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INTRGDWCTION 

TIE womc of C%egory and Se13 suggested that proteins of plants are in a state of constant 
breakdown and synthesis. More direct e+hnce for protein turnover inplantswasobtained 
by Vickery and co-workers2 with intact tobacco plants, and more recently by Steward and 
IBidwell3 in carrot root explants. These authors, however, did not attempt to estimate the 
rate of turnover in their respective systems. 

Ill growing system!4, the rate of synthesis of c4$hlar componeuts is greater than the rate 
oftweakdown,andit~ybeexpectedthatcompatedtothenon-gwwingstate~da- 
gradationoccurcratthecramarateoris~~d~. Inveryrapidlygrowingcarcinoma 
trausplants, protein dmtion is apparcutly much smaller than in normal t&sue.* The rate 
of protein degradation is also extremely smail in growing cuhres of I&&&&Q cd5 In 
growing wading rats on the other hand, ribonuclcic acid degradation still takes place at a 
ratecomparabletothatof~s~~gro~ad~6 Therefore,inthiscaseitisthesynthetic 
rate that is higher than that in the adult. Thus, there is a prec&nt for the possibilities that 
~_cesulsul~er from dm degradation or results from a relative increase in 

. 
We have found that the rate of protein tumover in a growing tobacoo (NjcOthIfa tm 

L.)plant irqpiteraIdd;inp~~doabfiinginsizeinaboutfourtcenday$thsapparentprotein 
tumover half-life is about seven days. 
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~~ turnover in growing systems is t&&ally difBcult because of the problem of 
nx@iug.7 The me&d used here employs as tracer a compound tbat is ~~~~y labile 
and has a bigb probability of being converted to CO, and is thus largely released from the 
plant. Tha,tracsr compound $osen was ~~-[1-~4c]-glutamic acid. W@,found that after four 
days under a part&&r regimen, the remaining radioactivity is large19 still in the form of 
glutam& acid or other compounds that can reasonably be qwted to be respired to CO,. 
Under these conditions the subsequent release of radioactive CO, is limited by the rate of 
protein degradation. In fact, the initial part of the experiment serves as control for the fact 
tbat the rate of release from small molecules is faster and, therefore, non-~~, 

BBSULTS 

Three cxperinmts were cmricd out. Each expe$wlt contributed to the conclusioIls 
drawn. The third, bowever, was the most extensive; and the results of this experiment are 
presented in this Se&ion. The time-course for the release of %Z02 for Experiment III is 

0 lO2050405050?00090sol?3!at3Ol4ouOl6ol7Q 

Time. hr 

giwm in Fig. 1. Quantitative data are given in Table 1. It can be seen that l%!Oz is evolved 
~~~1~ upon iqjection of DL-[l-l~J&&amic acid. The ~~~~~ rose to a peak at 
1.2 hr, then Ml rapidly* and su~o~~y more slowly. Tlw actual rise and fall of l%Oz 
production must be considerably faster t&n indicated in Fig. I since., for the volume of the 

’ A. L. KOCH, J. lkwet. Bid, 3,282 (1962). 
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growth chalk (37 1. empty) and the flow rate (13.5 ljbr), a considerabzlc part of the rise and 
fall time may be album to mixing in the growth chamber. After this initial burst, radio- 
activity was released with a ha&life of about 8-J hr. A smaller burst of l46Qt commenced 
and quickly subsided immediately after the light was turned off. *%Oz production was 
erratic during the remainder of the dark pried. With the exception of the period from 86 to 
93 hr when the pumping system failed, the flu~~tio~ appeared to be real, but they did not 
exhibit a daily rhythm. After the plant was again illuminated, %XJz release was depressed 

TABLET. ~~P/HLYOFRADIOA~ PRoMnmBAcm3PLANTrNlEcrm 
Db[l-‘W-c Au0 

Wll?IlOpCOP 

Aftertbreedaysinth~ligh~theplanttopwasamdyzed. Inthetw~otherexpeziments~ 
two- and fourday periods were employed. Only l-4 and 1.7% of the a&&y of the admini- 
steredisotopewas~v~inther~~inthetwoexpetimwt9,respectivery. ~~~~y 
experiment, the distribution of activity in the top of thet plant was d&ermined by measuring 

l3tlms8olll~ 
Etbamlsoltlble 

carbonpaol 
Amino Acids 

Raidue 
pobaraccharida 
ACidHUlDilI 
Prot&lAmiwAcME 

=J==Y 

3.7 3.2 

14-P m3 
97 11.4 

62.2 14 
94 18.1 

!fE 97.2 52.8 

theactivityinleafdiskstalrmfromnezvthetipandbaseof~~onoppositesidesofthe 
mid-vein. The lowermost four leaves of a plant witb thirteen expanded leaves contained only 
4-03 % of the total activity. 

Table 2 shows the average composition and activity of the whole plant top in Expesiment 
III. It is alit tbat only 1.4% of the radioactivity was found in the clue 
fraction. This IMing would iudicate that reincxxporation of re+spired ‘“coz had been 
minimaL The lack of re-incorporation was not unexpec&& since the rate of flow of air 

12 
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through the chamber was at least twice that naassary to supply co* for normal growth for 
the size of plallt employed. s ~eslirm.ofthcaarinoacidsinthe~~aadinthce~l 
solubkr &action together with the acid humiu fraction amounted to 82*3%&f the activity 
prcs@ iu the whole piaut top. Some of each of these &actions was combined in the origiual 
propartions and treated with ~-glutamic acid dccarboxylasc; 33.2 % of the total a&iv& was 
f&&cd as Co*. 

Table 3 shcws the activity of variow f&us after hydrolysis of au aliquot of the whole 
plapi top w chromato~phic separation of the hydrolysatc. Cbromatographically identi- 
fiabh @tam@ acid accouhttd for 34-l % of the total activity, agreeing well with 33.2% 
ow by @tamic de+rboxylase measurement of the mixture of the soluble fractions and 
the total proteiu hydrolysate. Thus it is evident that virtwlly all the &ee and combined 
gWamic a* left in the plant is of the L c4Mguration. Therefore, all the D form originally 
injected has been inverted or metabolized by this time. 

DISCUSSION 

The reds of all isotope tracer experiments mwt be interpr@& at four kvels: the level of 
in- metabolism, the icvcl of macromolecular twnover, the cellular level, aud the 
pllysiological kve4. 

~Golutamic acid is quickly metaboliabd iu the light. A portion is rapidly converted to 
CO,, Aspointedoutabovt,thelnrteofthig~cannotbe~becauseof~length 
oftimercquiredtoffwhthechamber. Theamountcan,howevcr,rcadiIybemeasured. This 
phase is variable, pos&ly d-ding 011 the precise X&Wurc of tb.e injection site. It was 8 % 
in the exp&ncut considered in detail and higher (about 30°h in the other two experiments. 
The rem&ing glutamic acid was converted into suck which turn over at a slower rate 
~~~~e~~ expc&~@. In the dark, the plant uses thccpe substauces for respiration, 
and another immediate burst of WOz was seen. Subsequently, WC32 release mwt be 
dependent on the breakdown of macromolecular substances. Since polysaccharides were 

* V. F. C. G-, PlantPhydd. 17,267 (1942-h 
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substantially uulaw glutamic acid is not an important pmcmiorofcatbobydntcsinthc 
light. Instead, lab&d carlmn is found in great part in free and co&imd gWamic acid, 
arginine, and proline. In the light or in the dark, it may be expected that, when &eased from 
protein, these amino acids and their metabolic products will be rapidly respired to CO,. 
Presumably, the fraction so metabolized will be much larger in the dark. Pho~~~c 
titian of CO, produced in the initial burst is not important because the burst repmsents a 
small portion of the activity and also the flow of air maximized the removal of ims from the 
Chamber. 

Another factor should be mentioned. In the first % hr, 86% of the ~~-[l-~%hgMamic 

acid was respired. In the exper&uts of two aud four days’ duration, 77and 89% of the 
administered radioactivity was recovered as “as. Therefore, u-glutamic acid must have 
been rapidly metabolized. In fe little remaining radioactivity can be D-glutamic acid since 
similar values were obtained for the chemically isolated glutamic acid and the CO2 produced 
by the sterospecik ~~u~~ deairboxylase. 

Since ilhmhation was give31 before the cxprbent coxmenced and m&mcd for the 
first12BrofthisEnrperiment,theplant~lignowSngduringthe~~~n~. All 
ma~o~l~~~characteristicofgrowins;tobaccx,p~~~beingsynthesized, 
in particular, cellulose. Consequently, if its plwmsom hadbtXOlIWla~dillthCCQUrSad 

synthesis,cell~ose~wouldbelabelled. Celluloseisvirumllyinsolubleoncefbrmed; 
in fact, it is not in dynamic equilibrium and does not break d&n9 The small degree of label- 
ling found shows ~~v~ that pmcumom of this polysac&aride were not boy 
labelled during this time period. 

Incontrast,p~~~ofprdein~lakilled;and,if~wsrranypiiat*insthat~as 
metabolically inert as cellulose, they would have become label&l and would also retain the 
label indefhutely. Thus, eventually such proteins would be the only hWlled protehis in the 
plant. In~~,~~~~darkpcriodshouMhaveservedssapentiadofatarvationduting 
which proteins that are metabolically more labile could be catabolized by the plant, leaving 
behindthosemetabolicallylesslabile. Thebreakdowninthesubsequentlightperlod,during 
which active growth is taking place, can only be representative of the turnover ofthose pro- 
~nsof~~~ano~~~~d~~~. 

It ih of course, implicit that the metabolically labile components of the phmt, whether 
protein in nature or not, may contain an appreciable fWction of the ~~~~ ofthe aAl 
as a result of the process ofi-ecycling of labelled compouuda7~ lo For our purpose, we must 
consider all the radioactivity of the plant, after su5cient time, to be derived from the meta- 
bolically more inert components, even though a portion of the activity may be associated at 
that time with acid-soluble pools or truly labile proteins, etc. 

M p.89 AaddcPlvmrnc.,~Yorkc19501. 
~:i.~IJbc&D T’HmhJrch.-.~.8,rW:fl~. 
11 G. S.‘AVBIW,‘A~. J. Botany 26, Si5 i1933). 
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ofcelldlviaion. Becauseoftbesmanam~tof~~o~~~fo~~lo~leavesw~~~t 
be approaching aeuescence, this source can contribute only a negligible amount to the overall 
rate of protein turnover as estimated from them experiments. 

The biological half-We (T) of a substance is usually obtained by the following relation- 
ship: 

where N is fha activity (total activity for a growing system) at the time, t, and No is the activity 
at time xero. Alternatively, the differential equation that yields the above relation 

dN 0693 N or 7 =: @693(N) .--“Wt- 
& T dN/dt 

~y~~~~. ~fo~~ap~~~for~~tex~~n~ ~~~~~of 
the p&t am tb only ~~~ source of the isotope, herme in the steady state dN/dt 
can be taken aa being equal to the oh& rate of release of rT+Oa (i.e. O-146 &day in the 
last 24hr period). 

The value for N of the whole plot top harvested seven days after ovation of 
glutamic a~&l-~4c must include the 52-8% “proteiu amino acids”, the l&f % acid humin, 
and the 11.4 % in the ethanol-soluble “amino acids*‘, since the turnover of this pool is so 
rapid that the radioactivity preseut can only be accounted for by the breakdown of protein. 
Probably, the 10~3 % activity associated with the ethanol-soluble “carbon pool” should also 
be included since the bulk of this isotope must come from degmdaGon products of the amino 
acids and not polysaccharides. Only the 1.4% polysaccharide of the radioactivity of the 
sevenday pIant can clearly be considered neither protein nor derived from proteiq aud should 
be sub&acted from the 97.2 % total activity re4~vered. In the middle of the hist 24&r period, 
N was larger by one half the activity of WON m&red during the 24&r period (Table I); thus, 

7 -_ o.693 (0~72~14) 1466+(0*5) (~146) = 7a days 
0.146 

. 

This’valueiSthetimerequiredtod ecrtasetbe~~~ivityinthemetabolicsystMnof~~, 
amino acids, etc., where the main determinin g factor is the rate of proteiu degradation. The 

true ha&&s, i.e. the time in which half the radioactivity would leave protein in the absence of 
recycliug, is related to the apparent halflife by 

lWP. 
v,+v2 

=-----Tmc 
v, 

where V,is~ratebf~ofmateriasintoin~labile~~~ofthes~ 
~mou~,~V,tha~~ofentryfromprotrclin~d~.7 ~~t~~ent~ 
not allo* an astute of these rates; however, an ap~o~~on based on the aver- 
agespcd&:a~ti~iesofthe~o~softheetbanol~~~cornpared to~e~d~s~~~ 
that about four new molecules enter from pho~$~~~s for every one from protein. The 
ruuc in the light would be, therefore, about fear-ftfths of 7 days, or about 56 days. ‘Ibis vale 



The~releastof1~~onthe~dayascomparedtothascventhdaymayhave 
several explanations. The amino acid pool depleted in the dark may have been replenished 
during the first and second-day light period. Similarly, certain proteins may be depleted in 
the dark, ‘and rapidly formed in the light. Both of these phenomena would temporarily 
increase the amount of reaycling and deuease temporarily the release of ‘%Os. 

It is of some interest to con&ler the turnover in the dark period. Obviously, the apparent 
half-life varies erratically as shown in Fig. 1. The differential calculation is more sensitive to 
physiological variations in the biological material since much of the variation would not be 
apparmtifwehadcomp~~NfroaJthwedatsandplo~it~ttime. Inthelast24hr 
periodin~edatk,the~~ewaa1*3days;inthe~yp~Z~~periad, 143 
days; and, in the one before that, 236 days. Fii 1 and these valnes show that the rate of 
protein degradation increases during the dark period. In a steady state condition, as is well- 
known, the apparent ha&life can only decrease with time as the more rapid components come 
to~t~c~~~~ ~suggeststhatas~ti~~s,~eplantu~increasing 
kinds of proteins that are then broken down for metabolic energy needs. 

MATERIALS AND METHODS 

Three plants were employed in this work. Similar conditions and results were obtained 
in eaeb experiment except for the initial burst of l%ZOs. The details of Experhmt III am 
described below. Ten cu: of ~~-[l-~~lghnamic acid (8% pmolwr in 041 M phosphate 
buffer at pH 6) were inje&d into the mid-vein of the sixth macroscopically visible leaf from 
the apex of a 12-week-old tobacco plant (Nicohmu az.bucm var. Hick’s Broadleaf). The 
plant was placed in a 37-l. glass chamber through which air was drawn at the rate of 13.5 
I/hr. After leaving the &amber, the air was passed &rough a 250-ml ionixation chamber of a 
vibrating reed electrometer and then through a series of 1 N NaOH scrubbers. The rate of 
%Oz released from the plant was recorded continuously (Fig. 1). The plant was kept in the 
light for 13 hr and then placed in the dark to deplete radioactivity from readily accessible 
pools. After 3.5 days ($4 hr), the plant was returned to the light. In this second light period, 
%ZOz production was very slow; therefore, the average rate of %Os released by the plant 
was estimated from radioactivity in NaOH scrubbers employed for successive 24hr periods. 
The total r4cOs for each period was measured witb the vibrating reed electrometer by the 
rate of charge method. l3 Eleetrometerreadingswereconvertedto~withtheuseofacali- 
bration factor determined by m easuring the %Os produced by the action of ~glutamic 
~~~4 on an aliquot of tbc labelled glutamic acid (1 mv/min-9-6 x 1O-5 &). The 
L-giutami~de~~~~~mcthodwasalsoused f~~~~onof~~~~~~~~d~ 
certain samples. 

Aftff3daysintheseoond~t~~,~plaBttopwascat~~smallpitcesanddtiedat 
~‘for24~. Thedriedp~nttissuew~thengtoundtopags8om~inaWiltymill. Samples 
of dried ground tissue were extracted in a Soxhlet with ether for 8 hr followed by ethanol for 
16 hr. The residue was hydrolyzed with 6 N HCl in a vacuum-sealed glass tube at 104” for 
17 hr. Both the ethanol extract and the filtered, dried, redissolved hydrolysate were fraction- 
ated on I&vex 50 into a non-adsorbed fraction and an adsorbed fraction. In the case of the 

12 J. E. &&%&RTREY, Jr., J. L). BowLpJo, D. E Batmm aad EL B. Ema-, J. Agr. Res. 79, W5 (1947). 
13 B. M. l-tmsRT, univ* cuf. ltadiati Isabe (uaM), BcrkdeY (195s) 
14 E. F. GALE, Bbdtem X 41, vii (1947). 
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ethanol ixtra, them tw6 fractions were dcaigaated aa carbon pool fkactimand amino acid 
fraction. In the case of the hydrolysate, the~ were de&n&cd as polysaccharide fraction and 
protein$.t@no acid f-n. It is recognized that these are crude fi-actions and will contain 
other substkncs The adsorbed fractions were eluted with 1 N N&OH. All the various 
fractions were plated on planchets as “inf?nitely” thin samples and counted in a gas flow 
counter operatkd in the Geiger region. As an alternative method of fractionatioh, samples 
of dried, ground tissue were Muxed for 24 hr with an excess of 6 N HCP and the filtered, 
dried, redissolved hydrolyaatc sepsrati into three amino acid fractions 011 Dowex 50 accord- 
ing to ther method of Thompson et al. I6 The fractions were c~o~to~~~ in butanol : 
acetic s&iiwa!tx (2~:~:2~), v:v:v) in duplicate series. One series was developed with 
ninhydrin; areas on the other series corresponding to the ~y~-~~ve s#ots were cut 
out and the adsorbed substances were eluted and counted as infinitely thin suuples in a gas 
flow counter operated in the Geiger region. The acid lumin fractions were also counted as 
in&litkly tliin #ample& 
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