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Abstract. A burst of ribosomal RNA synthesis is induced in potato tissue by slicing, and
continues at a decreasing rate for about 12 hours. Ribosomal RNA synthesis in potato discs
is sensitive to puromycin, in contrast to non-ribowmal RNA synthesis. Thus, the influence
of puromycin on total RNA synthesis is significant only during the first 12 hours following
slicing. The function of RNA made after 12 hours in a puromycin-inssensitive manner is
unknown. However, it is apparently unrelated to protein synthesis, since it has been shown
that totall inhibition of RNA synthesis by addition of actinomycin D to potato tissue after
12 hours of aging has no effeot upon protein synthesiis during the ensuing 12 hours.

Click and Hackett (4) have shown that the
synthesis both of RNA and of protein is essential
to the time-dependent rise in respiration that takes
place when the potato tuber is cut into thin (1 mm)
slices. Figure 1 shows data presented by them in
their figure 3 (4) replotted to show clearly the
effects of puromycin and of actinomycin D on both
RNA and protein synthesis as a function of the time
of addition of inhibitor. The effect of actinomycin
on leucine incorporation (A/L), and of puromycin
on uracil incorporation (P/U), which we call
"reciprocal" inhibition, is manifested mainly in the
first 8 to 12 hours following slicing. While recip-
rocal inhibition in both cases ends approximately
12 hours after slicing, "direct" inhibition, i.e. the
effect of actinomycin on uracil incorporation (A/U),
and of puromycin on leucine incorporation (P/L),
is evident throughout the 24 hours of the experiment.
The actual decrease in the sensitivity of protein
synthesis to puiromycin over the first 12 hours
(Click, personal communication) is approximately
but 6 % of the decrease in puromycin sensitivity of
RNA synthesis noted in our experiments during the
same interval.

The observations suggest that the synthesis of
an RNA whose formation is puromycin sensitive is
more or less complete in 12 hours, while puromycin-
insensitive RNA synthesis subsequently continues.
The noted reciprocal relationship and its time course
can be explained by making 2 assumptions: First,
that slicing initiates ribosome formation (involving
synthesis of RNA and protein components) which
continues at a decreasing rate during the ensuing
12 hours, and secondly that RNA formed in the

1 Present address: Plant Protection, Imperial Chemical
Industries, Jealott's Hill, Berkshire, England.

absence of protein synthesis is unstable, as is the
case in bacterial systems (6).

Evidence has been presented that where RNA
synthesis is inhibited by puromycin aminonucleoside,
an inhibitor of protein synthesis more sensitive than
puromycin, it is ribosomal RNA synthesis which is
preferentially suppressed (7, 8). We have investi-
gated RNA synthesis in potato discs to determine
whether there is an initial synthesis of ribosomal
RNA which falls to a low level over the 12 hours
following slicing. It is of particular interest in
connection with this study that puromycin inhibits
the respiratory rise which develops over 24 hours
in potato slices, only when added in the first 12
hours (4, 12). As a matter of convenience we will
frequently speak of puromycin sensitive or insensi-
tive RNA, when in fact we are referring to the
sensitivity of RNA synthesis.

Materials and Methods

Russet-Burbank potato tubers were purchased
locally. Discs 1.0 mm thick and 9.0 mm in diameter
were prepared in a standard way (11) and pre-
incubated for a stated period in a solution containing
phosphate buffer (0.02 M, pH 6.7), MgCl2 (.5 X
10-3 M), CaS,O4 (5 X 10-4 M), dihydrogen strepto-
mycin sulfate (50 jg/ml) and Na methicillin (0.5
mg/ml). After the stated preincubation periods in
the absence of radioisotope, batches of discs were
exposed to uracil-2-14C. The total uptake of isotope
into whole discs, and the incorporation into hot
alcohol-insoluble material, was determined as pre-
viously described (12).

Preparation of RNA. The method of Click and
Hackett for RNA isolation and characterization (5)
was used in a slightly modified form. The discs
(10 g) were ground in 20 ml of 1 % sodium lauryl
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stulfate in glycine buffer (pH 9.1), plus 40 nl of
phenol saturated witlh water containing EDTA
(10- M, pH 7.0). The homogenate was then shaken
at 550 for 15 minutes, a procedure found to give a
greater yield of RNA than extraction at room tem-
perature. Further purification and sucrose gradient
fractionation were as described by Click and Hackett

Bacterial Contamination. To reduce bacterial
contamination, streptomycin sulfate (50 ug/ml) in
conjunction with frequent clbanges of incubation
soluition has been used (12). After 24 hours of
incubation at 22 to 230 with streptomvcin sulfate
under the standard conditions, discs vielded 2.5 X 106
bacteria/g fresh weight when the total homogenate,
prepared by grinding discs in 1 % NaCl, was plated
onto nutrient agar. By the further addition of Na
metllicillini (0.5 mg/ml) to the incubation mlediumni,
bacteria vere reduced to less tbla 4 % of this
number. Tble 2 antibiotics showed Ino significanlt
effect UpOnl either the uptake or tbe incorporation
of uracil-2-4+C (table I), or tipoIn the respiratory

Table I. 7The Effect of Antibiotics on Uptake and
Incorporation of UTraci/-2-14C by Discs

of Potato Tuber
Antibiotic concentration: methicillin (0.5 mg/ml),

dihydroizen streDt,omvcin sulfate (.50 ,o,/r/mAni]c)T)-lvprs]

~60O

co

Z 40 puromycin/uracil

0 4 8 12 16 20 24
TIME OF INHIBITOR ADDITION

Fi(.. 1. Thle effects of delayed addlitions of puromycil
anmd actiiioniN-cin D oin tlle inicorporatioii of tiracil -2- l C
ai (2lecicine-1-t4C respective in.Puromicin and actino-
ni,cin4 to final concentrations of 5 X 10 4 20 atid 25
,ug/ml, respectively. The inhibitors were added after
0, 1, 2 and one-half, 5, 8, or 11 hours of incubation, an(dall, incorporationi measurements were made at the end(of 24 hours. Uracil-2-14C M as present throughout the
full 24 houirs. [Repl!otted from Click an(d Hackett (4,
fig 3)].

incubated in a standard wvay
uracil-2-14C (30 mc/mmolie, (0
fore being extracted with hot

+ Antibiotics
- Antibiotics

increase evinced by potato d
however stop volume growl
Since as many as 5 X 106
were showni to have no eff
)oration in excised pea sel
the potent bacteriostat, p)un
tipon RNA svntlhesis wlhen
aigin1g (fig 1, table II), coi
effect uIpOnl the resuilts to bc

Actinlomlycin D. Soluti(
were mlade up and used ii
light. Without this precat
uracil incorporation in discs
more was reduced and erra

Resul
and Disci

To determine whether t
ponent of potato RNA is s
inhibition, and whether the
ponent becomes negligible
slicing, batches of discs we
for 1 and one-half, 6, 10. oi

(l1) in medium containing before incubation for 4 hours in uracil-2-'4C. Fol-).3 c/ml) for 4 honrsbe- loowing the exposure to labeled uracil, the discs were
ethanol. rinsed and then extracted with hot alcohol (12) to

determine both total uptake and incorporation of
Uptake Incorporation uracil. It was separately determined that actinio-

dpm/g fr rent mvcin D (50 jug/ml) inhibits uracil incorporation
38 X 105 5640 by at least 95 % in any interval during 24 lhours.36 X 105 6250 Thus, the noted incorporation reflects DNA-directedlRNA synthesis (10). To determine the puromvcin

sensitivitv of the RNA synthesis, puromycin (5 Xtiscs. Streptomycin does 10-4 M) was added to one-half of each batch of discs
bt in potato dises (15)- 90 minutes before exposure to isotope. The resultsaecteria/g fresb weight of the experiments are given in table II. Two poiIntsfect upon adenine ineor- are clear: first, that puromycin sensitive RNAgments (16), and sinee svnthesis is markedly reduced in the first hours, atI(l
added after 12lihtors of secondly, that total RNA syntbesis is more or less

cotnstant in aniv 4 bouir perio(l. That is to saxy, theitaminiiiatioin can have Ino
e described. Table I[. The Effec( t of Puroinycin ofln (Tacil
ons of actinomvcin 1) Incorporation into P1(/ti) Disc RN.4
n flalsks protected from Batches of discs wsere aged in noni-ra(dioactive me(liumiiin

flasks inhibitectidon o for 1 and one-lhalf, 6, 10, and 18 anid one-half hoursution the inbibition of respectively before the addition of 2-i4C uracil (30 mc/pre-aged for 6 houirs or mmole, 0.6 gc/ml, 25 m]/5 g discs) for 4 hours. 90
tic. mninutes before the addition of isotope, puromycin (5 X

10-4 A,j) was added to one-half of each batch.
Its
ussion

:he synthesis of a com-
;usceptible to puromycin
synthesis of this com-
some 12 hours after

re preincubated (aged)
r 18 and one-half hours

Uracil-2-14C incorporation
Hr into RNA of whole discs

preincubation Control Puromycin

1.5
6.0

10.0
18.5

dpm
10,100
9070
9675

10,800

per sample
6,930
7800
8930

10,180

Inhibition
by puromycin

31
14
8
6
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FIG. 2. Sucrose density gradient fractionation of 2-
14C-uracil labeled RNA of potato discs. A) Discs
labeled from 0 to 4 hours. B) Discs labeled from 0 to
4 hours + puromycin (5 X 10-4 M). C) Discs labeled
from 12 to 16 hours. One-halif of the phenol extracted
RNA (1 nmg) from 10 g lots of discs labeled for 4
hours with uracil-2-14C (52.6 mc/mM, 12.5 gc/25 ml/10
g discs) was layered onto a 20 ml sucrose gradient
(2-20 % w/w) (5) and centrifuged for 16 hours at
24,000 rpm in a Spinco SW 25.1 Rotor. One ml frac-
tions were colilected by upward displacement of fractions
through a fine tube extending to the bottom of the gra-
dient. Hence thle "early" fractions contain the heaviest
components, and represent the densest part of the gra-

dient. Samples were diluted with water (1 ml) and
the optical density at 260 m,u measured. Fractions were

proportion of the total RNA synthesis that is in-
sensitive to puromycin increases with aging from
70 % initially, to more than 90 % in the latter 4-hout
periods.

Figure 2 shows the results of an experiment in
which freshly sliced discs were incubated in uracil-
2-14C for 4 hours either with (fig 2B) or without
(fig 2A) puromycin. Figure 2C shows the result
of preincubating the discs for 12 hours before the
addition of labeled uracil. RNA was phenol ex-
tracted and run on a sucrose gradient as indicated.
Ribosomal RNA accounts for 80 % of the recovered
RNA (OD 260 mnu), and most of the recovered
radioactivity in each case. That there is not com-
plete coincidence between OD values and radio-
activity, particularly with respect to RNA sediment-
ing more rapidly than 28 S ribosomal RNA, points
to the presence of a heavier RNA species. In this
connection it is to be noted that nuclear RNA of
HeLa cells is both heavy, and extremely polydisperse,
when isolated under conditions similar to ours (1).
Our peaks would appear to sit on a base of this
polydisperse material (vide infra).

It is to be noted that the puromycin insensitive
RNA synthesis which rises during aging from 70 %
to more than 90 % of the total RNA labeled in a
4 hour period is not accounted for in the phenol
extracted RNA. This puromycin insensitive RNA
is largely lost during phenol extraction, and does
not appear as a discrete RNA species on the sucrose
gradient. It is probable that some of it, however,
becomes smeared across the gradient to yield the
basal level alluded to above. This contaminating
RNA exerts a larger distorting effect on the true
picture of uracil incorporation into ribosomal RNA
when the rate of ribosomal synthesis is low (fig 2C)
than when it is high (fig 2A), thus accounting for
the fact that the specific activity of the ribosomal
RNA synthesized from t12 to t16 does not decrease
to the extent predicted by table II from the level of
puromycin sensitivity. Nevertheless, figure 2 indi-
cates that puromycin sensitive R'NA synthesis is
predominantly ribosomal, and ribosome synthesis
decreases sharply with aging. While the reduction
with aging in figure 2 is less than that indicated in
table II, as deduced from puromycin sensitivity, the
diminution of ribosomal RNA synthesis with aging,
as determined in figure 2, may range from 50 to
70 % from one experiment to another. Puromycin
reduces the measured amount of ribosomal RNA
synthesis in fresh discs by some 70 % (fig 2A, B).
Aging per se for 12 hours leads to more than
a 50 % reduction in ribosomal RNA synthesis in a
subsequent 4 hour period.

6Aj

precipitated with equal volumes of lhO % TCA in 10 %
acetone, using serum albumin carrier, and were collected
on glass filter papers. The precipitate was washed with
5 % TCA and 95 % ethanol, air dried and counted in
a liquid scintillation counter,
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Puromycin insensitive RNA is found primarily
in the pellet derived from relatively low speed cen-

trifugation, and has been isolated by a Schmidt-
Thannhauser extraction from a pellet sedinmented at

10,000 X g (10 min). The Schnmidt-Thannhauser
extraction avoids the loss of low molecular weight
RNA componenits whiclh unavoidably attends the
alcolhol precipitation steps of plhenol extraction. For

reasons wlhiclh will become apparent, we have limited
tissue fractionation to supernatanit anid particuilate
fractions, the latter referring to all conmpoinents w-hiclh
are sedimented at relatively loN centrifugal forces
(10,000-17,000 X g). Evidence wzill be presented
(table III) to show that this RNA, whose syntlhesis
is puromycin insensitive, and can be blocked with
actinomyvcin D without effect on protein svnthesis
(fig 1, A/L, 12-24 hr), is metabolically labile. It
is very tentatively suggested that this RNA repre-
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sents 'nuclear RNA" which has been described as

metabolicallv labile and unrelated to protein syn-
thesis (9, 13). Further, in HeLa cells the "nuclear
RNA" is puromy-cin anminonucleoside insensitive in
contrast to the ribosomial RNA (7, 8 cf. 1).

Initial deterninlations of ribosome prevalence both
1)v sucrose density gradient anlalysis anld by analytical
centrifugation pointed to a decrease in the total
ribosome content with aging over and above the
decrease in rihosonme synthesis with tinme. It should
le note(d the vast bulk of potato ribosomles were
syinthesized the previous year during tuber forma-
tion. The net disappearance of ribosonmes is arti-
factual, arising froml the adherence of ribosomes to
the miiemlbranous fraction of the hlomlogenate, which
increases markedly with slice aginig. Figure 3 shows
the decrease in the recov-ery of rihosomes froml a
given qluaintity of tissue with aging, even with the
nonioniic detergenlt Nonidet P40 (NP40, Shell
Cihemiiicals, 0.5 % v v) in tile lhoniogenizing medium.
'I'riton X-100 (1 % v yv)yielded fewer ribosomies
tlhall did N P40. Deoxyclholate was similarly in-
effective, although the ineffectiveness could have
resulted from precipitation of deoxvcholate with
Mg2+, discs being aged in MgCl., (5 X 10 I ).
As the direct extractioni of ribosomiial RNA (OD.,,,)
yields equal qualntities of RNA fromi e(qual freslh
weights (3.5 g) of fresh anid aged discs, an exanm-
in<ation was made of the RNA centrifuged down at
17,000 X g in the presence of Triton X-100 (1 %
v/v). Figure 4 shows tlle sucrose densit gradient
plattern of phenol extracted RNA fronm both the
pellet ancd the supernatant of this low speed ceni-
trifugation, for fresh anid for 5 lhour aged discs.
There is a substantially increased loss of ribosomal
RNA to the 17,000 X g pellet in the aged discs.
Wre have been unliable to increase the yield of free
ribosomes by a brief RNAse treatlmient, and feel that
it is highly unlikely that the ral)id sedinmentation of
ribosoimies reflects polyrihosome fornmation. WMore
probably there is a noni-specific trapping of ribo-
sonmes by membranies, so that both cell fractionation
and polvribosonle studies are likely to be misleading.
This is in keeping with the cell-free protein syn-
thesis studies of Chapnman and Edelmain (2) who
fotund that the protein incorporationi system in Jertu-
salem artichoke, presuiliabl y ribosomies, xwas chiefly
in a fraction sedimenting at 15,.000 X g. Their
105,000 X g fraction colntaineid only 10 to 30 % of
the activity of the low speed sedimiieint. We hav\e,
thlerefore, preferred to measure ribosomiie synthesis
indirectly by (letermininig ribosollal RNA, and (lo
not specify the locationi of the pturonmycin insensitive
RNA bey-ond saving tllat it is lpartictllate.

WVhile the decrease in puromllycin sensitivitv of
RNA synthesis (uracil incorporation) with tinme
displayed in figure 1 is explicable in terms of ai
decrease in ribosome synthesis, there are 2 anomalies
which call for explanation. First, while actinomycin
is just as effective when added after 3 hours as
Nwhen added initially in inhiihiting tiracil incorporation
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effect in

A
eexl)erilmental perio(l is a full 24 hours in all cases.).

A 0 Secon(lly, to the extent that the reciprocal inhibition
curve (P/U) is steel)er than the direct inhibitioni

0 \ O curve (A/U), RNA synthesis in the first 10 hours
_ | | |\-supernatant is greater whleni judge(d by its response to l)uromycin

l l l l thani when judged by its response to actinomvcin.
That is to say, there is mlore of a difference per unit

X | | \ / \timiie as a consequence of delaying puromycin presen-

tationi than of delayinig actinomycini presentation.
l / a J \ / \ Sinice, however, actinomvN-cin inihibits all RNA syni-

/| \/ \ X \ t tlhesis, inclut(linig ribosoinal RZNA synth esis, thle slope
/>114- /\>sK1 >9: of the actinomiyicin curve shouild be greater thiani that

K0i\ I /\. WXO / ° for the purollX1yci1 curIVe. Ilie (lata of Click and(1
/>--'pelletV~(17000 x9)I lackett (4)lpresente(l ill figure 1, and of lIaties

2'g)| ( 12) shows tile rerserse. TI'le apparenit anomalies
)liav be exl)laine(l oi tie followiiig basis. She puro-
nivcin insensitive RNA is mietabolically labile, anid

20%) (2%)FRACTION its breakdown is thus a function of time. In a 24
hour incubation period where actinomycin is added
after 4 hours, for example, the puromycin insensitive
RNA synthesized before actinomycin addition. is
destroyed in the 20 hours remaining before the end

B of the experimental period. Both because the syn-
thesis of puromycin insensitive RNA increases with
time (table II), and because the earliest formed

- untstable RNA has tlle greatest time in which sub-
>,, /\ peI Iet (I 7000 x g) sequently to be degraded, the "apparent" influence

- O | y / \ of actinioimiycin increases wvitlh time. Since figure 1
/ } \j \ A' represents a full 24 hour incubation period in all
_ /o,Oo>2 1.4<,7 \,\ cases, early presentation of actinomycin results in

XOv0 O>O,O < the illusion of little actinomycin sensitivity in the

supernatant period t0-t3. However, since actinomycin inhibits
1. superall RNA synthesis. ribosomal RNA included, some

, ,, , evidence of actinomycin inhibition should be manifest
O 10 20 30 in the first 3 hours; that is, the slope of the actino-

n 0 20302or mycin curve should be steeper than for the puromycin
/0) FRACTION curve. For these reasons it is compelling to pre-

Thle (istrihutionl of RNA betwveen the pellet suime that in the absence of continued RNA synthesis
rnataint of a centrifuged potato homogeniate. there is a breakdown not only of puromycin insensi-
ization in Triton X-100 (1 % v/v) followed tive RNA, but also of earlier formed puromvcin
lugation at 17,000 X yj for 10 minutes. RNA sensitive ribosomal RNA xvhich is stable under
,tracted as described in Metlhods. Densitv normlal conditions.
centrifugiation as inidicated in figure 2. A) Table III provides direct evidence for the exist-
iue. B) Discs aged 5 hours before extraction. ence of a metabolically labile RNA. Five batches
,osomes are first pelleted at high speed (105,000 of discs were exposed to uracil-2-14C for 6 hours
r) subseluent phenol extraction yields a single, f
dimnenting fraction uith a broacl peak<, rather following slicing. At the end of the exposure period,
sharp peaks of ribosomal RNA -whic'h are de- the discs were washed with incubation medium COn-
n the direct phenol extraction of the holmogenate. taining i2,C uracil (0.2 mg/ml). One batch was
speed centrifugation (17,000 X g, 10 min) then extracted (12), wNhile the remaining 4 batches

ome alteration of the pellet-associated ribosomal were incubated in mlediumii containing '2C uracil
ssiblv as the result of partial enzymatic degra- (0.2 mg/mlI) for an additional 14 hours. To 1 batch

was added puromvcin, and to a second, cycloheximide
(actidione) (14), both inhibitors of protein svn-

a 24 hour period, puromycin is effective thesis. Actinomycin D was added to a third, while
in the inhlibitioni of uracil incorporation in the fourtlh batch was used as a control, being aged
ir period (comiipare curve A/U with P/LT in the absence of inhibitors over the 14 hours follow-

That is, ribosomle synthesis starts at once, ing the removal of isotope.
ted by the reciprocal inhibitioni of uracil The increase in incorl)oration that takes place
Ltion by puromycill, and it is not immliledi- after the removal of uracil-2-lC (table III) shows
lent w\hy actinomvcin appears to be wxithout that there is considerable subsequeint utilization of
the first 3 hours (remlenmbering that the isotope taken uIp during the previous period, as
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Table III. Incorporation of Prcziously Absorbed Uracil-2-14C Into Potato Disc RNA
Uracil-2-14C (30 mc/mmole, 0.5 gc/ml) was presented for 6 hours followinlg slicing. One sanmp'e x-as tlheni ex-

tracted. The remaining 4 batches were incubated for a further 14 hours in nonradioactive medium containiing uiracil
(200 ,ug/ml). Where present inhibitors were added at the follow-ing concentrations: puromycin (5 X 10-4 M), cyClo-
heximide (actidione) (500 Lg/ml) and actinomycin D (50 Ag/ml). At 50 t.g/ml a 97 % inhiHition of RNA syn-
thesis has been obtained when actinom}cin and uracil-2-14C were continuotusly present from tO to t/s,

Duration and conditions
of incubation

0-6 Itr
Uracil-2-1 4C

,,9

6-20 hr

Uracil (unlabeled)
Uracil + Puromycin
Uracil + Cycloheximide
Uracil + Actinomycin D

Uracil-2-14C
incorporation Inlhibition

dpmii
2780

10,300
8830
7760
1610

14
25

84

observed by Laties ('12). Thle experiment shows a

limited anid similar inhibition of uracil-2-14C incor-
l)oration by puromvcin and by cycloheximide in the
period 6 to 20 hours following slicing. RNA syn-
thesis sensitive to inhibitors of protein synthesis
represents only a small fraction of the total RNA
synthesis after 6 hours. Actinomycin, however, in-
hibits all further synthesis of RNA.

Significantly, the level of radioactivity in the
actinomycin treated discs after 20 hours, is 56 %
less than that found in discs extracted immiiediately
on their removal from label, i.e., bet'ween hours 6
and 20 there has been a loss of approximately lhalf
of the RNA formled during the 6 hours following
slicing. This destruction of preformied RNA ac-

cotunlts in part for the apparently similar effectiveness
of actinomvcin whlein presented at to or t3 lhours
(fig 1). In addition, it should be noted that it is
because of the labile nature of the puromycin insen-
sitive RNA that total RNA synthesis over 24 hours

is so sharply reduced (80 %) when puromycin is
added at to, (fig 1). If the puromycin insensitive
RNA were not metabolically labile, then puromncin
would redtuce total RNA svnthesis over 24 hours by

only 15 to 20 % (avg of puromycin sensitivity of
RNA synthesis in consecutive 4 hr periods in table
II), i.e., over 24 hours the total synthesis of ribo-
sonmal RNA reflects the steadv state condition in
which about 75 % of the total RNA, as measured
chemically or spectrophotometricallv, is ribosomal
RNA.
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