conclude [rom the overs-
lapping of these variation curves at the beginning and the ¢nd of the

light phase thet the synchronization has been incowmpletz, as assumed by

METZNER end LORENZENlh. The iﬂherent variation of cell dismeter in a




synchronous culturs dzterimines the shape of the distrlbuticn curve.
The degree: of shifting of the verietion curves to the right 1s deter-
min=d by the cxieant of growth of the singls cells.

in all ceses, is a comparison of ithe cell multiplication fector with
the proportior of cells dividing into different nunbers of autosporas.
For exagple, in one experiment the cell number at the beginning of tpe
light phase was 21.5 . 106 cells/ml and at the end of the f£ollowing dark
phase 176 + 108 cells/ml. Thus, the factor of cell multiplication was
8.2. At the beginninz of the dark phase¢ the number of cell; dividing
in 4, 8, or 16 aﬁtospores vas determined from 100.dividing cells: 15%
of the cells divided into L auvtospores, 71% into 8 autospores, and 1h%
into 18 eutosporzs. This means that a multiplication factor of 8.5
should be expected.“ The agreenment between the nultiplication factors
expected and observed shows that all the cells in the culture had
divided.

Photosynthetic rate

The rates of exchange of geses during thg incorporation oF lhcog
for Bxperiments I and IX are shown in Table I. Tbe vialues derived from
the measursmznt of CO, pressure end th uptake seldonm differzd by moce
than 3 t¢ S5%. A decrecase in the photosynthetic rate occurred during esch
incofporation pericd in the stoady-state apparatus. In addition, =z de-~
creasz of the carbon uptaike was obscrved with progressing cell devolop-

ent when carvon uptexe of the samples with the same Incorporation time

but from different stages of synchronous growth were comparad. The rate
for the first hour wes about 20% less for cell stage C than for A.

The dry weight of algee rewoved with each sample from the stzady-state



naratus is listed in Table I. This has bsen calceulated from ths

ar

13C02 upteke rete by assumégﬁ_an average percentess caroon composition of
52% and & veb weight/dr wveignt ratio of 8. The corbdon parcentage un-
doubtedly changes during the dsvelopment of tha c=lls. The calculated
dry weight removed shows a clzar increass during each Lncosporation

period. This result was unexpzcted, since it was assuned that the con-

ration of the culture was xept consisnt by keeping the density as

ct

cen
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measured by the photocell at a constant value. Apparently, changes in

the composition of the e2lls occur during the incorporation period, which

lead to a deérease in absorption of light by the same buls of cell nat ‘ric._.
Data in tﬁe final columns 6f Tible I present the total umoies of

carbon (or uC of lhC) incorporated into the sample removed and the per

centage labeling of the total carbton of the czlls. The toisl lﬁcog in-

corporated end the growth of the cells have been derived from the change

of l&COQ activity in the entire st ady-statc systen during the growth

period.

The cumulative growth of the culture ia the steady-state epparatus

[¢]

during E periment III is summarized in Tuble II. During 15 h photosyathesls,
the cell mass incrzased fourfold. The photosynthetic ratsz during this
expsrimeént was about 1/2 of that observed in Experiments I and II.

In Experiment III, in which the culture was growing 15 h continuously
in the steady-state gpparatus, a yellowing of the culture and a strong
accumulation of starch in the cells wvas observed aiter asbout G h of
growth 1n the steady-state apparatus. This was in contrast to the con-
ditions in the stock culture at the same time. These modificetions of
the cell composition are provably due to the high light intensity to which

the alzas in the steady-state apparatus heve been exposed and which had
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pension used Ior the incorporation experiments. This sxplanation

for the increase in dry weight of algse per voluwme during the ine

of the aliquots removed doss not show the same inerease, and shows a

decrease when cxpressed in teras of the total elgae weizght (see Table

f

The incorporation and distribution of th in several components of

the cells in different stages of the cell cycle and efter thres incoc-
poration timss are summarized in Toble ITI. The resulis are presentad
as uC found for the total algee suspension removed, and as percentaze

of the total radioectlvity found in each fraction.

tribution of ¢ in the various fractions were reletivaly owmsll.
Significant shifts in the distribution of LYC were found with different
stages of cell maturation in our previous short-term studiss. As expected,
the biggest shift in the long-term experimenys as corpared with the short--

o

term experiaents is e lgrge decrease in the percentazs of ihC found in
the e¢tihenol exiracts frqm 80% in & 2-ninute photosynthesis experiment to
about 20% in & b~h or 7.5-h experiment.

In zZxperiment III, the 27~h sample in comparison with the cther two
samples shows that after 12 h dariness a considefable decrease in radio-
ectivity occurs in the vater and the ethanol-cther fractions, while there
ie @ constant percentage of rediocactivity present im the 0% ethanol

fraction. In addition, the total 1o present had decreased about 20%.




Thoe saount O radlcactivity in the RHA-1 foaction cannct be
. Bm o ' 4 rr . ,
taken as a meesursment for +9C incorporated into KA, since this

P

fraction wes contaminated by labsled starch and nesded furthes

separetion by paper chromatogranhy after ecid hydrolysis. In .
2laborating the method for Fractionation ¢f the inscluble material
of Chlorella cells3, the 14%C had beon incorporated afier one injection

of only &0 pC HathCO3. Under these conditions uvnly nzgligible
amounts of glucose wer: detected on the chromatoxran after acid
nydrolysis of the RNA-1 fraction.

No consistent differences were notead the residue.

Incorporation of th into RNA

The amount of redioasctivity incorporated into RNA was determined

by counting the radicactiviiy of the separated spots of the components

of RNA on the paper chromatogzrams of the RNA-1 fraction. Thess spots
were identified as adenine, guanine, ribose, cytidylic acid, and uridyiic
acid, and as minor radloactive spots which conteined c¢ytidine, uridine,
nd uracil. From the sum of the radioactivity of these coapounds and
the emount of RNA in the fractionr, the relative specific activity (or
dugres of lsbeling) in the RNA of the algase has been determined. Thesc
velues for the RNA fractiions, which are summerized in Fiz. 3 and in
Table IV, have becn obtained by dividing the dpm of RNA-1l fraction by
the mg of RHA of the RVA-l fractiorn &s determinad by spectirophotometry.
It was found that sppreciable but inconsistent uv abzorpiion
.uccurrna in the 20% cthanol fraction and particularly in the water
frac;iono It could be shown by alalysis that et least 7b~ of this

uv absorption was due to higher molzeulsrs weight compounas. The data

in Tadble IV for the 2z RNA and percentage RNA were obtained by totaling

2
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the 280 my absorption of tha throw fractions. In most cases T2 Lo &0H

of the 260 mu evsorption wes in the RMA frectio
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mainder was in the water wvash. Low valuzs of 280 wy abeorptiocn in the
RUA-1 fraction were accompanied by high velues in the corresponding 209
ethancl and water Tractions. The uv abscerption in the RNA-2 fraction
after the sscond digestion by ridbonucleass amcunted 1o &4 of that in the
RHA-1 fraction and was neglected. The 280/26C-my ratio of the.RNA-1
fraction was 0.43, These :atiqs calculated for a statistical tetra-
puclaatide ace 0.55 and 0.91 vespeetively, and for a base composition
of 30% guanine, 23% edenine, 23. )p c;tiainc, end 21.5% uridine, these
ratios are 0.57 and 0.53.

There is a similar linear incrzase in the relative speocific activity of RNA
from 1 h to 4 h incorporation in all thrse stages (A, B and C) of the
cell cycls. This indicates thet the rate of synthesis is wniform over
the sectlon of the cell cycle tested in Experimentes I and II. ‘At the

ll
beginning of the Lhco incorporation period the precurscrs for the RNA

2
are not saturated with 14C and the curves, when drawn lincarly, do not

intercept the axes at zero time. From these curves it can be estluated

that approximately 15 to 20 minutes is required to uata ~ate these pre-

(£

ursors. The linear increase o relativ

(

specific activity eleo suggestis
that the RKNA precursors aggﬁi ‘ectly deriv vﬁ from COs.

Th2 degree of labeling of R|HA has been divid:.d by the degree of
labeling of the entire culture (see Table I), and the resulis have been
tabulated in Table IV. It is readily aspparent that the degrec of labeling
of the RNA fractions is margedly less than the degres of labeling calcu-
lated for the cntire algal culture. The comparatively low lsbeling of

+the RHA Fraction can probably bz explained by two factors: (1) an

-~
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gppreciable time may ve requirced for the intermediates involwved in

aucleic acid synthacis to become saturated with l“C, and (2) under

the conditions of culture in the steady-state apparatus, the JNA content

as & percentage of cell velght decreased; thus the new REA synthesized
vwvas small and the resulting degree of labeling unexpectedly low.

The RHA content per ccll increased gs thz cell matured from the
cell type characteristic of sample A to cell type characterlistic of
sanple C under the normal synchronous culture conditions, and as a
resault the RANA counlent as & percentage of cell weight remained nearly
constant (compare sample A-l, B-1l, and C-l, Teble V). As has besn
noted above, slthough it was intended that the conditions of cell culiure
in the steady state should perait ncrmal growtia, a decrcase in photo-
syathetic rate and a loss of plgment per unit mass was observed. In
addition, a warked decrease in the percentege of RNA in the cells while

in the steady-state epparatus was also observed.
In Experiment III, a totel 1ncprporation time of 15 b was used.
Twice @s much th wae incorporated into R4 at 7.5 h as had been incor-
porated at 4 h (based on dpm/mg,algae, a8 unloritunately, no uv-absorption
data were obtained for the 7.5-h sample). The relative specific activity
of th: 15-h sample was approxigately €0% end the activity per mg algae was
the same as at 7.5 h. At 15 h, the degree of labeling of the entire cell
culture was caleulated to be about T75%; thus the RNA was about 80% as
labeled as the entire cell culture. After 12 h dark, ths specific
activity of the RNA frection was the same, but. the total .amount of RHA
had decreaszd by zboul 20% during the dark phasc.

The distribution of radioactivity between the single componsnts of

RNA in different stages of the cell cycle 18 shown in Lable V. No strixking
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changes were found vhich depended on stage ©
incorporation tims. The average distribution of lug s comparad with
the expected distridbution basad on: (1) RNA which is a statistical
tetranucleotide, all bases vqually lsteled, and (2) nucleic acid of the

. conposition reported for Gcenedesauslie.

Tneorvoration of L¥C into DNA

* The amsunt of 1% appearing in the thynipe ¢ the DNA fraction was
taken as a measuresent for the synthesis of DNA. Since thynine is uni §pe
tuv DNA, any conteaination by the bases ol KNA does not interfere: The -
results of the three experiments are sumnarized in Tavle VI,

In Zxperiment II labeled thymzine appeared only in stage C. No labeled
fiymige could be detected in the stages A and B. The synthesis of DHA had
ocecurred only in the last third ~f the light phase.. In Experimsnt I smazil
axmounts of labeled thyamine appeared in growth s tageb A and B, but ian this

Y,

cxperisent the cells were not yet completely synchronized, and about 10%
of the celle were in the later stages of the growth cycle'and started
cell division about 12 h after the start of the light phese. The radio-
acuivity increased with incorporation time, especially in Experiment I,
stage C. ' r '
In Experiment III very little radiovactivity is found in thymine of
DNA after 7.9 h. The high value Jor 15 h shows that almost the whule
synthesis of DNA had vsccurred In the second half of the lizht phase of
1% h. There has Seen~further synthesies of DNA in the fullowing dark phasé.
The amount oy DNA recovered was very low and amounted U0 about 0.15%
of the dry weight of the cells. Therefore, no estiwmate could bg made of

the degree of labeling of the DNA.



The principal aims of this investigation were 10 study the lncorpora-
tion of lqCO,& into the nuclelic acids of synchronously growing Chlorella

cells. It was found that ZNA wes synthesized at an epproxiumately equal

o]

rate during eacn of ihe three phases of the cell growth studied. RNA does
not eppsar to turn over in the zosence or net new synthesis., However, in
the dark, RNA content of the cells decreases. DNA synvhesis, Or turnover
in the absence of net synthesis, as measured by thOg incocrporation into
thymine, occurred only in the latter scages of the cell prior to cell
division. .

The dynamics of the DNA content during the cell cycle in mlers-

organisas have been studied by using synchronously growing Escherichisg coli,

Corynebacteriun diphtherias, and budding yeastsia. It was found that the

DNA content remains constant until just prioc to division. IWAMURA15,

using synchronously growing Chlorella, determined the RHA and DNA content
of zrowing cells, which were estimated by a modifization of the. nuclelc

acid extraction methods of OAR and ROSEN:®. IWAMURA found that RNA con-
tent per cell increased relatively uniformly while the cells were developing
in the lizht. DNA contént did not increase in the "growing phase,” but a
mariked rise in coatent occurred in the "sporulation phase.” Since the
method used for synchronizetion by IWAMURA is very diffsvrent from the
wethods we used, no comparison of the time scales for the cell develiop-

ment can be made.

LORENZEN and RUPPEL'T determined the RNA and DNA coatent of Chlorellas
cells synchrenized by a method similar to that which we used. RNA and DNA
content were determined colorimetrically af'ter extraction with 2 N perchluric
acid at 70°. The RNA content when expressed in terms of the undfluted

suspension was found to increase during the {irst 10 h of the light phase
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suspensicn. RNA synthesls compenced about 11 h after the beginning

of the 1light phase. we {irst ooserved DNA synthesis 13 tu 1% h after

the light phase. During ith

W

pericd when DNA is noct being synthesived,
the content of DA as a fraction of cell weight sbould be decressing.,
We were unable vo direcctly confira this by our procedure.

The composition of RNA during the course of the life cycle of

Chlorella cells has been studied by IWAMURA and MYERS1C. The molar

esntent of guenine has always been higher than that of each of the
Other three beses. In addition, they reported a decrease in the guanine
proportion duringz the tizme of DN& synthesis whereas adenine and cytidine
increased. OSuch a decrease would be in contradiction to the rule of
CEABGAFF19 that G + U= A + C. e were unable to detect coneistent
changes in the base ratio by our methods.

A . -, e o" . MYTT T 2 wie e ]20 - ;‘. 1 3 - -~

As recently shown by SHILLIE and KROTKOV™™, many of the comuocnly

used estimetiorn procedurzs of nucleic acids as applied to algee are

[

inaedeguate unless suilably modiried. In our procedure, sciwe RNA wa

v

aprarently extracted by the 20% eihansl-water extrect prior to digestion
by ribonuclease. Substitution of cold 10% trichloroacetic acid would

possibly avoid this loss. In addition, the amount of DNA isolated was

lower ihan expected.
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The photosynthetic rate in ailfersnt stegss of che cell cycle as determined by
0. =volution and 15C0. uptase.
Total

Welghe or¥®  radio- Degre

Hours | Oz ll*‘coo gample activivy or

Experi- ai'ter  evoclution uplaxne *4003/02 parvestea oOf sauple Labeling

ment  Sample Light {paolez/min/z) ( Hm/m;n/g) (X100) () - (=C) (%)
I Ay L ahz et 76 31.9 291 1.0
A2 S 237 203 o5 33.7 540 385

Az g -- 79 -—- - -- --
AL T lol 151 U3 39.3 333 577
By S 230 176 T4 31.8 231 1.2
B2 10 127 169 28 34,0 5L0 BN

B3 1 -- 15k - - - -
By 1z 1L5 12z ok kil 1074 5.0
C1 14 17 151 S 3. 238 19.7
Co 15 224 130 70 32.1 Lgh 33.3

C3 18 -- 1zh - -- -- --
ClL 1 185 116 B4 35.7 T34 51.1
II Al 4 200 174 o7 2909 250 22.3
A 5 200 155 TS 337 530 36.1

Ay & 203 1:6 85 -- - --
Ak 7 15z RS 76 3.6 I5C 55.0
B, 9 209 157 70 29.1 232 i3.b

B, 10 184 132 72 32.7 Ly 31

33 11 174 113 85 -- -~ -~

By 12 1k0 107 T8 37.h 726 43
Ci 14 1958 132 &7 25.5 219 7.7
Co i5 155 124 73 32.9 BRI R 23.0

C3 1e 20k 11y . 53 -- -- .-
-Ch 7 - 178 20 50 39.0 832 4.0

#The initial dry weight ol the sample in g is assumed to be 1/6 of the packed
volume of the cells in wl. Subsesquent weights of the cells during Lhe esiperiment
were calculated from the cumulative 1 uptake and an assumed cell composition

of 52.35% C

*#Tne degree of labeling is based on the calculated activity incorporated, the

iae

calculated welght of the harvested cells, and an assumed call composiiion of
52.3% C :




TABLE II

"The growih rate, cuzulative growth, photosynthetic rate, and cal:sulated
degree of labeling for Byperiment III.
Calculated
X Growth®*  Cumulative® thOE Degree of
Tima in Rate cell weizht uptans thOZ/OE Labeling
Light (1g/n) (mz) (nC/min/g)  (X100) (%)
o) -- 30.2 - -- 0]
0 h 50' 509 33.3 Sh 78 9.3
1 h s5C° L.b 37.5 o1} 84 19.9%
2 h 9507 5.1 L2.2 &7 gh 28.k
3h 30" 5.7 7.7 56 72 36.7
L n 50" 6.3 53.7 55 7L L3.8
S h 50' 3.8 €0.0 T Tz .7
€& h =0’ 8.9 65.9 73 50 shoo
7.n 30' -~ 1.5 -- -~ 57.8
7 b 50 €.7 3.7 6 -- 59.0
g nh 50’ 8.8 80.4 . 62 - 2.4
9 h 30°' . 8.6 7.0 5¢ -- $55.3
10 h 50 6.8 9257 55 - 67.9
11 h 5C° 7.3 100.8 56 -- 70.0
12 h 50° 8.7 107.9 Lo - 72.0
13 h 501 5.0 115.2 53 S .- 73.0
14 n 50° 7.8 123.0 Ly - T5.4

*The growth rate and cumulative cell weight expressed in mg dry weight
~ere calculated irom measurements of luCO/ uptsaike at hourly intervals.
The cumuletive cell weigzht from the total obs rved l*COg uptake was
87.9 mg at T.% h {55.5% labeled). At 7 1/2 h, L&% of ¢ the culture. wes
removed for sawple Ly; at 15 h, 62% of thc remalning cultiure was bar-
vested ror sample Ls. The lights were turned off, and after 12 addi-
tional h, & fingl saxple was removed. The va.lculatlon., of cumulative
growth were corrected for the asauple which was removed.




TABLE IIX

Distribution of 14C in the fractions of Chlorella cells in various stages
0% tine cell growth
. Time of
15C0, Total Fraction Estrected by:
Stege Hours incors Susnension <% 204 ¥thanol~
of cell =C Ethanol Ethanol Water Ether BRNA-l Residue Recovered

growth Lizat _ (h)

£ poraticn pC cele.
ol

A 4 1 &90
Y 2 530
7 L 350
B 9 1 1232
w0 z Lb9
lz 4L B

e el
=) U1 BT
£

=

et

o

7.5 7.2 757
15 15 1178
15 7 -

(followed by
12 n dark)

*#The pC calculated
the steady-siate

293
500
Jb3

2k}
353

1639

present wae deterained irom the ul of
apparatus and the aliguost removed (see
determined by direct plating and counting an aliguoct of

present®* found (Expressed as 9 of uC found in total suspension)

Experiment II

1

23.7 1.4 1.6 0.3 1.2 k8.5 k.8
24,5 1.5 3.1 0.5 1.0 .2 63.9 -
16.0 i.2 2.3 0.8 1.k 56.1 7.3
25.0 1.2 2.3 0.8 1.1 51.4 g2.8
26.2 1.3 L0 1.2 1.2 82.9 956.8
18,39 1.5 2.8 1.1 1.0 ik 86.5
25.5 1.8 2.5 6.7 2.8 Lh, 4 7.7
28.3 2.4 5.3 1.2 2.0 61.2  9u.h4
20.8 2.0 4.0 1.1 2.1 L.y 75.0
Experiment IYI

17.9 1.9 5.2 0.9 .8 - -- -

13.9 2.6 5.5 0.6 3.3 kz.5 Th.b
19. 4 1.5 2.0 0.1 2.1 - _—

L . L
+4C taken up by the cells in
Table I): The uC found
the cell suspension.

was




Content and specific act

TABLE IV

.Luy of REA in aifferent stayg

of the cell cycle

Relative
specitfic
aciivity
01 RNA

Relgtive##¥% Degree of
. Time of Total¥®## specific labeling

Algae in Stage 140 inco: aetivity activity of entire
ganple of po-uvlon Beed ;IA* p ANA¥¥®  in RNA ol RHA cells
(nz) cycle (n) {uc) " (X100) (x100)

Experiment I
3.7 A 1 1.3% bzl 2.07 5.2 2b.8
33.7 2 1.31 3.8y L.59 11.8 32.0
39.9 L 1.4y 3458 10.98 25.8 Ll 7
31.85 B 1 1.h44 k.59 2.585 6.7 31.5
34.0 2 1.36 L,00 6.08 15,0 k1.1
51.85 b 1.5k 3.66  13.5h4 23.8 50.2
31.1 C 1 J.55 L,33 2.38 5.1 25.9
32.1 2 1.35 L.21 4.53 11.2 33.6
35.7 4 1l.k€ 4,09 10.55 24.3 L7.5
Experiment II
239 A 1 1.33 L 45 2.25 5.7 25.8
33.7 2 1.k L.27 8.37 1509 51.3
33.0 kL 1.3 3.31 12.84 32.6 59.3
29.1 B 1 1.45 b.ooy 2.15 5.0 27.2
32.7 2 1.8 k.92 6.28 13.1 Lik
37.4 4 1.31 3.50 11.13 8.6 58.8
28.5 C 1 1.66 5.82 2.71 5.5 51.1
32.9 2 2.0b 6.20 7.15 11.8 k0.7,
32.0 4 1.74 L, L5 12.61 bk 49.3
. EBrperiment III
31.1 L 712 - -- 15.1 -- --

37.2 i5 1.73 L.6 17.0 50.3 $2.9
27 1.45 13.2 62.G° 55.3

#The mg of RNA was calculated from the 260 mu absorptiion and an B é $oof 3h.k

Mt |

##ar RWA =~ calce. dry

welgnht of harvested algae.

*t¥Deternined from the total activity found in the identified radloactive sp

after paper chrowatography of

the RHA fraction.

was used tO copvert cpa TO dpa.

0.357 ° wt of RHA).

ot
A conversion factor of 11.2

_ ¥x#xThe total activity in RNA d;vid»a by the total umoles C in RNA (assumed to be




TABLE V

e distribution of radiovactivity between the singlie components of RNA in different stagés of.
the cell cycle (expressed as % of radicactivity in total ANA).
EZp. Sample Adenine Guanina Ribose Cytidylic Uridylic Uniknown spots
. acid® acila¥* 1 z 3
(Uridine or
Cytldine)

I Ay 11.38 1z.5 23.3 156.5- 25.2 6.1 3.6 1.0
By 10.0 1.5 2bL.y 17.0 £9.0 o 1.3 1.0
'Cy 11.6 12.1 2k.8 135.6 22.8 5.2 2.7 1.6
A 11.1 13.% 25.5 21.3 22.6 2.8 2.5 0.8
B, 12.9 12.9 25.k 20.3 2k.3 3.1 0.9 0.3
Cp 10.6 12.2 2k.0 20,0 28,4 3.2 1.k 0.5
Ay, 13.3 11.8 27.8 21.6 16.8 L.g 2.2 1.0
By, AR 11.% 23.5 20.3 23.1 4.5 1.8 1.0
Cy 1k.7 11l.5 25.5 21.2 18.8 5.8 2.5 1.0

II Ay 10.4 13.3  28.1 16.9 21.6 5.5 2.7 1.5
B 10.1 13.9  27.0 19.3 21.h 5.4 1.9 1.1
¢ 9.9 13.3 28.7 16.6 18.8 Seb 5.2 2.3
Ao 11.2 12.9 25.0 18.8 22.9 k.3 3.0 1.k
By 10.13 12.3 24.8 15.6 4.8 L.8 2.3 1.2
o3 9.2 1z.2 23.7 18.2 23,4 3.8 7.0 2.7
Ay 13.9 14.8 21.5 £0.0 25.1 5.0 1.1 0.8
By, 1.5 11.7 22.3 21.3 26.7 4.3 1.1 0.9
Cy 12.5 12.3 23.1 19.7 25.7 L.oL 1.1 1.1

Average 11.86 12.55 24.83 15.k6 23.27 4,5k 2.53 1.17

Theory (1)#* 13.16 13.16 25.32 23.69 23.89 E
(2)ws# 12,05 15.75 27.8 24.10 20.6

; *The values for cytidylic acid are probably low and those for uridylic are probably high,
due to deamination Of the cytidylic acid during hyarolysis.
- #¥Based on statistical tetranucleotide composition jor RWA.

#¥4Based on composition reported for Scenedesmusl‘.




TABLE VI

The radiocactivity of the DNA-thymine in different stages of the cell cycle

(dpa/mg algae)

Experiment Cell Hours of lhcog incorporatiion
stage '
L 2 &
I A D 13 © 87
B ND &9 146
c 121 137 264
II A ND ND nD
B ND ND KD
c 158 373 830
1.5 15 15

(rollowed by
12 h dark)

III ' 172 L850  est. 10,000
: (min. 7,500)

*ND = no counts aetectadble in thymine area of chromatograa.
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Figure 1. Schematic sumsary of erxperimenital design for incorporaticn o
1“002. Ay designates a sample trensferred o the steady-state
apparatus 3 n after the beginning of the light-phase and allowed
to Zrow in the presence of l“'CO_—_-. for cne h. &, represents a
sauple allowea to grow ln presence of 14002 for 2 h, etc The

stages of the cell cycle sre indicated by T, , end indi-
cating the relative size of the cells and the onset of cell
division inside the mother cell.




Figure 2.
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Variation curves for the cell diemeter oObtained for the cell
cultures of Zxperiment II. Cell slizes were deterained at:

Top: Oh (.eenr), 3B (——), Th (-=nmn ) (saumple A)
Middle: 5 h ( ), 12 b (-~---) sample By, and
Bottom: 13 h ( ), 17 h (==e-= ) sample Cj, and 18 h (.....)

after initiation of growth by turninz on the lizht.
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