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Abstract. The light induced synthesis of phenylalanine ammonia-lyase in disks cut from
potato tubers is very sensitive to cycloheximide. Synthesis is inhibited 50 % in disks cultured
on 5/,M cycloheximide instead of water and almost completely in disks aged in the presence
of 10 /uM inhibitor. Inhibition is irreversible. Fresh disks exposed only 1 hour to 10 FAM
cycloheximide do not synthesize enzyme during the subsequent 24 hours.

Normally a maximal enzyme activity develops in disks about 24 hours after being cut
from the tuber. Thereafter enzyme activity declines. The disappearance of enzyme is not
affected by concentrations of cycloheximide suffioient to inhibit the' synthesis of enzyme
initially. No disappearance of enzyme is noted during the initial phase of induction if enzyme
synthesis is inhibited by cycloheximide. However, enzyme does disaippear from the tissue'
if more than half the maximal enzyme content is allowed to form before synthesis is inhibited.
If cycloheximide at a concentration 10-fold that needed to inhibit synthesis completely is
added to disks after they have attained a maximal enzyme level, then subsequent loss of
enzyme activity from the tissue is prevented. The initial stability of the enzyme in the
absence of further synthesis and the inhibition of enzyme disappearance by high concentrations
of cycloheximide suggest A) that early phases of induction involve synthesis of enzyme
protein in the absence of turnover, B) that a system capable of degrading or inactivating the
lyase subsequently forms in the tissue, and C) that the formation of the degrading or inacti-
vating system requires protein synthesis.

The effect of cycloheximide on uptake and incorporation of L-isoleucine-U-14C into soluble
and insoluble proteins of tuber disks was also examined. During induction the rate of uptake
inereased 3 to 4-fold, and the rate of incorporation into protein, corrected for change in uptake,
increased 25-fold. Cycloheximide inhibited incorporation of isoleucine-14C into *proteins of
fresh disks more than 80 %N. It did not prevent activation of general protein synthesis during
induction and inhibited incorporation in induced disks only 20 %. At all times incorporation
of amino acid into the soluble, lyase-rich, protein fraction was more sensitive to cycloheximide
than the insoluble fraction.

Studties of enzyme induction in plant (11, 14)
and animal (10, 26, 27) 'tissue's have shown that
protein turnover may be intimately associated with
the induction process. Changes in the rate of
degradation lindependen.t of changes :in rate of syn-
thesis can o-ccur during induction of specific enzymes
(15, 26). These studies 'suggest thait 'specific turn-
over systems exist and that their exilstence 'in the
tisstue is regulated by mechanisms simil,ar to .those
controlling the synthesis o'f inducible enzymes.
Evidence of protein turnover in plants concern's the
overall synthesis and degradation of the total bulk
of protein 'in tissues under examinaition (5, 6, 13,
29). Little information exists on ithe formation or
specificity of individual turnover systems. The in-
duction of phenylalanine ammonia-lyase in disks of
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tissue c-ut from potato tubers appears to involve
both the synthesis and 'turnover or inactivation of
the enzyme (33). Cycloheximide tinder suitable
conditions will inhibit either the appearance or the
di'sappearance o'f the. enzyme in the tiissue (34).
Engelsma (9) has recently described a similar
effect of cycloheximide on synthesis and disappear-
ance of a phenylalanine ammonia-lyase in gherkin
seedlings. This paper describes the conditionis
under which the selective effects of cycloheximide
on potato disks are obtained. The results presented
stuggest that the inducti'on process involves the syn-
thesi's of both lyase protein and the protein com-
ponents of a system degrading or inactivating -the
enzyme (inac,tivating system).

Materials and Methods

Kennebec potato tubers stored less than 6 month's
at 40 were used for sltudies of the cycloheximide
inhibition o'f enzyme synthesis. Incorporation stud-
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,ies were performed on tissue from tubers stored
6 to 8 months. Disks 2 mm thick anid 1.5 cm in
diameter were cuit from the inner tisstle of the
tuber. The original fresh weight of a single disk
was approximately 0.4 g. Treatments for induction
studies consisted of 25 disks moistened with 3.5 ml
of solution and incubated at 210 tunder 400 ft-c of
light. Disks iincreased approximately 10 % in fresh
weight in 24 ;hours. All data are expressed per g
original fresh weight.

EnzymUne Assay. Pheinyilalaiiine ammonia-lyase
was extracted from acetione powders of potato disks
and assayed by following changes in absorbance at
290 m, as prev,iously described (33). One unit of
a,ctivity ;is that amount of enzyme producing ani
in,crease in A.,90 mn, of 0.01 per houir (3.3 mimoles
of cinnami,c acid).

Direct aqueous extraotioii of the enzyme didcl not
previ-ous-ly yield consisteintl) active extracts. In-
cltusio,n of mercaptoethanol in the extracting medium
corrected the situation and made it possible to obtain
reprodtucible restlts without preparing acetone pow-
ders. Samples oif 5 disks were homogenized with
a hilgh speed grinder in 25 ml of cold 0.025 m bo,rate
buffer (pH 8.8) containing 0.4 ml of mercapto-
ethan,oil per iliter (approx. 5 mm ). Extracts were
clarified by filtration under suictioni through \Vhat-
man No. 1 filter paper. Direct aquieouis extraction
yielded about twice as much activity per disk as
oorresponding acetone powder extracts. Since the
protein concentration of aquleous extracts was also
higher, the slpecific activity of both types of extract
was abotut the same. The activity of aqueous ex-
tracts, although higher, was always pr,oportional to
that of corresponding acetone powder extracts under
every experimental treatmenit examined. Aquieous
extraction 'is preferred to preparation of acetone
powders because it is rapid and decreases the varia-
tion between samples introduced by powdering the
bi,ssue.

The period of assay was shortened anid the sen-
sitiviity increased by running the reaction at 40°
instea(l of at room temperatture. The complete re-
action mixtture Nwas incutbated 5 miintites at 400
before measutrements of A., mltm vewre begutn.
Readlings were taken at 5 tor 10 minui1te intervals,
anid the reactioni was retutrnledI to the 400 bath
betweeni readings. The elevated templ)erature haIdi
no al)parent effect oni the enizymiie alnd increased the
raite of reactio.n 2 to 3-fold over thalt at room
temuperature.

Protein w%vas (leterlinied w,ith the biuiret reagent
(Jr with Nessler's reagent after Kjeldahl(Ii-estioII
of alcolho,l inso1luble p)recip)itates.

l/pt(ike (ald IJ)col'(po)tdtiotw Stlf(lies. TIso,leiicine-
U 1 1C (234 milc/mimillole) xx as obtained from Nexv
Eingland Ntclear Corpo-ration. hlec ra(lioactivIty of
anil ilifinitel- thinl lax- el- of each samllple (lrie(l oll
planclhets xwas nmasured in a Ntclear-Chicago Cor-
p,oration gas-flowv couniiter xx-itlh al)ont 25 % effi-
ciencx.

A slingle treatment con'sisted of 5 tuber disks
(original fr wst of 2.0 g) moiistened wilth 0.5 ml of
a solution containiing 3.0 m,nmoles (3.8 X 105 cpm)
of isoleticine-U-'4C. Disks were allowed to absorb
the amidno acid from soluitioin for 2 hotirs while
exposed to 400 ft-c of xvhite lighit at 210. 'The
disks xvere then Nxashed thorotugh,ly with tap Nwater
and distilled xvater to remove the unabsorbed iso-
leiciine-4C. inclusloioi of unilalbeled isoleuicine in the
xvashing meditim did not increase the amount of
radioacttivity w-ashed fromnthe (lisks.

\Where only incorpo,ration into total protein %vas
meastlre(l, the wvashed disks xvere ground xvith
10 ml of 95 % ethanol in a TI'en Broeck glass
hom-ogenizer and(I 0.1 ml aliiqulolts of the finely
stuspended homogenate xvere counted to dletermine
the total uptake. AnI aliquiot of the homogenate
xv-as centriftiged 15 minultes at 20,000 X g to collect
the protein precipitate. The parecipitate xvas xvashed
3 timels xvitl-h ethanol, the first xashi containilg
50 utmoles of unla)eled isoleuicine. The xvashed
precipi;tate Nxvas theni suspended and homogenized ini
ethanol, and aliquots xvere counted to determilne
incorpo,ration into to,tal proteini. Aliqtuots of the
alcoholic supernatant from wl-hich the precipitate
h,ad first beein remove(l were also counted as a
measuire of incorporation inito the soluble free
amino acid pools. WN'heni paper chromnatogramns of
ssamples of the alcoholic supernatant were runi in
1-butanool-acetic acid-w ater (25:4:10) and scanned
in a Packa!rd radiochromatogram scaniner, at least
95 % of the radioactivity was located in the region
of the chromatogram containing isoleticine.

\When incorporation inlto the soluble anld in-
soltuble protein fractions wvas stuldied, disks were
homogenized in 10 ml of cold 0.025 m borate buiffer,
(pH 8.8) contalining 5 mmi mercaptoethanol. OIne
ml of the aquieotus homogenate wras suspended in
4 ml of ethanol and grotund in a glass homogenizer
to prodtice a stuspension uiniform enotugh for counit-
ing. The radioactivity of aliqulots of this fine
sruspenslio-n served as a measuire of total uiptake.
Five ml of Ithe remaining aqllueouts extract xvere
centriftiged for 30 minutes at 20,000 X g tio pre-
cipitate the insoltuble prolteini not extracted froml
the (lisks by borate buiffer. The p)recipitate xvas
xvashed 2 times x-i,th more buiffer alnd thenl sl1slpelede
in etihanol ancd homnog-enized. A-liquots xvere counllted{
to determiinle inicorporation inlto insoluble p]roteinl.
TI'he first xvash containing 50 ,umoles of uinlabeledc
isolenicine was added to the original aqtieoui-s suiper-
natant. The soluble proteini in the combined sulper-
natant anld vash xxas l)reciplitatedl by addinig lml
of extract to 4 ml of ethaniol. After 15 minnlltes
in the cold, tlhc suispenision xxas cei-trifluge(d and the
precipitate \xvaslhed several times xvith ethanol. TI'he
xx.asheld precipitate was theln suspended by grindlilng
it in ethanol, an(l ali(iluots xvcrc couintedl to measuire
incorl)oration into soluible protein. Aliqllots of the
80 % ( v/v) ethanol supernatant were also counlited
to determiinie radinactivitv in tfhe solllide poo,ls. TI iwe
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stim of activity in the free amino acid pool's, 'soluble
protein, and insoluble 'protein fractiions accounted
for very c1lose to 100 % of the total 'activity meas-
tred directly uin the original homogenalte.

During the course of experimen;tation, it was
discovered thalt exposu,re tio cycloheximide decreased
the natural resistance of tuber disks to infection
by a fluorescent Pseudomonas contaminating the
deionized water used rin the laboratory (35).
Usually 48 to 72 hou.rs elapsed before fluorescence
under ultraviolet light '(a sensitive test for infec-
tion) could 'be detected ion the surface of the disks.
Comparison of lyase activity extracted from disks
not visibly contaminated with that from obviously
contaminated disks showed liittle difference in
enzyme level. Nevertheless, caTre was taken in
cyclolheximide experiments iof lonagduration to assay
disks firo'm samples that showed no visiible signs
of infection.

Incorporation of isoleeucine-14C was apparentbly
not affected by contamination in experiments where
exposutre to cyclohexim,ide was only of 2 hours
duration. Comparilson of incorporation under asep-
tic and non,siterile 'conditions yielded identical restults
within experimental error. Fresh disks removed
fro'm tu'bers under aseptic conditions (35) did not
contain any viable organism's when tested on nti-
trient agar. Normally resisitant disks maintained
on contaminated water tinder nonsterile conditions
supported less than 1000 organ-isms per disk after
48 hours of culture. Use of aseptic conditions was
therefore not deemed necess'ary for experiments
described be.low.

Results

Effect of Cycloheximide on Lyase Synthesis.
Relatively low concentrations of cycloheximide in-
hibited the appearance of phenylalianine ammonia-
lyase activity in tuber disks. When d'isks were
incubated for 24 hours in the presence of 5 aM

cycloheximide instead of water, only 50 % as much
enzyme activity couild be extracted from them.
Extracts of 'disks treated with 10 MM cycloheximide
showed almost no enzyme activity. H'igher con-
centrations of cyclohheximide comppletely inhibited
the appearance of activi'ty during cultuttre. No
effect of cyclloheximide was noted on the activity
of the enzyme in vitro. The potency of cyclo-
heximide as an inhibitor of enzyme formation in
tuber disks is shiown quantitatively in figure 1.
Under the experimental condiitions used, an inhibi-
tion of 50 % was achieved with less than 1 M,g of
cycloheximide per g !initial fresh weight of tissue.

Cycloheximide had no vislibile effect on the disks
o'ther than to prevent tihe surface from turning
light brown. The inhibition of surface browning
was directbly correlated with the in'hi'bition of chlo-
rogenic acid biosynthesis in the disks (35). Usually
the a,moutint of soluble protein extracted from disks
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FIG. 1. Effect of cyclohexim,ide concentration on
synthesis of phenylalanine ammonia-lyase in disks of
potato tuber. Disks were aged 24 hours in light in the
presence of water or cycloheximide before enzyme
was extracted and assayed. Activity of water control,
145 units/g original fresh weight.

maintained 24 hours in the light wais slightly m'ore
than that obtained from fresh diisks, the increase
being 10 to 15 % at most. The 'smalll extent of
net change and the variation between bissue samples
made ilt difficult to observe any significant effect
of cycloheximide on the amount of soluble protein
extracted.

Cycloheximide 'inhibition of protein synthesis
can be reversed in many systems by removing the
inhibitor (12). However, inhilbition of lyase ap-
pearance in potato disks wva's i,rreversible. If
freshly cut diisks were moistened with a 10 KM
solution o'f cycloheximide f,or j,ust a few minutes
and then washed free o,f inhibitor and maintained
subsequently on water alone for 24 hours, signifi-
cantly less ac'tivity could be extracted from treated
-disks compaired to tissue not exposed to cyclohexi-
m'ide at all. Quan(titative effects o,f short initial
exposures to cycloheximide are shown in figure 2.
An exposure of 1 hour to cycloheximide was suffi-
cient to in'hi'bit enzyme formation 90 % during the
remaining 23 hours of incubation. Normally no
enzyme activity can be idetected in disks after 'an
incubation of only 1 hour on water alone. Possiblv
enough inhibitor was absorbed by disks (lur.ing the
short exposture to maintain an internal inhibitory
concenitration during the isubsequent period of for-
mation of enzyme activity. However the resul,ts
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F1G. 2. Effect of length of exposure to cyclohexi-

mide on subsequent appearance of ammonia-lyase ac-
tivity in the tissue. Freshly cut disks were moistened
with 36 gm cycloheximnide for lengths of time indicated,
washed thorouglylv with water and mailntaiined for the
remaining- period of aging on water alone. After a total
of 24 hours of treatment and a-ing, disks were ex-
tracte(l directly with buffer, anid enzvme was assayed
at 400 (see 'Methods). Disks mainitained on water alone
during the experiment served as controls. Different
synmbols represent different experiments. Activity of
water controls, 800 units/g original fresh weight.

of table I make thi,s explanationi uinlikely. When
disks were treated with a low concentration of
cyc,loheximide (3.6 ,xm) that produced only partial
inhtibition of synthesis, an initial exposture of 30
minutes was as effective as contintuou.s exposure to
inhibWtor during the entire incubation of 24 hours.
The fact that inhibition did noit disappear once
cycloheximide was removed even when suib-maximal
levels of inhibitor were uised suggests thait the
inhibition is irreversible once it occurs.

Effect of Cycloheximide on Lyatse Disappear-
ance. The potency and irreversibility of cyclo-
heximide as an inhibitor of lyase appearance made
it a useful tool for invest:gation of events occturring
dtiring the indtuction. T'he kiinetics of indtuction
originally described (33) and illustrated again as
a control in figure 3A (closed circles) indicates
that both appearance (synthesis or activation) and
disappearance (degrada,tion or inactivation) of en-
zyme occuir. If active enzyme were allowed to
form in the disks before treating them with an
inhibitory concentration of cycloheximide, it shouldk
be possible to study the behavior of the enzyme in
the absence of further svnthesis or activation.

Table I. Effect of Cycloheximnide Con ccntration During
Short Exposure on the Inhibition of Phenvlalaninz

Amnnmonia-lyase Synthesis
Each treatmenit consisted of 25 disks cultured oIn

3.5 ml of solution at 210 under 400 ft-c of light for
24 hours. Disks treated with cycloheximide for only
0.5 hour were wa-shed and transferre(d to water for the
remnainiing 23.5 hours of culture. The eniizyme was
extracted with buffer from fresh disks after 24 houirs
of culture and assayed at 400 as described under
Methods. The ammioinia-lyase activity of wvater controls
was 795 unlits/g originlal fresh weight.

Cvcloheximide
conc

J.M

3.6

36

Length of expostire Lvase activity-

h r %r of watcr control
0.5 54
24
0.5

24

47
11
10

Data thus far have referred to treatment xu-ith
cycloheximide beguin immediately after induction
was initiated by cutting disks from the tilber and
exposing Ithem to light. The ctirves in fiiguires 3A
and 3B describe some typical effects of delayed
additions of the inhibitor. In experiments shown
in figuire 3A disks were allowed to form active
enzyme for an initial period of 12 houirs before
some of them were transferre(d from water to 7 ,um
cycloheximide, a concentrationi capable of producing
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0 20 40 0 20 40

AGE OF DISKS (HOURS)

FIG. 3. Effect of delayed addition of cycloheximide
on level of enzyme activity in disks. Samples of disks
initiallv moistened with water were then transferred
to cycloheximide solutions at times indicated by arrows
along absicca. Acetone powders of disks were prepared
at appropriate times, and enzyme activity was assayed
at room temperature. The extent of variation between
duplicate samples is s'lion in figure 3 .
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an in.h-ibition of 85 to 90 %. At {the time of transfer
only 40 % of ithe maximal enzyme 1evel had been
attained. Within an hour after tran.sfer to cyclo-
heximfide further -increase in enzyme level halted
(open circles, 'fig 3A), and the enzyme activity
remained unchanged thereafter. The fai,l,ure of the
enzyme -to diisappear from the treated tissue in
whicth formation of active enzyme was inhibited,
sugge.sted either that turnover or inactivation was
al-so inhui'bited or that the system responsible for
disappearance of enzyme activity was not present
during the initial stage o'f lya.se induction. If the
addition of 7 jM cyclohexi;mide were delayed uintil
the enzyme niormalily began to disappear from the
bissue after 24 hou-rs of induction, then the low
concenitration of inhibitor did not affect the rate
or extent of disappearance (open circles, fig 3B)
from the tiisstle. Gonsequentily the failture of en-
zyme to disappear from disks treated during an
early stage of induction (fig 3A) cannot readily
be explained on the basis of inhibition of degrada-
tion or inactivation by 7 jM cyclohexiimi(le. Rather,
the initiail phiases of induction seem to invoilve only
the formation o,f active enzyme in the absence o f
any turnover or inactivation.

Cycloheximide added to the disks at any time
during the 'initial 24 hour period of increase in
enzyme 'activi'ty quickly 'halted fturther increase in
level of activity. However iif the d(isks had already
attained 60 % or 'more of the maximal enzyme
level before addition, then not only was fuirther
increase stopped but, unltike the restlllts pictured in
figture 3A, enzyme began to disappear from the
tisstue. In these in'stances the irate of disappearance
was less than that normally observed in uintreated
disks between 24 and 48 hours of iniduiction, but
approached the normal raite in those disks allowed
to form close to maximal amounts of enzyme before
being exposed to cycloheximide.

Althoutgh 7 JFM cycloheximide inhibited lyase
formation (fig 1, 3A, open circles), I have allready
p-oinited otut that this low concentration of cyclo-
heximide d'id not affect its disappearance during
later .stages of induction. Data presented 'below
indic'ate 'that cycloheximide ids not as effecbtive an
inhibitor of protein synthesis in lighit-induced disks
as in fresh ti-ssue. Consequently higher concentra-
t'ions of cycloheximide were tested in delaved addi-
tion experiments tio detertmine whether the inhibitoor
had any effects on the latter stages of induction.
When the concentration of cycloheximide added
after 18 to 24 hoturs of culture was increased to
10 times tha't needed ito 'prevent lyase appearance
initially, 'the disappearance of enzyme from the
tissue did not occur (fig 3B, Xs). T'he quantitative
effects of increasing concentration's of cyaloheximide
on prevention of the loss of enzyme activity are
shown 'in figure 4. In these experiments, disks
were maintained on water for 24 houirs to allow
maximal formation of active enzyme. At that time,
enzyme activity was assayed, and samples of disks
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FIG. 4. Effect of cycloheximide concentration on

loss of enzyme activity between 24 and 48 hours of
aging. Disks were moistened 24 hours with water
and assayed for lyase activity. Samples of disks were
then transferred to solutions of cycloheximide at con-
centrations indicated. After an additional 24 hours
enzyme activity of all samples was determined. Ac-
tivity of disks aged 24 hours, 154 units/g original fresh
weight (acetone powder extracts).

were transferred to solutions of cycloheximide at
concentrations indicated. A fter an additional 24
'hours of culture during whi'ch enzyme activity
began to disappear from water controls, all samples
were extracted and assayed for activity. The per-
cent loss of enzyme between 24 and 48 hours of
culture is plotted in figure 4 against 'the concentra-
tion of cycloheximide ito which the disks were
exposed during this time. Although 40 % of the
enzyme activity disappeared from di,sks maintained
,on water alone, almost no loss of 'activity occurred
in disks transferred to 1 mM cycloheximide. Disks
'transfeirred to 50 puM cycloheximide lost only half
as mulch enzyme activity as tho'se culltured continu-
ously on water alone. Only one-tenth the concen-
tration of cycloheximide i.e. 5 FAM, produced a
comparable 50 % inhibition of the initial appearance
of 'lyase 'activity. Addition of cycloheximide a't
concentrations as high as 700 AM after the enzyme
'level had declined to a steady plateau failed ito
produce any further 'alteration of activity in the
disks.

Incorporation Studies. T'he effect of cyclohexi-
mide on incorporation of isoleucine-U-14C into pro-
'tein of tu'ber disks was investigated to determine
whether cycl,oheximide inhibited protein 'synthesis
under the same condi'tions that it inhibited the
'induction of the 'lyase. Both 'the rate of tuptake
and the rate of incorporation o'f the amino acid
into protein increased during light induction (fig 5).
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FIG. 5. Change in rate of uptake and incorporation
of isoleucine-U-14C into protein of tuber disks during
aging. Disks were aged on water at 210 under 400 ft-c
of light for the periods of time indicated. Appropri-
ately aged samples of 5 disks (2 g original fr wt) were

fed 3 m,mnoles of isoleucine-14C (3.8 X 105 cpm) for 2
hours before being washed and extracted as described
under Methods. Kinetic studies indicated that steady-
state rates of uptake and incorporation were achieved
within 20 minutes after labelled amino acid was sup-
plied to the tissue.

At about the time lyase activity reached a maximal
level in the disks, the rate of proitein synthesis as

measured by incorporation attained a 'steady level
which was more than ian order of magnitude greater
th'an that observed in fresh di,sks. Less than 10 %
of the isoleucine-14C taken tip by fresh di'sks during
a 2-hour period o'f feeding was incorporated intio
protein, while almost 70 % of the amino acid taken
up by disks maintained in the light for 24 hours
wa,s incorporated iinito protein duiring a similar
2-hour period.

A'bou't two-thirds of the raclioactivilty incorpo-
rated into proteins of fresh disks was found in the
soluble fraction. Aging produced a large increase
in rate of incorporation into boith so,luble and in-
soluble proteins. T'he change in rate of incorpora-
tion into the inso'luble fraction was much greater
than that of the soluble fraction. Consequently
more radioactivity was found in the insoluble pro-

teins than in the buffer ext'racted proteins of disks
cultured in light.

Cycloheximide inhibited 'the incorporation of
labeled !amino acid into 'both fractions. However,
the extent of inhibition declined appreciably with
age of diisk (fig 6). In.corporation by fresh disks
was inhibited more than 90 % by 36 aLM cyclohexi-
mide, an effect comparable to ithat on formation
of lyase activity. After 24 hours of aging, less
than halif of the incorporation could be eliminated
by administering isoleucine-14C in cycloheximide
instead of in water. Increasing the concentration
of inhibitor from 36 to 360 /M (Xfs in fig 6) did
not increase ithe inhibition very much.

Allthou,gh cycdloheximide tinhibited protein syn-
thesis in fresh disks, it idid nioit prevent the develop-
ment of a very rapid rate of incorporation during
aging iin the light. Disks cultu,red 12 to 16 hours
on cyclohexiim,ide instead iof water did noit differ
in ralte of iincorporation from di,sks cultured on
waiter during this perio,d and exposed to cyclohexi-
mide only during the 2-hour period of isaleucine-14C
feeding. Results of 'a typical experiment are shown
'in table II. An effect not mentioned previously
but illustrated in the table is the inthibition of tu.take
by cyclo'heximide. Inhibition oof utptake was never
moire than 50 % and did not occur in disks aged 24
hoours or more. If a correction is made for the
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FIG. 6. Cycloheximide inhibition of incorporation

of isoleucine-14C into protein of disks aged for increas-
ing periods of time. Conditions of incorporation were
the same as those in legend to figure 5 except that in
addition to supplying isoleucine-14C in 0.5 ml of water,
duplicate samples of dlisks of each age examined were
also fed isoletucince-1 C in 0.5 m.l of cycloheximide.
Soluble and insoluble protein fractions were prepared
as described tinder -Methods. Circles are results ob-
tained with 36 ,A\i cycloheximide. Xs with 360 pm
inhibitor. Xs above the linie, insoluble protein; l)elow
the linie, soluble proteiin. Correction for cycloheximide
inhilition of uptake in fresh disks does not clhange
the shape of tlle cuLrve substantially.
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Table II. Conmparison of Utptake antd Incorporation of Isoleucine-14C inyto Proteinis of Disks Cultured
on Water or on Cycloheximnide

Disks were ctultured 12 houtrs on water or on 36 gM cycloheximide (10 Pg/nml). Samples of 5 disks weighing
2 g original fresh weight were then exposed for 2 hours to 3.8 X lOt cpm of isoleucine-U-1+C (3 m,gmoles) in
the absence or presence of 36 gM cycloheximide. Soluble and insoluble protein fractions were prepared from the
labeled disks as described in the text. Phenylalanine ammonia-lyase activity was measured in extracts of duplicate
sets of disks taken at the end of the feeding period. Values in the table are reported per g original fresh weight
of tissue.

Incorporation as
Solution during % of uptake Ammonia-

Culture isoleucine-14C Sol. Insol. lyase
sohlition feeding Uptake proteini protein activity

WN'ater
Water
Cycloheximide

Water
Cycloheximide
Cycloheximide

effect on uptake by calcuilating incorporation as

percent of tiptake, then little in'h'i'biltion of incor-
poration of the amino acid into insoluble protein
was evident 'in 'disks cultu!red ton 'cycloheximide or

exposed to inhibitor during feeiding. These data
indic,ate that cycloheximide does not prevent activa-
tion of synthesi,s of insoluble protein during incutba-
tion of tissue 'in light. The increased incorporation
probably reflects the formation and development of
mitochonidria (18) and plastids (32) in the aging
ti!ssue. Incorporation inito soilu'ble 'protein was in-
hilbited aboult 50 % by cycloheximide. Culturing
,disks on cycloheximide for 12 'hours previouis to
administering isoleutcine-14'C had 'little further effect
on the exten't of inihibition. In contrast, disks cul-
'tured on inhibiltor had very little enzyme compared
with those cultured on water (last coluimn, table II).
Conseqtuently mo,st radiloactivity mtust have been
incorporated into proteins other than the 'lya,se.
This concluisi,on was verified by measuring the dis-
1tribution of radioactivity upon ammmonitum stulfate
fractionation of solt1ble proteins and tupon sucrose
density centrifugaition of ithe lyase-rich fraction.
Examina,tion 'of 'the lyase fractions in the stucrose
gradienit 'indicaited that they con'tained less than
10 % of the total radi'o'activity 'incorporated inito
the soluble proteins.

Discussion

The appearance of phenylalanine ammonia-lyase
activity in d'isks of ,tissue ctuit from potato tuibers
ha.s been tinterpreted as an indudction of enzyme

synthesis (33). The presenit study has showln that
loiw c'on'centra'tions 'of cycloheximide inhibit both
the appearance of enzyme activity and 'the synthesis
of 'proteins. These results lend furither sui,pport to
the hypothesis that increase in activity involves the
synthesis of enzyme protein. A similar inihibition
olf lyase formation by cycl'oheximiide and other
inhi'bitors of 'protein and nuicleic acid synthesi.s have
been reported in a nui.mber of tissues (8, 9, 20, 30).

Nitsch and Ni'ts-ch (21) described the action sq)ec-
trum of the light stimulated induction.

The albillity o'f cycloheximilde to inhibi't the dis-
a,ppearan,ce of enzyme activity which normally
occurs about 24 ihours after lyase in'duc'ti'on i,s
,initiated in ithe d'isks suggests that synthesis of
protein,s is also required for the degradation or

inacltivation of the lyase. Engeisma (9) has re-
cently described the induction of phenylalanine
ammonia-lya;se synithesis in gherkin seedlings trans-
ferred from darkness to Illight. He observed th'at
enzyme acicumult4ating in 'the light woutld disappear
from the seedlings if they were transferred back
to 'darkness, buit ithat cycloheximide could prevent
tbhe loss of activilty. He concltuded that de novo
'protein synthesis was requ,ired for t'he loss of en-
zyme in darkness. Hotta an'd Stern (14) observed
t'hat difsapipearance of the in'duced thymidine kinase
in lily anthers required cond,itions which favored
protein synthesis.

If los,s of activ'ity resulted from acitual degrada-
tion of enzyme protein as in the case of classical
protein iturnover, then cyclohexi:mide might act to
prevent synthesis of proteolytic enzymes in the
di,sks. Kenny (16) has demonstrated that cyclo-
hexi,mi,de inhibits the 'basal tuirnover of an indtucible
tyrosine transaminase in rat liver. He concluded
that conitinuous synthesis of protein, presumably of
proteo-lytic enzymes, was requi,red to maintain the
turnoveir of the transaminase.

Di,sappearance of lyase activity could involve
inactivation rather than degradation. Specific pro-

teins that combine stoichio,me.trically wilth enzymes

to in'hi'bit their activilty have been demonstrated in
other induction systems (2, 3, 25). Potato tuibers
seem to be a particularly rich source of inhibitoir
proteins. Crystalline protein inhibitors of prote'o-
lytic enzymes have been isolalted from tubers (1),
and theiir indtuction in t'he potaito plant has been
studied (24). Pressey (22) has isolated a protein
inbhilbitor of invertase from potatoes. The regufla-
ti'on of invertase activity in tubers by the protein
inhibitor (23) provides an interesting model for the

cpm X 10-3
60
48
44

17
9
8

50
38
49

units
750
650
75
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lyase system. I!f this type of stoichiometric in-
activation were involved, then cvcloheximide conkld
maintain the enzyme level by preventing the syn-
thesis of a proitein inhibitor. Enzymatic modlifica-
tioni of the active site of the lyase would also pro-
vide aIn inactivation dependent otl other protein
molecules.

Whatever the nature of the sy-stem respoinsible
for disappearance of activity, be it turnover, inacti-
vation, etc., protein synthesi.s appears to be reqtuiredl
for the decline in lyase activity.

Tihe delayed addition experiments in x%hich loA-
concentrations of cycloheximide were employed to
inhiblit enzyme syn,thesis without affecting loss of
activity provide addi(tion,al in formatilon concerning
the forma'tion of a degrad,ing or inactivat.ing system.
I.f formation of lyase was stopped during the initial
period of induction before the dyase concentratioll
had reached 50 % of the maximal level, no subse-
quenit lo.ss of enzyme occurred. A similar stability
of phenylalanine ammlonia-lyase was observed A-hell
early phases of indu,ction in sweet potato roots were
inhibited with pturomycin (20). If more lyase was
allowed to form in the potato disks by delaying the
addition of cycloheximide, then a stubseqtueint loss
of activity was observed. The more enzyme allowved
to accumu,late before inhibition of synthesis. the
greater was the rate of disa+ppeiarance. These re-
sults stuggest that no inactivation of the lvase
occurred during the initial phase of induction.
Subsequently though, an inactivating system capable
of degrading or inactivating the lyase ap)peared inl
the tissue and reached a maximal acti-ity at abotit
the time or shortly after a maximal lyase conceni-
tration was attained. The fact that the eventual
loss of enzyme could be inhibited by high concen-
trations of cycloheximide stuggests that the appear-
ance of the inactivating system in the tissule involved
the induction of protein synthesis. That is, cuitting
dti-sks of ti!ssue from the potato tuber indtuced the
synthesis of the ammonia lyase. Subsequiently the
synthesis of an inactivating system was induced,
perhaps by the ammonia-lyase itself or by a produict
derived from itis catalytic activiity.

This pattern of sequential induction is illustrated
diagramaticalfly in figuire 7. The solid bar extend-
ing from 0 to 24 hours after ctutting represents the
period during which aiddiition of low concentrations
of cyclohexim,ide stop further increase in enzyme
activity and 'is considered to be the period of lyase
synithesis. The bar extending from approximately
12 to 36 hours after placing the disks in the light
covers the per.iod dturing which dlisappearance of
enzyme from the tissue occurs in the preseince of
low concenitratioins of cycloheximide btut not in the
presenice of high concentrations of inhibitor. This
phase is equivalenit to the period of synthesis of the
inactivating system. The sequential indtuctioin is
simiilar to that descri,bed by Suissman for the in-
duction of a galacttiironic acidl transferase and its
inactivating svstem in slime molds (28). It con-
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> SYNTH SIS OF Im CTIVATING SYSTEM

LU

> SY THESIS OF LYASE

uJ

0 25 50 75
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Fi(;. 7. Diagrammatic schene of the sequenitial induc-
tioIn of phenylalanine amrmonia-lvase anld a system de-
grading or inactivating the Ib ase. Bars represent pro-
posed periods of synthesis of the 2 components in thl
induction system and are suiperimposed on the normal
pattern of change in lyase activity (solid line) which
occurs during aging. \hsicca represents age of disks.

trasts with the indluctionis of invertase in sugar cane
(11) anid of transEaminase (10) in liver where coIn-
tinuous turnover exisits throughout the process.

Lyase synithesis is pictured as stopping at 24
hours in figure 7 because low concentrations of the
inhibitor no longer infltuence the level of enzyme
after this 'time. However, the increasing insensi-
tivity to cycloheximide of general protein synthesis
in aging d,isks complicates interpretations. If syin-
thesis actugally stops at 24 hours, then the inacti-
vating system mast eventually disappear from the
tissue. Otherwfise the decline in lylase activity
woutld conitinue unltil complete loss 'occturred. On
the other h'and, a continued synthesis of lyase
throughouit the indutctioni ((indicated 'by doitted lines
ill fig 7) woatld only require that the rate of break-
down or inactivation become greater than the rate
of synthesi,s durinig the periodl of enzyme disappear-
ance. Oscillation in the rate of breakddown or
synthesis such as that observed in other induction
systems (4) coulld accotunt for the peak of enzyme
activity followed by a decline to a lower steady-state
level where 'synthesis ballanced degradation or 'I1-
activation. The fact that concentrations of cyclo-
heximide uip to 700 pt'\t do not atlter enizyme level
once the final plateau concentration is reached,
argties against this final phase of induction as a
s,teady-staite. However, ani eqtal1 tinhibition of svn-
thesis and ibreakdo-wn stuch as that observed by
Kenny (16) or a comniplete insensitivity of aged
disks to cycloheximide cotildI accoulnt for the lack-
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of effect. The na,ture of the plateau region will
only lbecome clear when it is possible to measure
synithesis or breakdown of enzyme direcbly by in-
corporation studies wiith radioactive amino acids.

The irreversible inhibition of lyase syn/thesis
contrasts wilth the usu,al reversible effects of cyclo-
heximide in other tissues (12) and with the rever-
sibile inhibition of induction of fatty acid synthetase
in the potato tuber itself (31). Albove 10 ,M
concentration, cycildheximide couild produce a com-
plete inhiibition of lyase synthesis whereas cyclo-
heximide inhibitions of 80 to 90 % are maximal in
reversilble systems. Grolllman (12) has suggested
that the irreversibility of certain cycloheximide
derivatives and glutarimide analogues is conferred
by secondary binding sites not :associaited wilth those
involved in inhibition o'f protein synthesis. Cyclo-
heximide bo-un.d irreversibly to ribosomal strtuctures
cou:ld prevent 'lyase synthesis even though the ex-
ternal source of inhibitor had long been washed
away. In this instance, ithe irreversibility of bind-
ing would involve secondary sites specific to the
ritbosomes rather than to ithe inhibi,tor.

The liarge increase in rate of incorporation of
amino aci,ds inito protein which occturs during aging
of potato disks paralllel's changes in lyase activity.
Although the apparent increase in rate could ref'leot
a corresponding shrinkage of metabolic poolls (13),
the change has been considered to restult from the
activation of protein synthesis 'in the disks (7, 31).
The activation of protein synthesis in aging carrot
diisks initialtly invo,lves the aggregation of inacotive
riibosoimes to form active polysomes, the aggrega-
tion being completed wiithin a few hoturs after the
disks are prepared (17). An analogous formaition
of active polysomes also occurs during tthe germina-
tion of seeds (19). Marcus and Feeley (19) have
shown that cycloheximide wiill inhihbit the in vitro
aggregation of inactive monosomes to acitive poly-
somes iin extracts of wheat em'bryoes. If cvclo-
heximide were to inhibit formaltion of polysomes in
freshly culit tuber tissue, then the inhi'bi'tory effect
cotulld occtcr before a net synthes,is of lyase was
detected. The presence of cycloheximide woulqd not
be necessary dturing the subsequient period of lyase
synnthesi!s.

Cydloheximide inhibition in potato disks showed
a considerable degree of specif-citv. The 10-fold
difference in concentration between that needed to
sop lyase synthesis and \lyase disappearance has
already been mentioned. Under conditions where
Iyase synthesis was inhilbiited at 'least 90 % by cul-
tturing disks 'on 10 pm cycl'oheximide, little apparent
inhibition of the activation of general protein syn-
thesis was observed. In con'trast, puromvcin was
shown to prevent any increase in rate of incorpora-
tion of letucine into protein dturing aging of potato
disks (7). The selectivity of cycloheximide inhibi-
tion ,makes it a promising toco] for futrther investi-a-
tion of ammonia-lyase induction in tuber disks.
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