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Control of Invertase Synthesis in Sugar Cane.
Loci of Auxin and Glucose Effects
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Summary. In tissue slices from rapidly expanding internodes of sugar cane the
vacuolar invertase level is a function of the balance between synthesis an,d destruction.
The enzyme is destroyed in the tissue a,t an approximzately constant rate with a half time
of 2 hours. Inivertase svthesis is regulated by both auxinait d glucose. From studies
with inhibitors of protein and RNA synthesis we conclude that auxin alters the rate of
synthesis and glulcose increases the rate of
the pro(duction of invertase.

I n Saccharuni officinarmn and mIost cultivated
hybrid varieties of sugar cane, sucrose is the mnajor
carl)ohydrate tranislocated and stored. Other storage
polysaccharides are virtually absent. In stem tissue
stucrose is inverted prior to entry into metabolic proc-
esses, thuis enabling the complex of invertases presenlt
to ftunctioni as key control points for regulating the
carbohydrate supply (16). Changes in levels of at
least 3 invertases may be correlated with movxemiienit
aIl(l utilization of stugar (6, 8, 9). Levels of the vac-
uiolar inivertase of rapidly expanding parenchyma cells
of immnatulre internodal tissue were shown to be regui-
lated by both auxini and an end product feedback re-
l)ressioll systemii dependent on the glucose concentra-
tioll (4, 5, 16). The present communication l)urports
to show which of the partial processes of protein svn-
the-is are affected by these controlling substances.

Methods and Materials

Preparation, Incubation and Extraction of Tissue.
T'isstle was taken from the basal region of rapidly
eloingating internodes of field grown sugar cane.
variety Pindar. The rind was removed, the tissue
cut into slices approximately 1 mm thick, washed.
randomized and weighed into 2 g lots. Treatments
w ere carried out in 5 ml solution contained in 50 ml
conical flasks, the solutions being changed at 2- to
4-hour intervals. The flasks were shaken at 120
strokes per minute in a water bath at 300. After
treatmlenit the tissue was washed briefly, ground with
the aid of a little sand with a pestle and mortar, the
julice squeezed out through muslin, and 1.0 ml ali-
quiots dlialyzed immeldiately against distilled water at
10.

Freedom fromn Microorganisms. No invertase ac-
tivity can be detectedl in the media bathing the tis-
suies. No differences were measured in the amount
of invertase in extracts before and after centriftuga-
tion at 12,000 X g for 20 minutes, and no activity
was found in the precipitate. This result was ob-
tained using our standard techniques in replicated
experiments over 8- and 24-hour intervals with and
without glucose in the bathing medium. Conse-
quently we believe that our results on invertase

destruction of messelnger RNA require(d for

changes are in no way affected by contaniinatilng
microorganisms.

EnZyme Assa ys. Invertase \was mleasutred by the
method described previously (5). The unit of in-
vertase activity is that amoutnt of enzymile which hv-
drolvzed I Muimole of suicrose in I holur uinder the
assay colnditions.

M11aterials. Actinomycin D was obtained from
Merek Sharp and Dohme, chloraniphenicol from
Parke Davis anid Comiipany, purolmveill fromii Nnttri-
tion al RBiochemicals Corporation.

Results
Abscnce of High Mllolecular [Weight Inhibitors. A

possible miiode of action for the glucose effect is that
low or high miiolecular weight inhibitors may be pro-
duce(d which lower the activity but not the amiiount
of enzyme present. Previously, no evidlence for the
presenice of suich inhibitors was obtained (4, 5). Ani
alternative miiethod to detect high molecuilar weight in-
hibitors in tissue extracts has been used in which the
invertase activity wvas measured at saturatilng concenl-
trationis of suicrose with the samiie amiiounlt of enzymie
but (liffereilt final volumes of assay solution. If no
inhibitor is present, the total amount of product
forimiedl slhould be independent of the volume of the
assay solution. If an inhibitor is present it will be
diluted as the volume of the assay solution is increased,
and the enzvlme activity should incr-ease accordingly.
In confirmationi of previous results 1O such increase
was observed.

Effects of Inhibitors of Proteini and RNA Synthe-
sis. Chloramiphenicol is a potent inhibitor of proteini
synlthesis and apparently acts by interfering witlh the
correct functioning of the messenger RNA (m -RN.\
an1d ribosomlle combination (19). Tts effectivenes,. in
p)reven1ting inlvertase synthesis in cane tissue was re-
ported in a preliminary communication (4). The time
course for levels of invertase in tissuie treated with
chloramiiphenicol is shown in figure 1. Chloram-
plhenicol effects on tissue entering the rapid phase of
invertase synthesis after 6- to 8-hours incubation in
water is shown in figure 2.

Puromycin inhibits protein synthesis in many or-
ganisms and tissues. bv attaching to the carboxyl end
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grouip of the nascent peptide chain following which
incomplete peptides are released from the ribosomes
(18). The effects *of this compound on invertase
synthesis are shown in figure 3. Inhibition was in-
comiiplete with the concentrations used, but was found
to be comiiplete when the concentration was raised
to 2.2 X 10-3 M.

Actinomycin D is an inhibitor of RNA synthesis
(/7. 10). It has variable effects on invertase syn-
thesis, depending on the state of the tissue when
treatment commences. For tissue from cane har-
vested early in the morning and placed immediately
in actinomycin D solutions, invertase may fall to a
low, constant level with a half time to attain this
level of 2 to 3 hours. T'he rapid rise in invertase
level wvhich occurred in the water controls after about
6 hours was prevented by actinomycin D (fig 4a).
If actinomycin D was added after the rapid rise had
commiienced, the effect varied from virtually none
(fig 4d) to a substantial rate of loss of enzyme ac-
tivity (fig 4c). Under the conditions in which ac-
tinoimiycin D had little effect in preventing the con-
tinued synthesis of the enzyme glucose had a mliarke(d
inhibitorv effect (fig 4d).

If tissue is held overnight in glucose and glycine.
invertase synithesis is stopped but is resumied at a very
rapid rate after the tissue is washed and incubated in
water (16). In a similar experiment transfer to
actiniomycini D completely prevented the synthesis of
invertase (fig 4b).

Rate of Loss of Invertase. The acid invertase of
expanding internodes is situated in 2 cell compart-
ments (15), the outer space (which includes the cell
wall) and the storage space (which includes the vac-
uole). The enzyme from both compartments is
extracted when tissue is ground. Fluctuations in
total invertase over periods of 24 hours are almost
entirely attributable to changes in the level of the
storage space invertase (16,17). The rate of loss of
the storage space invertase may be measured if its
synthesis caln be comllpletely suppressed, and the
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amount of the outer space invertase taken into ac-
count. In a previous measurement, the amount of
the outer space enzyme was not considered in estimat-
ing the rate of loss of the storage compartmenit en-
zymie (5)

\Vhen chloramphenicol or glucose is used at con-
centrations which appear to fully inhibit invertase
synthesis, the total enzyme level falls to a low con-
stant value (outer space invertase), and the rate of
loss of the labile fraction follows a logarithmic decay
curve with an approximatelyconstant velocity. Re-
sults from 4 experiments are plotted in figure 5. TI'he
half time for loss of the enzyme is estimated at about 2
hours. The maximum rate of loss of storage space
invertase when actinomycin D is used as an inhibitor
also gave a half time of abouit 2 hours (fig 4a).
\\ith fluoride as the inhibitor the base level was at-
tained between 6 and 8 hours, that is 3 to 4 half lives.
All results were with field grown cane anid extended
over an 18 month interval.

Relationishlip of Invertase Chaniges to Endogenous
Sugar Levels. Invertase changes in tissue placed in
water are quite variable, in some cases an immediate
and continuing increase occurring, anid in others anl
initial drop followed by a later rise. AWe suggested
that these differences may be explicable in terms of
the size of the cytoplasmic hexose pool responsible for
repressing invertase synthesis. This pool would, in
turn, be a function of the rate of leakage of hexoses
from the vacuole and their rate of utilization in
metabolism during their passage to the bathinig
me(liunl (5). The suggestion is consisteint with the
resuilts plotted in figure 6, which inidicate that the bal-
ance of synthesis and destruction of invertase turns
in favour of increasing invertase levels when the
endogenous level of stored reducing sugar falls below
about 0.05 M.

An anomolous situation occurred for tissue which
had been incubated overnight in glucose solutions.
then washed and transferred to water. In such cases
invertase synthesis was extremely rapid (fig 4b), even
though the endogenous reducing sugar level was in
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FIG. 1. Time course of changes of invertase level in the presence of chloramphenicol. Tissue was cut, washed for
30 to 60 minutes, then placed in the solutions indicated. At the conclusion of treatment, the tissue was ground, the
juice squeezed through muslin, dialyzed at 10 and assayed for invertase activity.

FIG. 2. Effect of 1.7 X 10-2 M chloramphenicol and 0.12 M glucose on tissue entering the rapid phase of invertase
synthesis. Experimental detail as in figure 1.

FIG. 3. Time course of changes of invertase level in the presence of puromycin. Experimental detail as in figure 1.
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excess of 0.08 M. Previous experiments showed that
the rate of destruction of invertase was not altere(d
by the treatment. An explaniationi for the lack of
repression of invertase synithesis by the endogenouis
sugar pool was sought in termls of rates of suigar
leakage which might affect the cytoplasnmic hexose
pool. Data from 5 experimiients for fresh tiVssue
placed in water showed that the rate of sugar loss
followed a logarithmic decay curve with an approxi-
iinately constant half timne of from /7 to 8 hours. Con-
trary to this, sugar leakage from tissue whiclh ha(l
been incubated overnight in glucose was very muclh
reduced (fig 7), indicating that substantial chaniges
in the permeability of membranes had occuirred
thereby altering the normal relationshil) between
sugar level and( degree of repression of invertase svn-
thesis.
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Escape of InI'ertase Synthesis fromii Repression by
Glutcosc. In most batches of tissue, incubation in glu-
cose at concenitrations greater thani 0.05 M causes
iimvertase to (leclinie to a constanit low level where it
remains for more than 16 hlours. h-owever, in oc-
casional batches, large inicreases in enzyme level oc-
cur despite the presence of glucose in the mediun
(fig 8). Although we think that escape from glu-
cose control has no significance in vivo, cognizance
must be takeen of the fact that it can occur in formul-
ating a hypothesis on the mechaniism of the glucose
effect.

Absence of EFndogenous Circadiani Rhyth IJ.
Slack (1/7) hlas reported on diurnial fluctuationls ill
inivertase levels in expanding internlo(le tisstue of cane
g-rowing tinder fiel(d conditions. It seemzed lpossible
that the conitrol oii ilnvertase exercised b)y the alxuii.
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FIG. 4. Effects of 8 X 10-6 M actinomycin D on invertase levels. A) Tissue transferred immediately after
cutting; B) transferred after 12 hours pretreatment in 0.11 M glucose and 0.05 AI glycine; C) transferred after
pretreatment in water for the time interval shown by the arrows; D) transferred to actinomycin D or 0.11 M glucose
after 9 hours pretreatment in water. Experimental detail as in figure 1.
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andl,glucose systemis, couldlbe superimpose(l on a third
systemii involving anl endogeinous circa(liain rhvthml
which would occur indlelpendelltly of diurnial environl-
mental variation. 'No evidence was found for the
existenice of such a rhythmn in tissue slices incubated
in water and sanmpled over a 2-day perio(d (fig 9).

I$fjects of Aovxijis. The response obtained to
auxilms has been miuch more variable than for glucose
repression. an(l has been l)artially attributed to vary-
inig endogenotus atlxinl level in the tissue due to eni-
vironmiental effects (16). That the picture is more
co- )licc1te(l tlan previously sul)l)osedl is shown by re-
sults depicted in figure 10. Concenitrationis of a-
naplhthalenleacetic acid (NAA) of about 10-6 M may
pron(,te aln increase in invertase level *coillpared with
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FIG. 5. The loss of invertase from tissue in chlor-
amphenicol or glucose. Data are from 4 different experi-
ments in which logarithmic decay curves for storage
space invertase were found. Experimlental detail as in
figure 1.
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the water control during the first stages of treatmelnt.
but later may be inhibitory.

Studies on the uptake of C]4-labeled NAA show
that concentrations of NAA less than 10-4 M may be
depleted very rapidly from the medium. \Vithin the
tissue, NAA is partially converted to at least 2 other
compounds which have been l)urified but not yet i(len-
tifiedl. The results obtained in any experiment are
not only dependent on the tinme interval at which har-
vest is made but also on the ratio of tissue volumiie to
volume of solutioni anid the number of times the
solutions are changed during the experimlent. \Vrith
these complicationis in mind, new experiments were
devised to shed light on the auxin effect.

Results presented in figure 11 show that NAA has
no significant effect on the rate of loss of invertase in
the presence of chlorampheniicol. The rate of loss
of sugars from NAA-treated tissue was not different
from water controls, although substantial effects onl
invertase levels were recorded (fig 6c). The media
bathing NAA-treated tissue were examiniedI for their
content of substances reacting with ninhydrin. The
chromatographic patterns of these substances were
also examined. No differences from wNrater controls
were obvious.

In the same experiment in which actinomnycin D
did not diminish the rate of increase of invertase level
compared with water controls and in which 0.11 M
glucose gave substantial repression (fig 4d), NAA at
1 X 10-6 M had no significant effect (fig 12).

Fluoride ions are potent inhibitors of invertase syn-
thesis in this tissue. The inhibitory effect of fluoride
is reversed on washing the tissue, but synthesis of in-
vertase which occurs after removal of fluoride anid
transfer to water may be almost completely pre-
vented by actinomycini D. Results of an experiment
in which tissue was held in fluoride for 12 hours,
then washed and( transferred to water or NAA soli:-
tions are shown in figure 13. For the first 6 hours
of treatment, maximum promotion of invertase syn-
thesis occurred at a concentration of about 10-1; M, but
by 9 hours the optimum concenitrationl had shifted to
10-7 M.
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FIG. 6. Relationship between endogenous reducing sugar and change in invertase level. A) Tissue cut at 0800
lhours. B) Tissue cut at times shown. Sugar analyses were not significantly different for the 3 harvest intervals.
C) Tissue cut at 0800 hours and incubated in NAA or water. NAA made no differenice to the level of sucrose or

reducing sugar. Experimnental detail as in figure 1.
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Discussion

1I cturrenlt ani(l previous exl)erilents we have

failed to obtain evidence for activation or inactivation
of this enlzyvime by low or high molectilar weighlt sul)-

stances. Gltcose, thou-1ght to b)e the naturally occur-

ring- substance respl)onsilble for lo ering the enzyme

level, does Inot affect the activity of the isolated eni-

zvme when added in ph)ysiological concenitration.s (5).
IPresently we have rel)orte(l that inhibitors of l)rotein
syn-thesis stuch as chloramphenicol. puromycin, actino-
mycin D and fltuoridle may canse a rapid (Irol) of in-
vertase level. Both the inhibition (ltle to gluicose alndl
to fluoride are readily reversed when the inhibitor is
remiioved fromii the bathin-g me(lllu. \Ve concltude
that the observed chaniges in inwertase are (lte to
clhaniges in the balance between enivme synthesis andc

lestruction.
Locits of the (GInz(coscLEffect. tuIlder- optimial

con(lditiolls the half tiwe for loss of the labile invertase
fratction fromii the tissue is the san'1e xwhether glutcose
or an inhibitor of l)rotein synthesis is lpresent ini the
bathin-g mlediumli (fig 5), indicating that the glucose
effect is oni the rate of syn-thesis rather thanldestruc-
tionl of invertase.

Actinomvcin 1) lowers the invertase level of
freshly ctut tissue. and plprevets the raapid rise xvhich
occurs after incul)ation in xvater for several hours.
If the addition of actinomnvcin 1) is delaved(luntil
ralpid invertase synthesis hals conmnenced, theni it max

have little effect or else cause a sharp (lrol) (fig 4a.
c, (1). .\ssuming that actillomv cin l)Dprevents m,-
RNA synthesis ( 7 10)) the resuilts citedI are explica-
lble in terms of whether the rate of invertase svni-

thesis is wholly or plartially limite(d by the levels of

mZ-RNA for invertase, or hb substrates or enzymes

required in later steps. Sinice glticose repression oc-

ctirred vhenl actinomvin D xxwas ineffective in pre-

venting invertase synthesis, that is xhen m-RNA for
invertase is nionlinuiitinig (fig 4d). xwe conicluide that
glucose (loes lnot affect m-RN.\ syn-thesis.

o

>Z Qs
JV07

o-e

O (n

-j
1- 0-9

0 4 8 12

2C

n,, lo
4

a:

>i

W\ heln invertase syntlhesis xas stopped by pretreat-
ing tissues in glucose anld glvcine.cieand the tisstues theni
xxashed and tranisferred to xvater, rcapid synthesis of
invertase occuirre(l after a short lag perio(l. I\oxv-
ever, no syni,thesis occuirre(l if the tranisfer xvas made
to actillnoMVCin 1) (fig 4b). 'I'llerefore after incuiba-
tioIn in g-lucose, nexx n-RNA imist be forme(d before
invertase synthesis cani be resuimed. If the effect of

glutcose xx-as to initerfere directly xvithl pelptidle bond

forimiationi or release of complete(d invertase miiolecules
from the ribosomes, resumiiiptioln of syni-thesis of the
enizyme shlotuldI have been at least plartially independ-
elnt of nexxwi RNAN formiiation, and(l lhence independent
of actinomlivcin 1) effects. Xs thiis xvas lnot the case,

xve conlcludl(e that mluscosemust act bv accelerating the
Ilestr-uictioni of mo-R A.\ requlire(d for invert ase svn-

thesis.
E(scape f-ouui Glitcosc Repression. 'The sinlmplest

hypothiesis compatible \xith the experimental evidence

(fig 8) is that permnealbility chlanges ocrtiur in somlie

batches of tissuie siuclh that the suim of tlle effects of
the endogenonis an1(l exogeniouls sugar suppllv becomes

inadequate to maintain a repressing level of glucose
in the all)proplriate cvtoplasmic comiipartmiienlt. Evi-
ilelice that imiarke( l)ermealility changes do occtir

when tissue has been incubl)ate(l in gl1cose is showxn in
figuire 7.

Dest,rnctioui of [1ver-tasc. TIhle samiie max mtim

rate of loss is attainie(d uinder op)timum colnlditionls all(l

concentrations of chloramiipheniicol, actinomllycin D) allnd

glucose. The estimated half timiie for invertase loss
is 2 hours, this resuilt being obtainied from co:1,bine(l

(lata of experiments (lone miior-e tlhani a year apa)crt aln(d

wxith tissuie fromil cane growing iiinder a varietv of

coi(litiolls (fig 5). \ similar observation has beeni

rel)ortedl for loss of trpl)tol)haln plyrrolase fromii rat

liver xvhich is also (lestrovedl at a colnstanit rate alnd

uniider a variety of conl(litiolls (2).
Locits of tle 1A.xin Effc-t. Both ini(loleacetic

ati(l and(I NA.XA xill promote or inhibit the syniithesis of
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FI(;. 7. Leakage rates of endogenous sugars before and(l after incubationi for 1(lhours ini 0.11 axr gluclse. Experi
mental detail as in figure 1. At harvest tissues were washed for 10 minutes, then placed in 3 volumes of ethanlol,

and the ethanol extract analyzed for sugar content. The initial drop over the first 2 hours for glucose-treated tissue
is attributed to incomplete removal of glucose from the outer space.

FIG. S. Time course for invertase levels in tissue inlcubated in 0.12 Mr glucose shoxwing escape from glucose

repression. Experimenital detail as in figure 1.
FIG. 9. Absence of endogenious circadian rhythm in inxvertase levels in tissuie s1ices incubated in wxater. Experi-

mental detail as in figure 1.
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invertase (5, 16). Our presenit work shows that coni-
cenitrations which l)romote durinig the iniitial stages of
ani experiment maxy later inhil)it inlvertase synitlhesis.
\Ve do not knowv Nxlhether the chanige in invertase
level is a responise to auxin in the bathing miiediunm
onlyl or to the auxini accumulated or nletalbolize(l in
somiie tisstue coml)artment. A numnber of possible loci
of actioin iay l)e excluded. ani(l (le(ltictionis illmde as
to the mode of operation oni the b)asis of the followinog
conisideratiolns.

Sinice a(lde(d auixini does nlot clhani(ge the rate of loss

2'

8

0
0 8 16

TIME (HOURS)

of inlvertase in the presenlce of ani inhibitor of proteini
svnthesis (fig 11), it is unlikely that it directly af-
fects invertase destructioni.

WN,hen the rate of invertase synthesis was not
limllited by the level of oii-RNA (actinomiiycini D was
ineffective), nlo significant effect of NAA was ob-
served over ani 8-hour initerval. UInder the samiie con-
ditions glucose repression was expressed (fig 4d, 12).
\Ve have conicluded that glucose accelerates destruc-
tioni of ni-RNA required for invertase synithesis.
'Fhese results imply that NAA nleither accelerates in-
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FIG. 10. Effect of a-naphthaleneacetic acid (NAA) on invertase levels in tissue slices over a 24-hour period.
Experimiental detail as in figure 1.

FIG. 11. Effect of a--naphthalenleacetic acid (NAA) on insvertase levels in tissue slices in the presenice of chlor-
amlpllenicol. NAA xxas used at a concentration of 2.5 X 10-, -i and cliloraimiplheinicol at 1.2 X 10 ar. Solutioins Nwere
chaniged after 3, 6. andl 9 hlours incubation. Other experimental details as for figure 1.

FIG. 12. Effect of 1 X 10-'; M\ a-naphthalenieacetic acid (NAA) oin invertase levels in tissue slices rein-
cubated for 9 hours in water. For this tissue there was no difference from the water control whein transfer was made
to 8 X 10-'i Ai actinoimiycini D (see fig 4d). Experimental cletail as in figure 1.

F1 ;. 13. Effect of a-naphthaleneacetic acid (NAA) on invertase levels in tissue preiclcubate(l in 0.01 Mi potassium
fluoride and 0.05 Mr glycine for 12 lhours. The tissue \\vas ashed in 5 volunies of water for 10 minlutes, thein a seconld
time, the water renlove(l immllediately and \N or water added, and these solutionis chaii-ed at 3-hourlv intervals.
Other experimental details as in figure 1.
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RNA breakdown, nlor alters the levels of substrates
or enzvmes which limit the rate of l)eptide bond for-
mation.

Auxin effects on tissue permieability are well
knowln (3). However we have been unable to de-
tect any substantial auxin effect oln losses of en-
dogenous sugars or ninhydrin-reacting substances
from this tissue.

The results enumerated lea(l us to speculate that
the auxin effect should be onl the rate of 1,1-RNA
synithesis. In reticulocytes, it has been shown that
10-2 M fluoride prevelnted protein synthesis and
cauised the polysomes to disrupt. The reticulocytes
conitaiine(l no ribonuclease activity, aild ont remloval of
fltuoridle the polysomes reformiie(d and l)rotein synthesis
NTas resumed at the same rate as previously (1, 13).
Fluoride inhibitioni of invertase synthesis in canie tis-
stue is also reversible, even after 12 hours of treat-
ment. However, this tissue contains considerable
ribonuclease. Tissue was inicubated in 1 X 10-2 M
fluoride and 5 X 10-2 M glycine for 12 hours with
the expectation of depletinig elndogenous sugar levels
to concentrations which are subinhibitory for invertase
synthesis, and of disruptilng polysomes and losing the
,i-RNA for invertase through endogenous ri'bonu-
clease action. The glycine was added as a carbon
and amino nitrogen source to prevenit substrate limi-
tation of invertase synthesis ( 16). Following re-
moval of fluoride we expected to have a system in
which inivertase synithesis would be limited by the
rate of productioni of new m-RNA, and in which aii
auxini effect on this phase of proteini synithesis would
be demonstrable. The results of the experiment
showed a substantial promotive effect of NAA with
ani optimuitmiii at 10-" M withiln 3 hours of removal of
fluoride (fig 13). \We conclude therefore that the
auixiin effect oni iinvertase synthesis in this tissue is oin
the rate of ;nl-RNA production, or possibly its combi-
nationi with ribosomes.

It seems unlikely that the auxin effect on ilnvertase
could provide a satisfactory explanation for the mani-
festations of auxin action on other tissues. We sug-
gest the more general interpretation, that in some
manifestations of auxin action, the cause is a changed
rate of n-RNA production with consequent short-
term effects on enzymes which have a high turnover
rate. Other workers have reached similar conclusions
(11, 12, 14).
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