Phytochemistry, Vol. 27, No. 1, pp. 7376, 1988, 0031-9422:88 $3.00+0.00
Printed in Great Britain. Pergamon Journals Ltd.

CARBOHYDRATE AND ENZYME DISTRIBUTION IN PROTOPLASTS
FROM VALENCIA ORANGE JUICE SACS*

ED ECHEVERRIA and JOHN VALICH

University of Florida, IFAS, Citrus Research and Education Center. 700 Experiment Station Road. Lake Alfred. FL 33850, U.S.A.
(Revised received 22 May 1987)

Key Word Index—Citrus sinensis; Rutaceae; enzyme compartmentation; metabolite compartmentation; sugar
breakdown; protoplasts; vacuole.

Abstract—The subcellular distribution of neutral sugars, organic acids and their metabolic enzymes was investigated in
protoplasts from “Valencia” orange juice sacs. The vacuole was found to contain 70 %; of the malic acid, 759 of the
fructose and glucose, 89 %, of the citric acid and 1009, of the sucrose. Of the enzymes assayed, ez-mannosidase,
phosphohexoisomerase and phosphoglucomutase showed activity in the vacuole fraction at 100, 5 and 299,
respectively. The activities of acid and neutral invertases, UDPG pyrophosphorylase and both ATP and PPi
phosphofructokinase were present only in the cytoplasmic fraction. The remaining enzymes (sucrose synthase,
hexokinase, fructokinase and aconitase) showed no activity in any of the samples assayed (protoplast, vacuole and
cytoplasm). From the data presented, it appears that vacuolar sugars are the major form of carbohydrate supplying
energy to the mature juice sac cells. Possible mechanisms of sugar transport across the tonoplast prior to their
oxidation are discussed.

INTRODUCTION understanding the biochemical events of the cell. The
present study was undertaken to determine the localis-
ation of several sugars, organic acids and related meta-
bolic enzymes in protoplasts from orange juice sacs. This
information will help in determining the mechanisms
involved in the utilisation of these metabolites during
prolonged storage periods.

Cellular components must be carefully distributed into
separate compartments if normal biochemical functions
are to be maintained. Disruption of this compartmen-
tation can cause deterioration of physiological activities
and in many instances may result in the death of the cell. In
plant cells, the major fluid compartments are the vacuolar
sap and the cytosol. Other compartments include the
soluble portions of plastids, mitochondria and endoplas- RESULTS AND DISCUSSION
mic reticulum.

Studies on the compartmentation of cellular Isolation and purity of vacuoles
components have been performed on a wide variety of A satisfactory number of vacuoles was obtained upon
tissues including beet roots [1], sugarcane [2], apple osmotic shock of the protoplasts. It was estimated that
cotyledons [3], Tulipa and Hippeastrum petals [4], maize  over 70, of the protoplasts lysed releasing their vacuoles
endosperm [ 5] and leaves of Bryophylium [6], barley [7]. to the medium. The unlysed protoplasts were largely
and maize [8]. Most of the studies have investigated the  separated from the vacuoles by centrifugation in a two-
intracellular distribution of sugars [3,4], organic acids step Ficoll gradient. Reducing the osmotic strength of the
[3.9]. amino acids [4], organic and inorganic metabolites ~ solution caused a large number of the released vacuoles to
[10-12] and some enzymes [1,2,11]. Secondary meta- attain sizes over 200 um which made the vacuoles too
bolites such as nicotine [13], diurrhin [14] and pigments fragile for further handling.

[4.12] have also been studied. In fruits, however, com- The presence of BSA in the vacuole breaking media was
partmentation studies have only been conducted on grape  essential for the maintenance of tonoplast integrity;
skin tissue [12] and apple flesh [3]. however, it proved ineffective in reducing adherence of

Mature citrus fruits store large amounts of sugars cytoplasmic material to the tonoplast as reported in ref.
(glucose, fructose and sucrose), organic acids (citric and  [14]. Some particulate cytoplasm and/or plasma mem-
malic) and vitamin C [15-17], all of which are major brane remained attached to some vacuoles. These could
parameters of fruit quality [18]. Prolonged periods of not be removed by further purification steps including
storage may cause significant changes in the levels of such  centrifugation at 100000g. This type of contaminated
metabolites despite the fruit’s low respiratory rates vacuole has been referred to as vacuoplast [22]. Due to the
[19-21]. scope of this study and the nature of the compounds and

Knowledge of the location of metabolites and their enzymes being investigated, the level of cytoplasmic
enzymes within cellular compartments is crucial for contamination in the vacuole preparations was assessed in
every sample by measuring the presence and activity of
alcohol dehydrogenase. The percent contamination

*Florida Agricultural Experiment Station Journal Series No.  varied between 15 and 359, with an average of 23%.
7902. By staining the vacuoles with neutral red prior to
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protoplast lysis and measuring the amount of dye re-
covered in the vacuole layer after centrifugation. it was
calculated that 24-307; of the vacuolar space was re-
covered. In experiments using 1~mammsidase as a
vacuolar marker, approximately 26%, of the enzyme
activity was recovered within the vacuole fraction. From
the above results we estimate the vacuolar recovery to be
26", This recovery is comparable to those obtained from
tobacco [13]. fu/rpa (47 and barley leaves [ 1171,

Sugar and acid distribution

The vacuole/extra vacuole content and the distribution
of neutral sugars and acids in protoplasts of citrus juice
sacs was investigated by comparing the contents of the
protoplasts and isolated vacuoles (Table 1) Glucose and
fructose were present in equal ratios in all three fractions
investigated. A giucose: fructose ratio ol 1:1 was present
in mature “Valencia® juice {23, 24]. After accounting for
cytoplasmic contamination. 1t was estimated that ap-
proximately 737, of each of the hexoses was present in the
vacuole, the remaining 237, being focated in the cytosol
This distribution differs t rom thosc ofapple fruit fleshand
tulipa leat where 100" of both hexoses 15 found within
the vacuole [3.4]. However. in Hippeustrum petals. the
percent of glucose and tructose in the vacuoles was found
to be 81 and 857 respectively [4]. Itis interesting to note
that in tulipa petals 1007, of the glucose was found in the
vacuole but only 307, of the fructose was within the same
compartment [ 4]. Sucrose, however. appears to be exclus-
ively located in the vacuoles of citrus protoplasts as 1s the
case for sugarcane suspension culture cells [27].

The above
“Valencia® juice sacs approximately 90", of the total
sugars is found in the vacuoles, with the remaining 107,
being located in the cytosol Since vacuoles gmcrally
constitute 907, of the cell volume {257, the total sugar
concentration would be approximately equal in both the
cytoplasm and vacuole. Sucrose concentration, however,
would be different in both compartments

The content and distribution of the organic acids
investigated are presented in Table 1 Approximately
704, of the malate and 90", ot the citrate are vacuolar.
Mal dlL has been estimated to be entirely located in the
vacuoles of Bryophyllum [6] and Sedum [9] leaf cells.
However. in Melilotus [26] and apple flesh protoplasts
[3]. 87, of the malate was located in the cytosol. The
presence of citrate in the cytoplasm has not been pre-
viously reported. In apple flesh pmmpldst\ citrate was
completely stored within the vacuole {31 Our results

Table 1. Distribution of neutral sugars and acids between the
Vacuole and the cytosol in protoplasts of “Valencia® orange juice
|dCs

Protoplast content

{mg, 248 < 167 L o in
Compound protoplasts) cytosol  vacuole
Glucose 623478 749
Fructose 6314126 745
Sucrose 1185 + 8.3 99 4
Total sugars 2439 +99 90t
Citrate 255412 REY
Malate 4.1 +04 69.6

results indicate that in protopiasts of

compariment

Varep

indicate that 10, of the citric acid s found in the cytosol
of protoplasts {rom orange jpuice sacs. The presence ot
citrate in the cytosol may bave a significant eftect on the
cell's metabolism. This will be discussed in o fellowing
section

Enzyme distribution
The distribution of enzymes of carbohydrate metabo-
lism 1s presented in Table 2. OF the enzymes investigated,

only phosphoglucomutase and phosphohexoisomerase
were found to be present in the vacuole fraction. The

presence of these two enzymes in the vacuolar compart-
ment has been pr‘m“ux‘i reported for tobacco suspension
cultured cells. pineapple leaves and tohipa peral vacuoles
[27] Aad and nwtw.i mmvertase. VDPG pyrophospho-
rylase and both ATP und PP dependent PHK
exclusively focated in the cytosol A cytoplasmic jocation
for mvertase is not surprising ¢ osucrose was found
ondy i the vacuole, Acid invertase wis reported to be 83

vacuolar in preparations from tobacco suspension culture
271 However, in suer
roets and sugarcane. vacuolar
inversely pmpmtmmis tothe s

were

tssts such as beet
Borise aclivily s erther
irutally

Crosg vontent o

absent {i.’ oCyteplasmie arvertases iboth acid and
neuiraly show dow i i Vit And
invertase n»L'E 3 %x: uinder WU GOl

ditions: howe ] teplasmois close (o
neutrality {2 ?ﬂ} s iy stohable 1 Linnertase would
not be partiapatiog in the celluln whsm, The
presence of a newtral mvenase o the ovtoplasm may
explain the absence of sucrose in this compartment,

Recoveries for all enzymes woere sutisfactory wover 807
Table 2. The percent of enz corered wan estimated
as the fracucn ot the pro ;Up»d.i activity present @ the
combined vacuole and oyioplasio samples. In separate
experuments. knewn amounis ol commeradl onzymes
were added o a protopiast sample and Tractionated as
described above. Theactiviy eoall enzymes was measured
and compzuui o tion and
purification  steps S LAY
activities.

Ripening of citrus truits is chasacterized by an accumu-
lation of ethanot in the juice vesicles ['“@’} Concurrentls.
aerobic respiration declines ripening | 307 and
through storage. These metaboho c:hdngx,a indicate that
the NADH oxidase pathway iy fnsdequate to maintain the
redos equilibrium and aleoholic fermentation occurs
[31] The anacrobwe pathway s dependent on the oxida-
tion of hexeses wy the cytoplasm theough ghycolysis, the
pentose phosphate pathway o the conversion of organie
acids to pyruvate or PR Both pathways for hexose
oxidation have been reported to be operative in citrus
fruits at ditferent stages of maturity {32 ] The presence o
citrate in the cytoplasm { Table 1 d be the controlling
factor ins “hmz, from a gl oxtdation of hexoses
lo the pentose phosphate pat thavay Citrare is an inhibitor

{ ATP-PEK and utlization o1 hexoses through glvon-
iysi.-; could net be possible in s presence

Clitrus juice sac :
phosphorylation of the sacchari
reaching the glycolyi
feytosel
fructokinase from the oyt
hexoses improbable. b
ivertase, the ahsenc
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le

The sola
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Table 2. Activities of enzymes of carbohydrate metabolism in desalted orange juice sac
protoplasts (values are the mean of a minimum of three experiments)

Activity in

protoplasts
Enzyme (nKat/mg protein) 9, in cytosol %, in vacuole Y, recovery
UDPG pyrophosphorylase 33.6+0.18 1000 0 1173
Phosphoglucomutase 1.93+0.09 71.0 290 932
Phosphohexoisomerase 0.324+0.04 95.0 50 81.7
Acid invertase 0.16+0.05 100.0 0 82.8
Neutral invertase 0.06 + 0.00 100.0 0 933
ATP phosphofructokinase 6.60+0.12 100.0 0 90.7
PPi phosphotructokinase Na — — —

+2uMF-2, 6-p 0.08 +0.02 100.0 0 —

Sucrose synthase* NA — — —
Hexokinase NA - — —
Fructokinase NA — — —
Aconitase NA — — —
x-Mannosidase 0.364+0.01 — 100 —
Alcohol dehydrogenase 0.96 + 0.01 100 0 91.4

NA; no activity.
*Both activities.

utilization after its hydrolysis. It is possible that the
presence of equal amounts of fructose and glucose in the
cytosol is the result of sucrose leakage into the cytoplasm
and its subsequent hydrolysis by the neutral invertase.
Eventually, these hexoses accumulate in the cytosol since
they cannot be metabolized. Additional evidence for the
inability of mature ‘Valencia’ orange juice sac cells to
metabolize hexoses is presented in Table 3. When de-
salted, saturated ammonium sulphate protein extracts
were supplied with different substrates, production of
triose-P was only measured in the presence of hexose-P or
UDPG.

If sugars are to reach the cytosol in a phosphorylated
state, phosphorylation must occur during transport
across the tonoplast. A mechanism for sugar transport
from the vacuoles that releases phosphorylated hexoses to
the cytoplasm has not been reported. However, Thom and
Maretzki [33] have described a multienzyme complex
sucrose translocator in the tonoplast of sugarcane where
UDPG is converted to sucrose-phosphate during trans-
port to the vacuole. Phosphorylation of sugars during
transport from the vacuole could be possible in the
presence of a tonoplast bound hexokinase or fructo-
kinase, or a system where sucrose is broken down into
UDPG and F-6-P. This mechanism would require the
involvement of at least two enzymes (sucrose synthase and
fructokinase). Sucrose carbon would reach the cytoplasm
in the form of UDPG and F-6-P. The F-6-P can enter the
glycolytic or pentose phosphate pathway without further
conversion. The UDPG can be converted into UDP and
F-6-P in the cytoplasm by the combined action of UDPG
pyrophosphorylase, phosphoglucomutase and phospho-
hexoisomerase all of which are present in the cytoplasm.

Citric acid has been suggested as the other possible
energy source in harvested citrus fruits [21]. Our data
indicates that, at this stage of maturity, this is not possible
due to the absence of aconitase (Table 2) and citrate lyase
[15]. Furthermore, it has been demonstrated that the
decline in citric acid content in stored citrus fruits is
mostly the result of translocation of the acid to the peel

Table 3. Production of triose phosphates by desalted, saturated
ammonium sulphate protein extracts from ‘Valencia® oranges

Concentration (nmol Triose-P produced/

Substrate (mM} min/mg protein)
Glucose 25 NA
Fructose 25 NA
Sucrose 50 NA
Fructose-6-P 2 8.72
Glucose-1-P 2

- G-1,6-P NA

+G-1,6-P 0.1 4.05
UDPG 1.7

— PPi NA

+ PPi 0.5 1.13

The reaction mixture contained 100 mM HEPES (pH?7.5),
I mMDTT, 3 mM MgSO,, 15 mMKCL 1 mMATP. 1 mg/ml
NADH, 1.1 unit of glycerol-P dehydrogenase and substrates as
indicated in the table.

NA; no activity.

tissue where it is metabolized {34]. The translocation of
citric acid to the peel may explain its presence in the
cytoplasm.

In conclusion, the present study suggests that sugars
stored in the vacuole are the major carbon supply for
mature ‘Valencia® oranges. The data also implies the
existance of a sugar translocator at the tonoplast where
sugars are phosphorylated during transport to the cy-
tosol. This is presently under investigation.

EXPERIMENTAL

Protoplast preparation and vacuole isolation. Protoplasts were
prepared from juice sacs of late-season ‘Valencia’ oranges [Citrus
sinensis (L.) Osbeck ] as previously described [28]. Juice sac tissue
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was Incubated overnight ina 1V cellulysin containing mediun

The protoplasts were tiftered through a 200 gm nitex mesh and
separated from the incubation medium ina discontinuous Percoll
gradient at 1 g. Half of the protopiust samplo v
protoplast fraction and the remaming used Tor
isolatton. To the latter, two vols of a soln containing 20 mM
mannitol, 200 mM Hepes (pH 8.05, 10 mM spermidine, S meml
BSA and SmM Cul, The
protoplasts was gently agituted tor ol S0 see and

as set aside as the

Wil VaCusie

were added. soln containing the

the wob
increased 10 2 mil by the additon of 6.5 mi oy 2
treatment induced
protoplasts.

Mature vacuoles (ca 90 um avern

A osorbitol Such

tho refeuse of wac

ge diang
after centrifugation i a two step Ficoll gradient
200 g for 10 min. [hu
10 mM Hepes (pH 74

G5 AL mwnniob
il BSA S mM

acol solny comtaine
1
!

S mhd spermid M

CaCl, and Ficoll. \mw,mxcn wery wollecied the 207
interphase. Most unruptured cells remun gowap of the ¥

Ficoll layer: however. a smuall number wers seen in the vacuole
fayer. The supernatant wis recoverad and
cytoplasmic fraction.

Sugars und acid analysis. The three samples of protoplast,
vacuole and supernatant were vigorously agitated in o Vortex
mixer and mmmediately centrifuged (130004 for The
supernatant fraction was coliected and frozen. Reduving sugars
were measured by the method of ref [351 and glucose was
analysed by the glucose oxidase procedure (Sigma product G-
6500 bulleting. Fructose was calculated as the difference between
reducing sugars and glucose. Samples for sucrose determination
were incubated for 2 hr with and wi*h’wut imeertase (1 myg ml
Stgma grade X prior 10 glucose analysis. Citrate and malate were
measured using the enzymatic pro«:u_mme described inref. {36]

Enzyme assays. Samples of the supernatans {oyiosel) and the
solns containing the protoplasts and vacuolos were diluled with
three vols of a soln comaming 230 mM Hepes (pH 8.0
I mM MpCl,, ! mM EDTA and 0 mM KU For enzyme pre-
parations, the resulting soln were wGracaiod
described in ref. [37].

Hexokimnase (E.C 270 1 phosphoglucomutase (B 27514
phosphohexomomerase (L.C. 5.3 0.9 and aconsasc (O 4205
were assayed as deseribed by refl [36 ] The method of ref. {38]
was used to assay for ATP(F.C 270t and PPyl.C 27090
dependent phosphofructokinases (PFK For the breakdown
activity of sucrose synthase (E.C. 241010 the method of ref. [ 39 1
was employed except that non-radioucitve sucrose svas used and
the UDPG formation was monitored spectrophotometrically
[36] The synthetic uctivity was ¢
of ref. [40].

Invertase (B0, 32,1261 Saelion iy
containing 100 mM buffer (sodiam aceriie, pii 4.5 or Hepes. pH
7.0}, S0 mM sucrose iand enzyme
analysed as previously desceribed. The method of refs 127
were used 1o measure x-mannosidase (F.C. 521240
pyrophosphorylase (E.C 2.7.79) respeet

fored 1o be the

5 min.

ind prepared as

N

strmunted foliowing the method

wits assaved oo s ture

The ghucose produced was
Ty

and UDPG

ively
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