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Ah&act-Thus paper describes experments that were undertaken m order to dtscover whether, m disks 
(1 x 10 mm) of storage tissue of carrot (Daucus curotu L ), cyclohexmnde mhrbtted protem syntheses 
rhrectly, or mdtrectly vta an effect on resprratton. Freshly cut d&s, mcubated m water for 4 hr and then 
transferred for 75 mm to a medmm that contamed [‘*Cl-leucme, mcorporated [‘*Cl-leucme mto protem. 
Cyclohexmude (10 rg/ml) caused a 95 per cent mhtbmon of thrs mcorporatton In comparable expetrments, 
the effects of cyclohexlrmde on the Qstrtbutton of “C from [6-14C]-glucose were determmed. The results 
mdtcate very stronglythat cyclohexlmtde mhrbrtedprotem synthests dtrectly and not vta any effect on respuat- 
ion. Cyclohexmnde dtd not mcrease the rate of oxygen uptake It IS concluded that protem syntheses occurs 
when freshly cut d&s of carrot are mcubated m water and that cyclohexmnde mhtbtts thts syntheses dnectly. 

INTRODUCTION 

~YCLOHEXIMIDE inhibrts protem syntheses m a variety of eucaryotic cells1 and has been 
shown to interfere wrth the transfer of ammo acids from aminoacyl-tRNA to nascent poly- 
peptide chams 2 There is evidence that sensitivity to cyclohexmude is a property of the 60 s 
nbosomal sub-unit.3 In experiments with higher plants, sensrtrvrty of a partrcular activity 
to cyclohexinnde has frequently been used as evidence that this activrty depends directly on 
protem synthesis.4 Thrs argument rests, to a considerable extent, on the extrapolation to 
higher plants of conclusions based on experiments with micro-organisms and animals. 
Recently, MacDonald and Ellis4 have challenged the vahdity of this extrapolation by point- 
mg out that there IS no proof that cyclohexirmde spectfically mhrbits protem synthesis in 
higher plants in general, and by providing evrdence that cycloheximide may inhtbrt protein 
synthesis mduectly by interfering with resprratron in certain plants. 

Extensive changes occur when thin shces of many plant trssues are mcubated under 
morst conditions.5 We refer to this phenomenon as agemg. We have been using cyclo- 
heximide in attempts to discover whether any of the events that occur durmg agemg of drsks 
of carrot storage tissue are dependent upon protein synthesis. Thts IS one of the tissues m 
respect of which MacDonald and Ellis suggest that cycloheximide may mhibit protein 
synthesis Indirectly via an effect on respiration. 4 Consequently we have investigated the 

l H. D. Srsraa and M. R. SIEOEL, m Ant~&orzcs (edited by D. GOTIZIEB and P. D SHAW), Vol. 1, p 283, 
Sprmger-Verlag, Berlm (1967). 

2 W MCKEEHAN and B. IQtwesr~, Bwchem. Bwphys Res. Commun. 36,625 (1969). 
’ S S. RAO and A. P. GROWN, Biochem. Bzophys Res. Commun. 29,696 (1967) 
* I. R. MA@~NALIJ and R. J EUIS, Nafure 222,791 (1969) 
5 T. AP REPS, Australkm J Bzol SIX. 19,981 (1966) 
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effects of cyclohexmude on protein synthesis and respiration during the agemg of carrot 
disks. There were two aims to the work. The first was to establish whether cyclohexlmtde 
inhrbited protein synthesis during agemg. This question was exammed by measuring the 
effect of cyclohexumde on the mcorporatron of [14C]-leucme mto protein. The second aim 
was to see whether any such inhibition of protein synthesis was due to mterference with 
energy transfer m resprration rather than to an effect of cycloheximide on the mechamsm 
of protein synthesis. This question was investigated by determmmg the effects of cyclo- 
hexmude on oxygen uptake and on the distrtbution of label from [6-14C]-glucose. If cyclo- 
hexinude acted as an uncoupling agent towards carrot trssue then cycloheximide and 2,4- 
dimtrophenol would probably affect oxygen uptake m the same way. In addttion we think 
that if cycloheximide mhibrted protein synthesis primarily via an effect on respiration, then 
this would be reflected m mmbttion of the movement of label from [6-14C]-glucose into all 
compounds that require respiratory energy for their synthesis. Thus, we paid particular 
attentron to the movement of label mto sucrose as a criterion of whether cyclohexlmide 
affected energy transfer durmg respiration. 

RESULTS 

Eficts on Protem Synthesis 

Duphcate samples of disks were mcubated in water for 220 min. Then one sample was 
suspended in 0.02 M KH2P04 at pH 5.2 and the other m a solution of cyclohexnnuie 
(10 pg/ml) m O-02 M KH$04 at pH 5.2. After 65 mm of this pretreatment the phosphate 
and the cycloheximide solutions were replaced, respectively, with solutions of 0.2 mM 
L-[U-14C]-leucme in O-02 M KI-12P04 at pH 5.2, and O-2 mM L-[U-14C]-leucme in O-02 M 
KH1P04 at pH 5.2 that contamed cyclohexnmde at lOpg/ml. Uptake and incorporation 
into protein were determmed after a 75 mitt incubation m the [14C]-leucine (Table 1). An 
appreciable proportion of the absorbed leucine was incorporated into the protein fraction. 
We present the following evidence that this incorporatton represented protein synthesis. 
Treatment with 8 M urea did not reduce the radioactivity of the protein fractton. Thus it is 
unhkely that the radioactivity was present as peptides bound to the protein by disulphrde 
hnkages. Complete hydrolyses of the protein fraction, followed by paper chromatography 
of the hydrolysate, showed that all the radioactivity in the protem fraction was recovered 
from the area of the chromatogram that coinctded with leucine. Partial hydrolysis of the 

T&m 1. E~WCT OF CYCU) HRXIMJDE ON INCORPORATTON OF [%]-LEU- 

CJIW INTo PROTEIN BY DISKS OF CARROT SEXAGE l-ISSUE 

Radloactw@ (counts/mm/ 
21 disks) 

Control Cyclohexlrmde 

Act1vlty sllpplled 
Act~wty recovered m 
(I) Medmm at end of mcubatlon 

%=em 
Acbwty m protem as percentage 

of uptake 

449,960 449,960 

184,425 340,075 
25,280 524 

265,535 109,885 

9.5 048 
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protein fractron, followed by paper chromatography of the hydrolysate, gave chromato- 
grams on which mnhydrin-positive material appeared as a series of bands spread between 
the ongin and the solvent front. These bands are taken to represent mixtures of peptides 
produced by the partml hydrolysis. The radioactivity originally present m the protem 
fraction was distributed throughout all the bands of peptides. From these results we argue 
that the radroactivity m the protein fraction was present as [14C]-leucine distributed 
throughout polypeptide chains. Incubation m cycloheximide signmcantly reduced the uptake 
of [14C]-leucine. Even when this is taken into account, the results show that cycloheximide 
caused a 95 per cent inhibition of the mcorporation of [14C]-leucine into protein. 

Eflects on Metabolmn of [6-14c]-Glucose 

Samples were prepared from the same batch of carrots that was used in the experiments 
with [14C]-leucine. These samples were aged m water and pre-treated with cyclohexirmde 
in exactly the same way as in the [14C]-leucme experiments. At the end of the pre-treatment 
one sample was suspended in 0.1 mM [6-14C]-glucose in 0.02 M KH2P04 (pH 5.2) and 
the other sample was suspended in O-1 mM [6J4C]-glucose in 0.02 M KH2P04 (pH 5.2) 
that contained cycloheximide at 10 pg/ml. The general distribution of label at the end of a 
75 min incubation is shown in Table 2. We accounted for essentially all of the 14C supplied 
to each sample. Thus the labelling patterns in Table 2 are not due to losses during analysis. 

TABLE 2 EFFECT OF CYCLD HEXlMlDE ON DISTRIBCTIION OF LABEL FROM [6-‘4c]OLUCDSE SUPPLIED 

To DISKS OF CAFtROT SIDRACiE TISSUE 

Control Cyclohexlmide 

FlXtlOn 21 Us) metabolized 21 disks) metabohzed 

Act~wty supphed 
[14C]-Glucose metabohzed+ 
Actw~ty recovered m : 
(1) co, 

(II) Ethanol-msoluble fraction 
(m) Water-soluble fraction 

Basic components 
Ac~dtc components 
Neutral components 

(IV) Medmm at end of mcubatlc 
Total act&y recovered 

380,240 380,240 
139,200 54,380 

4700 
35,100 

23,350 
35,500 
40,550 

3n 246,050 
385,250 

2: :z 13 3 

:: 6790 10,640 ; 
29 3~~ 52 

375:380 

* This figure represents the sum of the 14C recovered m CO, the ethanol-soluble fraction 
and the ethanol insoluble fraction that were prepared as described m ExperunM.al. 

Incubation m cycloheximide decreased the uptake of glucose and had the following effects 
on the distrrbution of the label that was absorbed. Frrstly, incorporation into the fraction 
insoluble m 80 per cent ethanol was halved. Secondly, incorporation into the basic and 
acidic components of the water soluble fraction was reduced by about 25 per cent. Thrrdly, 
incorporation into the neutral fraction was substantially increased. Paper chromatography 



1186 T.uRBBSandJ.A BRYANT 

TABLE 3. EIJPECT OP CYCU) HEXIMIDE ON DISTRIRUTION OP LAREL. IN NEUTRAL. PRACTION AFTSR SUPPLyplo 

[6-14c]-GLUCOSB m DISKS OF CARROT STORAOB TISSUR 

Cyclohexuxude 

Fraction chromatogram chromatogram 

14C added to chromatogram 
14C recovered in: 

Sucrose 
Glucose 

Fructose Remamder of chromatogram 
Total ‘*C recovered from chromatogram 

1095 595 

793 72 370 62 
157 14 150 25 

87 8 33 2 : 
97 96 

of portrons of the neutral fractions revealed the detarled dstrrbution of 14C in these frac- 
tions (Table 3). Recovery of the radioactivity added to the chromatograms was almost com- 
plete. This fact, and the complete recovenes shown m Table 2, mean that the data m Tables 
2 and 3 may be used to show that incubation m cyclohexumde mcreased the percentage of 
the metabolized 14C that was found in sucrose from 21 to 32 per cent. 

Efects on Oxygen Uptake 

We measured the effect of cyclohexumde on the oxygen uptake of fresh, 24hr-aged, and 
96&r-aged disks (Table 4). Cycloheximide at either 1 pg/ml, the concentration used by 
MacDonald and Ellis,4 or at 10 pg/ml, the concentratron used in our expenments, drd not 
increase the rate of oxygen uptake within 120 mm. The addition of 2,4dmitrophenol to 
rdentical samples of disks led to immediate increases m oxygen uptake. The only short 
term effect of cyclohexlmide on oxygen uptake that we detected was the inhibitton of the 

TABLE 4 EPFECTS OF c~uo HEXIMIDE AND 2,4-DINITROPHENOL ON OXYGEN UPTAKR OF DISKS OF CARROT 

sTORAm TISSUE 

Treatment of mm after Oxygen uptake @l/hr/25 d&s) 
disks ad&tlon of 

mtibltor Control Cyclohexmude Cyclohexmude Dlnrtrophenol Duutrophenol 
(1 rglm0 (10 pgg/ml) (4 6 ccB/mU (4 6~im0 

cyclohexmude 
(10 w/mu 

Freshly cut 30-90 140 121 119 214 - 
90-150 132 121 123 208 - 

150-210 163 113 120 219 - 
210-270 175 111 124 212 - 

Agedfor96hr 236 244 - 267 
232 242 - - 
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start of induced respnation in freshly cut d.~ks.~ In their experiments,4 MacDonald and 
Ellis (personal communication) aged carrot disks in water and measured respuation rates 
of &sks that were in water or in aqueous solutions of cyclohexmude. In our experiments 
the &sks were suspended in 0.02 M KH,PO& Thus our failure to observe a stimulation of 
oxygen uptake by cyclohexmude nught have been due to a stimulatory effect of phosphate 
on the respiration of both the control and the cycloheximide treated samples, In experiments 
with freshly cut disks of carrot and with dusks that had been aged aseptically in water for 
24 hr, we found that the ad&tion of 0.02 M KH$C14 (pH 5.2) to d&s suspended m water 
did not alter the rate of oxygen uptake m the 2 hr followmg the ad&tion of phosphate. 
Thus the fact that cycloheximide did not stimulate oxygen uptake m our experiments cannot 
be athbuted to a stimulation of resplratlon by the phosphate solutions in which we sus- 
pended the disks. 

DISCUSSION 

Our experunents with [14C]-leucine estabhsh that protein synthesis occurs during the 
early stages of ageing in carrot storage tssue. These results and those of MacDonald, 
Kmght and DeKock,6 show that thm Qsks of carrot storage tissue resemble those of pump- 
km mesocarp’ and potato tubers m that incubation at physiologcal temperatures rapldly 
leads to a marked synthesis of protein. The fact that tis phenomenon has now been demon- 
strated m three such different tissues in&c&es that it may be widespread and must be taken 
into account in mterpretmg results obtamed with slices or sections of plant tissues in general. 

Although cyclohexmude inhibited the uptake of leucine, it had a much greater itibitory 
effect on the mcorporation Into protem of the leucme that was absorbed by the tissue. We 
conclude from these expenments that cyclohexumde caused a very rapid and almost com- 
plete itibltlon of protein synthesis. There is also evidence that cyclohexunide inhibits 
protein synthesis in other higher pIants.g-1’ 

A demonstration that cyclohexirmde mhbits protein synthesis in vzvo, or even in vitro, 
does not answer the charge that the inhibltlon in vzvo may be due to interference with resplra- 
tion. We think that this question can be resolved by experiments m vzvo that provide evidence 
that cycloheximide does not interfere with respiration under con&trons in which it inhibits 
protein synthesis. There are three reasons why we believe that our mhibition of protein 
synthesis by cyclohexunide was not primarily due to Interference wth respiration. Firstly, 
cycloheximide, in contrast to dinitrophenol, &d not mcrease the rate of oxygen uptake. If 
cycloheximide had acted primardy as an uncouphng agent then it is probable that this would 
have been revealed by an Increase m oxygen uptake similar to that produced by dinitro- 
phenol. Secondly, cyclohexlrmde not only faded to inhibit the accumulation m sucrose of 
label from metabohsed [14C]-glucose, but actually Increased it by as much as 50 per cent. 
If cyclohexirmde had impaired energy transfer so that this caused almost complete inhibition 
of protein synthesis, then it is extremely hkely that other endergomc processes, such as 
sucrose synthesis, would have been similarly inhIbIted. Finally, the effects that cyclohexi- 
rmde &d have on the metabolism of [6-14C]-glucose are those that would be expected to 

6 I. R MACDONALD, A H. I&mm-r and P C. DEKOCK, Physwl. P&antarum 14,7 (1961). 
’ T AP REPS, Phyrochem. 8,1879 (1969) 
8 R E ticK and D P. ~CKEIT, Proc Natl Acad Scr 50,243 (1963) 
gJ L Km,N.M BARNEIT and C Y LIN, Ann N Y Ad SCI 144,49 (1967). 

lo G M POLYA, Austrahan J. BIOI Set. 21, 1107 (1968). 
l1 M ZUCKER, Plant Physiol 44,912 (1969). 
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follow from an mhibztzon of protem synthesis. The increased contributzon to sucrose may 
be ascribed partly to an mhzbitzon of the development of induced respiratzon,12 and partly 
to an mhibztion of the development of acid mvertase actzvzty.r3 The decreased incorporation 
mto the alcohol-msoluble fraction would result from a direct inhibition of protem syntheszs. 
The mcorporatron mto this fraction that took place m the presence of cycloheximide 
probably represents the formation of insoluble carbohydrates.14 The small decreases m 
incorporation mto the aczdic and basic fractzons may be attributed to dzversion of more of 
the absorbed glucose into sucrose rather than mto respiratory pathways. In addition, feed- 
back inhibztzon of ammo acid synthesis may have been caused by the severe inhibitzon of 
protein synthess. 

We do not think that the mhzbztion of the uptake of leucme and glucose by cycloheximide 
shows that cyclohexirmde interfered with respiration. The abzhty of disks of storage tissue to 
absorb at least some solutes mcreases dramatically durmg ageing.z5*16 Cycloheximzde inhihts 
many of the events that occur durmg ageing (J. A. Bryant and T. ap Rees, unpublished 
observatzons). Thus the mhzbztion of the uptake of glucose and leucme may stem from an 
mhzbition of the development of an Increased abzhty to absorb solutes. In addztzon zt IS 
conceivable that inhibition of protem synthesis could mhzbrt solute uptake ezther because the 
mechamsm of uptake mvolves protem synthesis or because uptake depends upon the activity 
of protein that turns over rapidly.” 

We conclude that the cycloheximide that we have used m our experiments with carrot 
dzsks inhibited protein synthesis and that it IS improbable that this inhibztion was due prr- 
manly to effects on respiration. We do not thmk that the data of MacDonald and Ellis4 
demonstrate a direct effect of cycloheximide on respiration. We argue that the present linuted 
knowledge of the control and mteractzon of protem synthesis, respiration, and solute uptake 
is madequate for us to decide whether changes in the uptake of oxygen or of salts are 
directly related to energy transfer or to protem syntheszs. The dlfficultzes mvolved in inter- 
preting an inhzbltion of solute uptake have already been discussed. The respiratory data 
are also open to alternative explanation. For example, MacDonald and Ellis4 found 
appreciable stimulatzon of respiration only in disks of storage tissue that had been aged. 
Such tissue may have been, to some extent, zn extremis. It is possible that almost complete 
inhibition of protein syntheses m such tissue could reduce, critically, the content of some 
rapidly turning-over protein necessary for mamtaming the coupling between ATE synthesis 
and electron transport. Alternatively, mhibition of protein synthesis could mcrease respira- 
tzon by making avazlable more respvatory substrate. These explanatzons receive some 
support from the speed with whzch cycloheximzde mhzbzted protem synthesis in our expen- 
ments and from the fact that MacDonald and Elhs4 found a 30-mm lag between the addztion 
of cyclohexzmide and the increase m respiration 

The effects of puromycm on plant &sues should be conszdered in relation to our argu- 
ments. As an inhibitor of protein syntheses m drsks of red beet, puromycin is contrasted 
favourably with cycloheximide by MacDonald and Ellis 4 We think that this is a misleading 
comparison. The mode of action of puromycin appears to differ radically from that of 

I2 T. AP REES and H. BEBVERS, Pkznt Physwi. 35,839 (1960). 
I3 C P P RICARDO and T AP Rms, Phytochem 9,239 (1970) 
I4 T AP REFS and H BWEZS, Plant Physwl 35,830 (1960). 
I5 B. C. hXJGHMAN, Plant Physiol 35,418 (1960) 
I6 B. R GRANT and H. BEEVERS, P&t Physzol. 39,78 (1964). 
I7 E A. C. MACROBBIE, Austrahan J Biol SCI 19,371 (1966). 



Effects of cyclohexiunde m disks of carrot storage tissue 1189 

cyclohexlnude.18 In addition, the concentration of puromycin, shown to have httle effect 
on chloride uptake by beet dtsks, appears to have caused only a 30% inhibition of the m- 
crease in insoluble mtrogen that occurred durmg ageing. l9 Thus the failure of puromycm 
to produce the effects reported for cycloheximide may have been due to a failure of puro- 
mycin to inhibit protein synthesis as rapidly and extensively as Id cycloheximide. 

Maternal 

EXPERIMENTAL 

Cyclohemde was obtamed from Koch-Light Laboratorres, Colnbroolc, Bucks. ~[6-“C]-Glucose and 
L-[u-14C]-leucme were obtamed from the Ra&ochemtcal Centre, Amersham, Bucks 

Carrots (Daucus carota L.) were bought locally For measurements of respuatton, cylmders of storage 
tissue were taken vertically and shard to grve d&s (10 x 1 mm) that were aged by gentle cuculatton m 
aerated dlstdled water at 25”. For the expertments wtth labelled substrates smnlar drsks were prepared under 
aseptic condttrons as descrtbed earher ‘I The disks were mamtamed under aseptic comhttons untd the end 
of the mcubatton m the labelled substrates All data m thrs paper that relate to the metabohsm of labelled 
substrates are derived from samples of which representative dtsks, removed at the end of the mcubatron m 
the labelled substrates, showed no sign of contammatton after 18 days mcubatron at 25” on ‘Dtfco-Bacto’ 
nutrient medium m 1% agar 

Incorporatwn of [‘*C]-Leucme 

Duplicate samples of 21 d&s were suspended m 7 0 ml of medmm m lOO-ml Erlenmeyer llasks that were 
stoppered wrth cotton wool plugs and shaken gently at 25”. The expertmental treatments are described m 
Results. The specrtic actrvtty of the [14C]-leucme was 5 0 mc/mmole. After mcubatron in [‘*Cl-leucme, the 
medmm was removed and the samples were rmsed qmckly wtth 0 02M KHIPGh (pH 5 2). The washmgs were 
added to the medmm and uptake of [14C]-leucme was determmed by measurmg the drtference between the 
radtoacttvtty of thts solutton and the radtoactmty added at the begmnmg of the mcubatron After removal 
of the washmg solutron the Qsks were added to 50 ml 5 per cent trtchloroacettc actd (2”) that was 5 mM wrth 
respect to L-leucme, and left at 4” for 24 hr. The disks were then homogemzed m 5 per cent trrchloroacettc 
acid and the msoluble mater& was washed thoroughly accordmg to the procedure of Srekevttxlo before 
assay of Its radmactrvtty The methods used to charactertxe the mcorporatton of [‘+C]-leucme mto this 
msoluble matertal have been descrtbed ’ 

Metabolrsm of [6J4C]-Glucose 

Rephcate samples of 21 dtsks were set up as m the expertments wtth [t4C]-leucme and were treated as 
descrtbed m Results The specttlc acttvrty of the [6-14C]-glucose was 14 m&mole 14C02 was collected 
m KOH 111 centre wells. At the end of the mcubatton the [6-14C]-glucose soluttons were removed and the 
disks were rmsed v&h 0 02 M KH$G4 (pH 5.2). The washmgs were added to the medmm and the resultmg 
soluttons are descrtbed as ‘medmm at the end of the mcubatton’ After removal of the washmg soluttons the 
disks were killed and extracted for 2 mm wtth bothng 80% (v/v) aq ethanol. These extracts were evaporated 
to dryness under reduced pressure at 35” and extracted wtth water to gtve the water-soluble fracttons 
which were then drvrded mto basic, neutral and acuhc fractrons by ton+xchange chromatography as descrrbed 
prevtously I4 The sugars m the neutral fracttons were separated by paper chromatography m ethyl acetate- 
pyrtdmewater (8 2.1) 

Measurement of Radzoactrwty 

The radroacttvtty of eluates from paper chromatograms was determmed from samples drted onto metal 
planchettes All other measurements of ‘*C were made after it had been converted to barmm carbonate. 
The techmques used m the counting and m the converston of carbon compounds to barmm carbonate have 
been descrrbed.“’ 

l* A S. SPIRIN and L P. GAWULOVA, The Rhosome, Sprmger-Verlag, Berhn (1969). 
I9 I R MACDONALD, J. S. D. BACON, D VAUOHAN and R. J ELIIS, J Exptl Botany 17,822 (1966) 
2o P. snmEvrrz, J. Brol Chem 195,549 (1952). 
21 T AP REES, E BLANCH and D. D DAVIES, PIant Physzol 40,748 (1965). 
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Measurement of Oxygen Uptake 
Oxygen uptake of samples of 25 d&s m 2 5 ml medmm was determmed manometrkally at 25” by 

Warburg’s ti method. Unless stated othcrwse, the d&s m suspended in 092M KHsI’Ob (PH 5 2) 
or in solutions of mhlbltors dwolved m 0 02M KH,P04 at pH 5 2. 
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