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As a prerequisite for studies o f the intracellular distribution o f enzymes o f the glycerol cycle in 
Dunaliella parva, the effect o f the polycation DEAE-dextran on the permeability o f  membranes 
for various endogenous compounds and on photosynthesis was investigated.

DEAE-dextran induces an increase o f the permeability o f membranes for low and high m olecu­
lar weight compounds: U nder the influence o f DEAE-dextran low molecular compounds o f  the 
cells diffuse more rapidly along the chemical concentration gradient into the medium iildi'i iilaCrO- 
molecules. Furthermore enzymes o f the cytoplasm do occur more rapidly in the outer medium  
than enzymes o f the chloroplasts.

Photosynthetic C 0 2 fixation is inhibited already at low DEAE-dextran concentrations. This in­
direct inhibition is due to an unspecific efflux o f compounds o f  low molecular weight, such as 
inorganic cations, metabolites or nucleotides. At high DEAE-dextran concentrations photo­
synthetic electron transport is directly affected at the level o f  the thylakoids: Electron transport is 
inhibited between plastoquinone and photosystem I.

The efflux characteristics o f marker enzymes o f DEAE-dextran treated D. parva cells show that 
under optimal experimental conditions this technique may be a suitable tool to get information  
about the intracellular distribution o f  enzymes o f unknown localization in the alga.

Introduction

Diethylam inoethyl dextran  (D EA E-dextran) is a 
synthetic polycation w ith a high positive charge 
density. The diethylam inoethyl groups o f this g lu­
cose polym er bind to the negatively charged groups 
o f phospholipids a n d /o r  proteins o f biom em branes. 
This electrochem ically binding gradually  increases 
the native perm eability  o f the m em branes, leading 
in the final state to a com plete lysis o f the cell [1 -3 ] . 
The reason for the increase o f the m em brane per­
m eability is not exactly known. C harge neu tra li­
zation may be one reason. A lso changes in the sec­
ondary and tertiary structure o f transm em brane p ro ­
teins may be discussed as well as changes in the flu­
idity o f m em brane com ponents by D EA E-dextran 
induced clustering. It is known, however, tha t ther-
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K3[FeIII(CN6)]; G AP-DH , glyceraldehyde-3-phosphate de­
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mal energy is required  to cause irreversible changes 
in the m em brane perm eability  and not ju st the  ad ­
sorption o f D EA E-dextran to the m em brane.

Nevertheless, if  carefully handled , the DEAE- 
dextran induced increase o f the native perm eab ility  
can be used for a d ifferential extraction o f cells: A t 
the beginning of the incubation  m em branes are es­
sentially im perm eable to D EA E-dextran because of 
its large m olecular w eight (500 000 dalton) and  its 
high charge density o f  700 charges per m olecule. 
Thus the first site o f D EA E-dextran b inding is lim ­
ited to the plasm alem m a. However, when the plas- 
m alem m a becomes perm eable to D E A E -dextran  af­
ter some tim e in its presence, then D E A E-dextran 
may enter the cytosol and bind to internal m em ­
branes. Thus com pounds o f the cytoplasm  will d if­
fuse into the extracellular m edium  according to the ir 
chemical concentration gradient and will do  this, at 
least initially, m ore rapidly  than  com pounds from  
com partm ents which are surrounded  by additional 
membranes.

This principle has been used in our studies to in ­
vestigate the intracellular d istribu tion  o f the en­
zymes of the so called glycerol cycle in the haloto ler- 
ant, cell-wall less unicellu lar green alga Dunaliella 
parva. The reason for using such an ind irect ap ­
proach is that w ith m icroalgae, especially w ith algae 
containing one big chloroplast per cell, the well es-
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tablished m ethods for the aqueous or nonaqueous 
isolation o f intact chloroplasts and o ther organelles 
are not practicable.

In this paper we describe first the basic phenom ­
ena of DEAE-dextran induced changes in the p e r­
meability o f D. parva m em branes and the conse­
quences of these changes for photosynthetic re­
actions. W e then describe the optim al conditions for 
DEAE-dextran dependent d ifferential extraction o f 
m arker enzymes to dem onstrate the principal ap ­
plicability o f the m ethod for the purpose o f in tra ­
cellular localization o f enzymes in D. parva. In the 
subsequent paper [4] we apply the D EA E -dextran  
technique specifically to get in form ation  abou t the 
intracellular d istribu tion  o f the enzymes o f the gly­
cerol cycle in D. parva.

Materials and Methods

Material 

Algal culture

Dunaliella parva Lerche was cultu red  in an inor­
ganic culture m edium  under conditions as described 
elsewhere [10]. A lgae were adap ted  to 0.75 m  N aC l. 
Algae were harvested by cen trifugation  (1 5 0 0 x 0 , 
5 min, 20 °C  and resuspended, if  not o therw ise m en­
tioned in a m edium  containing 1.5 m  sorbitol and 
20 m M  Tris/H EPES (pH  7.6). The chlorophyll con­
tent was calculated from  the absorp tion  a t 645 and 
663 nm [11] o f algal extracts in 80% acetone and p ro ­
tein determ ined according to the m ethod  o f  Lowry 
et al. [12].

Chemicals

DEAE-dextran was purchased from  Pharm acia 
F ine Chemicals, U ppsala, (Sw eden), [14C]bicarbon- 
ate from A m ersham  & Buchler, Braunschw eig (G er­
many) and fine chem icals and enzymes from  Boeh- 
ringer, M annheim  (G erm any).

Methods

Photosynthetic reactions

Photosynthetic 0 2 evolution and reduction  o f MV 
were measured polarographically  w ith a C lark-type 
oxygen electrode under saturating , incandescent 
white light (30 °C, pH 7.6), w hereas fixation o f 
14C 0 2 was carried out in 10 ml glass tubes in an illu ­
m inated therm ostat (pH  7.6; 30 °C). T he reduction

of BQ and K3F e(C N 6) were followed spectrophoto- 
metrically from the change o f the extinction at 
400 nm (saturating red light, 20 °C , pH  7.6). M g2+ 
and K+ contents were m easured by atom ic abso rp ­
tion spectroscopy. F u rthe r details can be seen from  
the legends to figures and tables.

DEAE-dextan treatment

DEAE-dextran was applied  in two differen t ways. 
To investigate the effect o f D EA E -dextran  on ph o to ­
synthetic reactions and on the perm eab ility  o f m em ­
branes for cations, endogenous m etabolites or ex­
ternal substrates, D EA E-dextran was added  a t ap ­
propriate concentrations to the algal suspension at 
30 °C and the m ixture incubated  a t 30 °C  for a 
further period o f 5 or 10 min. T he process under in ­
vestigation was m easured in the presence o f DEAE- 
dextran. For differential enzyme extraction  a m ore 
sophisticated treatm ent was applied . D E A E -dextran  
was added to the algal suspension under rap id  m ix­
ing at 0 °C over 1 m in (adsorption period , uniform  
adsorption of the m olecules at the p lasm alem m a). 
Then mixtures were incubated at 30 ° C for varying 
periods (time o f lysis, the irreversible m em brane 
damages occur). The raction w ith D E A E -dextran  
was stopped after the desired tim e o f lysis by 
centrifugation (5000 x g , 10 m in, 0 °C ). T he pellet 
was discarded and supem atants stored on ice. A li­
quots of the 1 ml supem antan t (usually  betw een 20 
and 100 nl, for phosphatase assays 0.5 ml) were 
taken for the enzyme assays. T hereby  a d ilu tion  o f 
the original DEAE-dextran concentration  o f  a t least
10 fold was achieved. It was ascertained tha t the 
DEAE-dextran still present in the sam ples d id  not 
affect the enzyme assays per se.

Enzyme assays

D-glucose-6-phosphate dehydrogenase (E.C. 
1.1.1.49) and D -glyceraldehyde-3-phosphate d e ­
hydrogenase (E.C. 1.2.1.13) were m easured  spec- 
trophotom etrically [13]: The form er reaction  was 
measured directly, whereas the la tter was coupled to 
the conversion of glycerate-3-phosphate to  glycerate- 
1,3-bisphosphate by the 3-phosphoglycerate kinase 
(E.C. 2.7.2.3). To distinguish between the plastid  and 
cytoplasmic form of the G -6-PD H , the reaction  was 
carried out in the presence and absence o f  50 m M  

DTE [9]. The G -6-PD H  activity in the  presence o f 
DTE was considered to be due solely to the  cytoplas-
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mic form, whereas the d ifference betw een the  total 
activity and the activity in the presence o f  D T E  was 
assumed to reflect the plastid form  o f the enzyme.

RuBP carboxylase activity (E.C. 4.1.1.39) was 
measured by the m ethod o f K aiser and H eb er [14], 
starting with ribose-5-phosphate and A T P as sub­
strates. PEP carboxylase (E.C. 4.1.1.31) was m ea­
sured by the form ation o f [14C ]oxaloacetate from 
14C 0 2 and PEP [15]. The [14C ]oxaloacetate was 
stabilized by the addition  o f  either 2,4-dini- 
trophenylhydrazine or m alate dehydrogenase and 
NADH. Pyruvate kinase (E.C 2,7.1.4) was assayed 
by coupling the reaction to  the  N A D H -dependen t 
conversion o f pyruvate to lacta te  by the lacta te  de­
hydrogenase at pH  6.0 [13]. F um arase  (E.C. 4.2.1.2) 
was determ ined by m easuring the increase in ad ­
sorption o f fum arate at 240 nm  (pH  7.5, 50 m M  m al­
ate) [13].

Volume measurements

Cell volume was m easured w ith a C oulter C ounter 
(Model ZBI) connected to a channelanalyzer (M odel 
C-1000). An orifice o f 100 |im  d iam eter was used. 
Packed cell volum e was determ ined  by cen trifu ­
gation of cells (1500 x g, 20 m in, 20 °C ) in ca lib rated  
centrifuge tubes.

Definitions

To com pare the effect o f D E A E -dextran  in d if­
ferent experim ents and with d ifferent reactions we 
introduced the param eters T 50 D 50 which are defined 
as follows: The T 50 value is th a t tim e o f  lysis which 
causes half m axim al reaction a t a fixed concentra­
tion o f D EAE-dextran (30 mg x m g-1 C hi). T he D 50 
value is that D EA E-dextran concentration  which 
causes half m axim al reaction over a fixed tim e o f ly­
sis (10 min).

Results and Discussion

The effect o f  DEAE-dextran on 
photosynthetic reactions

Photosynthetic C 0 2-fixation o f D. parva  cells is in­
hibited by D EAE-dextran only when the  h igh salt 
m edium  is replaced by an  equiosm olar organic 
m edium  essentially free o f  inorganic cations and 
anions (Fig. 1). T he reason for this m ay be twofold:
1) The electrochem ical com petition  o f the cations of

mg DEAE-DEXTRAN x mg"' Chi

Fig. 1. Tne effect o f  DEAE-ucxtran on photosynthetic  
l4C 0 2-fixation o f D. parva cells suspended in normal cul­
ture medium containing 0.75 M  NaCl ( a )  or in 1.5 M sor­
bitol medium ( • ,  x two different experiments). Experimen­
tal conditions: 5 min preillumination in the presence o f  
DEAE-dextran, 5 min incorporation o f  [14C]bicarbonate 
(3 m M ) in the presence o f DEAE-dextran (30 °C , pH 7.6). 
Photosynthetic rates were 150 (imol C 0 2 x m g ' 1 Chi x h _1 
in the control with the salt m edium , but 60 |amol 
C 0 2 x mg-1 x h_1 in the control with the sorbitol medium .

the medium  with the positively charged diethyl- 
am inoethyl groups for the negatively charged groups 
o f the plasm alem m a. 2) N eu tra liza tion  o f the ca ti­
onic DEAE-dextran groups by the anions o f the 
medium. In order to ensure reproducib le effects o f 
DEAE-dextran, all fu rther experim ents w ere carried  
out with algae suspended in a salt free 1.5 m  sorbito l 
m edium , buffered with TR IS/H E PE S to pH  7.6. T he 
response o f photosynthetic 0 2-evolution to DEAE- 
dextran was rapid (Fig. 2): Inh ib ition  occured w ithin 
few seconds after the addition  o f D EA E-dextran. It 
was still incomplete after 1 m in, bu t reached a m ax i­
mal effect between 2 and 5 min. T his rap id  effect o f 
a rather nonperm eant com pound indicates th a t in h i­
bition of photosynthetic 0 2-evolution m ust be an  in ­
direct one.

Photosystem II dependent reactions such as the re­
duction o f BQ were highly resistant to the action  o f 
DEAE-dextran (Fig. 3), indicating th a t no site in the 
electron transport chain betw een the w ater splitting 
apparatus and plastoquinone was directly  or in ­
directly affected. It is difficult to carry ou t a cor­
responding m easurem ent for reactions requiring  
photosystem I only or the com bined actions o f bo th  
photosystems, because m ost o f the com m only used 
electron donors and acceptors are poorly perm ean t 
for the plasm alem m a. E.g. there was no reduction  o f 
MV with water as electron donor in un treated  D. par­
va cells (Fig. 3A, trace 2), at least not in the tested
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tim e range. However, w ith increasing D EA E-dextran 
concentrations a considerable, D C M U -sensitive MV- 
reduction was observed. This indicates that the plas­
m alem m a becomes perm eable for MV under the in­
fluence o f D EAE-dextran. A t very high DEAE- 
dextran concentrations the reaction was inh ibited  
again, indicating an inh ib ition  site in the electron 
transport chain between the w ater splitting ap p a ra ­
tus and the site o f M V -reduction. Together w ith the 
resistance o f B Q -reduction against D EA E-dextran 
these results im ply an inh ib ition  site between plas- 
toquinone and the site o f M V -reduction. To eluci­
date this point, we m easured the effect o f DEAE- 
dextran on the M V -reduction with both w ater and 
the couple ascorbate, D C PIP  as electron donors by 
D. parva thylakoids in vitro (Fig. 4). The photo­
system I dependent electron transport from  the 
couple ascorbate, D C PIP  to MV is resistant against 
DEAE-dextran over a w ide range o f concentrations. 
The slight stim ulation o f the reaction m ay reflect im ­
proved access o f the reactants. In contrast to this re­
action, the M V -reduction w ith w ater as electron don­
or is readily inhibited. These results are in agree­
ment w ith those o f o ther studies [16] and suggest a 
DEAE-dextran inh ib ition  site between plastoqui- 
none and photosystem  I. Such an assum ption is also 
in agreem ent with the proposal tha t this is a rather 
unspecific effect o f polycations: A great num ber of

Fig. 2. Time dependent inhibition o f  photosynthetic 0 2- 
evolution by DEAE-dextran in D. parva cells: The reaction 
medium contained 1.5 m  sorbitol, 20 m M  TRIS/HEPES  
(pH 7.6) and 3 m M  K H C 0 3. A: Inhibition after 1 min (x) 
and 2 min ( • )  incubation with DEAE-dextran . B: Recorder 
trace o f the oxygen electrode demonstrating the rapid inhi­
bition of photosynthesis by DEAE-dextran (L, light; D, 
dark; the arrow indicates the addition o f 0.8 mg DEAE- 
dextran x m g-1 Chi).

mg DEAE-DEXTRAN x mg-1 Chi

Fig. 3. The effect o f DEAE-dextran on photosynthetic re­
duction o f BQ (o) and MV (*) and D. parva cells (B). The 
reaction mixture contained 1.5 M  sorbitol, 20 m M  T R IS/ 
HEPES (pH 7.6) and in addition for BQ reduction 1 m M  
BQ and K3[FeIII(CN)6] and 20 m M  N H 4C1, and for MV re­
duction 9 x 1 0 -6 m MV, 9 x l 0 -6 M FCCP and 2 x 1 0 _4m 
KCN. A: Recorder traces demonstrating photosynthetic 0 2 
evolution of control cells ( l) . A ddition o f FCCP, MV and 
KCN strongly inhibits 0 2 evolution without introducing 
0 2-uptake (2). Only when the permeability o f  the plas­
malemma for MV is increased by DEAE-dextran, a light- 
induced 0 2-uptake can be observed (3), which is sensitive  
to 5 x 10~® M DCM U. Preincubation with DEAE-dextran: 
5 min. L: light, D: dark.

different native and artificial polycations exhibit 
sim ilar effects [5 -8 ] .  The precise inh ib ition  site is 
believed to be at the level o f plastocyanin (8).

D 50-values for the various photosynthetic reactions 
(Table I) clearly dem onstrate th a t the D EA E-dextran 
inhibition site betw een p lastoquinone and pho to ­
system I cannot be the reason for the inh ib ition  o f 
photosynthetic C 0 2-fixation, because o f the large 
differences between the D 50-values for inh ib ition  o f 
noncyclic electron transport and C 0 2-fixation and 
the greater sensitivity o f the la tte r reaction. F u rth e r­
more the results o f  the experim ents with thylakoids 
dem onstrate that the inh ib ition  o f  noncyclic electron 
transport is due to a d irect effect o f  D EA E-dextran, 
whereas it was show n above th a t the inh ib ition  of 
C 0 2-fixation m ust be due to an ind irect effect.



H. Gimmler and G. Lotter • DEAE-Dextran and Membrane Permeability 613

Table I. D^, values for various photosynthetic reactions o f  intact cells or thylakoids from 
D. parva (average o f 2 - 3  experiments). DEAE-dextran was always present during the as­
say.

Photosynthetic reaction System D 50 [mg DEAE- 
dextran x m g-1 
Chlorophyll]

Photosynthetic 14C 0 2-fixation or 0 2-evolution intact cells 1
Electron transport from water to ferricyanide intact cells >  60
Electron transport from water to BQ intact cells >  100
Electron transport from water to MV intact cells < 2 0
Electron transport from water to MV thylakoids 13
Electron transport from ascorbate, DCPIP to MV thylakoids > 5 0 0

Fig. 4. The effect o f DEAE-dextran on photosynthetic re­
duction o f MV by thylakoids from D. parva with H 20  (o) 
or the ascorbate, DCPIP couple (x) as electron donors. The 
reaction mixture contained 4.4 m M  NaCl, 4 m M  M gCl2, 
100 m M  TRIS/HEPES (pH 7.6), 9 x lO - 6 MV, 9 x 1 0 ~ 6 m 
FCCP, 2 x 1 0 ~ 4 m KCN and in the latter case 5 x  10_3m 
ascorbate, 10~5 m DCPIP and 5 x  10- 6 m D C M U . DEAE- 
dextran preincubation: 5 min (dark), then illum ination in 
the presence o f DEAE-dextran. Thylakoids were obtained 
from intact cells by osm otic rupture in 3 m M  TRIS/HEPES  
(pH 7.6) (0 °C, 10 min) and centrifuging at 5000 x g for 
10 min.

The effect o f  DEAE-dextran on the perm eability o f  
membranes

The effect o f D EA E-dextran on the  perm eability  
o f the plasm alem m a and o ther m em branes was test­
ed by m easuring the influence o f this com pound on 
the following reactions: 1) Efflux o f  endogenous 
compounds, respectively fractions o f com pounds 
from the cell into the m edium , 2) the influx o f a rti­
ficial com pounds from  the m edium  in to  the cell, 3) 
the packed cell volum e, and 4) the behav iou r o f  the 
cells as perfect osm om eters.

DEAE-dextran induces in the standard  sorbitol 
m edium  a significant decrease o f the packed cell vol­
ume (Fig. 5). This indicates a decrease o f the osmo- 
larity o f the cell sap caused by an D E A E -dextran  in­
duced increase o f the perm eability  o f the plas­
malemma: At low and m ediate D EA E -dextran  con­
centrations the endogenous osm oticum  glycerol 
(relative low m olecular weight) leaks m ore rap id ly  
into the m edium  than the external sorbitol (relative 
high molecular weight) can enter the cell. O nly at 
higher DEAE-dextran concentrations bo th  efflux o f 
glycerol and influx o f sorbitol can balance each o ther 
resulting in a m ore or less unchanged volum e. This 
explanation is confirm ed also by the sim ilarity  o f the 
efflux kinetics o f a 14C -labelled m etabolite  fraction,

mg DEAE-DEXTRAN x mg-1 Chi

Fig. 5. The effect o f DEAE-dextran concentrations on the 
efflux o f a I4C-labelled metabolite fraction (x) from D. par­
va cells (consisting mainly o f glycerol) (compare Table II) 
and on packed cell volume (o). DEAE-dextran incubation  
time: 10 min at 30 °C. The average packed cell volume was 
279 |il x mg-1 Chi, the minimal volume (=  maximal A vol­
ume) 152 |il x mg ' 1 Chi.
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Fig. 6. Average cell volume o f  D. parva cells as function o f  
the reciprocal osmotic potential o f  different NaCl-solutions 
(Boyle-van’t H off plot) (A). Control (O), +  1 mg DEAE x 
mg-1 chlorophyll ( A ) .  In the inset B the results o f 4 exper­
iments are summarized. The ideal osm otic behaviour (that 
is the slope o f the control in A) was set to unity and the 
average deviation o f  DEAE-dextran treated cells calculated 
(compare Table II).

mg DEAE-DEXTRAN x mg"1 Chi

Fig. 7. The effect o f DEAE-dextran concentrations on the 
efflux o f K + (o) and Mg2+ (x )  from D. parva. Cells were 
treated for 10 min with DEAE-dextran, centrifuged and the 
supernatant analyzed. Maximal K + efflux corresponds to a 
decrease o f internal K + concentration o f  about 50 mM . The 
corresponding decrease in Mg2+ concentrations is about 
25 mM.

consisting m ainly o f glycerol (Fig. 5). D EA E-dextran 
im pairs also the ability o f cells to react as perfect os­
mometers according to the Boyle-van’t H off rela­
tionship if transfered into salt m edia o f d ifferent 
osmolarity (Fig. 6). Since this reaction in contrast to

the former was m easured after D EA E-dextran trea t­
ment in the absence o f this com pound, the result 
dem onstrates tha t the changes in the perm eability  o f 
the plasm alem m a are largely irreversible.

A bout half o f the total K + content o f the cells d if­
fuses into the ou ter m edium  under the influence o f 
DEAE-dextran, corresponding to an internal change 
in the concentration o f about 50 m M  (Fig. 7). In com ­
parison to the m onovalent K +-efflux the efflux o f the 
divalent Mg2+ is surprisingly high (Fig. 7). A bout 
50% of the total ionic M g2+ content o f the cell d if­
fuses out o f the cell under the influence o f DEAE- 
dextran, corresponding to an in ternal change o f 
about 25 m M  M g2+. H ere it m ust be considered tha t 
the growth m edium  contains 44 m M  M g2+ and th a t in 
its natural hab itat, the D ead Sea, D. parva  tolerates 
Mg2+ concentrations h igher than  the N aC l concen­
trations [18].

In Fig. 8 the tim e dependent efflux o f proteins 
from the cell into the m edium  is shown and in 
Fig. 9 the influx o f ferricyanide from  the m edium  in­
to the chloroplasts (m easured via the photosynthetic 
reduction o f ferricyanide). O bviously the inhibition  
of C 0 2-fixation m ust be caused by the  efflux o f 
smaller molecules (inorganic cations, m etabolites, 
nucleotides, cofactors) rather than  by the efflux of 
macromolecules such as proteins. T his follows also 
from the alm ost tenfold higher D 50-value for the ef­
flux of plastidal enzymes in com parison  w ith the 
D 50-value for inh ib ition  o f photosynthesis (Table II).

U nder the assum ption tha t D. parva  cells cultured 
in a m edium  with 0.75 m  N aC l have a surface o f 
about 600 cm 2 x m g-1 chlorophyll and  th a t the m ajor

TIME OF LYSIS [min]

Fig. 8. The effect o f DEAE-dextran (30 mg x m g-1 Chi) on 
the efflux o f protein from D. parva cells into the medium  
(compare Fig. 5).
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Fig. 9. The effect o f DEAE-dextran (10 min at 30 °C ) on 
photosynthetic reduction o f  K 3 [FeIII(CN)6] in D. parva 
cells. This reaction is also an indicator for m inimal influx  
of this compound from the medium into the chloroplast. 
The reaction medium contained 1.5 m  sorbitol, 20 m M  
TRIS/HEPES (pH 7.6), 2 m M  K 3[FeIII(CN)6] and 20 m M  
N H 4C1.

part o f added DEAE-dextran m olecules (high affin ­
ity) is adsorbed at the p lasm alem m a, it is roughly 
estimated that a D 50-value o f 0.04 mg DEAE- 
dextran x mg chlorophyll for cation  release (Table 2) 
corresponds to a m axim al adsorption  o f abou t 
8 x l 0 10 molecules x cm -2. F rom  the charge density 
o f 700 positive charges per m olecule it follows that 
maximal 56 x 1012 charges per cm -2 w ould be avail­
able to cause a 50% induction o f cation release. 
However, it is unlikely tha t all charges o f an adsorb­
ed DEAE-dextran molecule b ind electrochem ically  
to negatively  charged groups o f  the ou ter m em brane. 
Thus it m ust be concluded that changes in the p e r­
meability of the p lasm alem m a are induced already 
by the adsorption o f m uch less than 56 x 1012 posi­
tive charges per cm -2, bu t p robably  m ore than 
8 x l 0 10 charges x cm -2. These values have to be 
com pared with charge densitiy o f p lan t m em branes, 
e.g. thylakoids o f about 0 .5 — 1.6 x 1013 charges per 
cm2 [19],

Although it was not the aim  o f this study to  ob ta in  
a preparation o f intact, functional chloroplasts from  
D. parva cells by D EA E-dextran trea tm ent, som e res-

T ablell. D 50-values for various DEAE-dextran induced effluxes and influxes in D. parva 
cells and o f changes in the permeability o f  the plasm alem m a. Efflux was measured after 
10 min incubation with DEAE-dextran at 30 °C. Values for the influx o f MV and fer- 
ricyanide are rough estimations from the studies o f photosynthetic reduction o f  these com ­
pounds (compare Figs. 3 and 7). To measure the efflux o f  the 14C-labelled metabolite frac­
tion*, D. parva cells were allowed to photosynthetize in the presence o f  14C-labelled bi­
carbonate for 3 h, then centrifuged and resuspended in fresh medium. The efflux of  
the labelled fraction was investigated after 10 min incubation with DEAE-dextran in the 
dark. A major part o f this fraction must be assumed to be glycerol. The osmotic response 
against NaCl was measured with a Coulter Counter***. After DEAE-dextran treatment 
cells were transferred to different NaC l-solutions and after 2 min the average cell volume 
measured. The ideal osm otic behaviour was set to 1. The change in packed cell volume was 
measured in the standard sorbitol medium . The value indicated with ** reflects average 
value for three different chloroplastic enzymes and was taken from Table III.

Process D 50 [mg DEAE- 
dextran x m g -1 
chlorophyll]

Efflux o f K+ into the medium 0.04
Efflux o f Mg2+ into the medium 0.04
Osmotic response against NaCl *** 0.10
Efflux o f a 14C-labelled m etabolite fraction into the m edium  * 0.30
Decrease in packed cell volume 0.40
Photosynthetic CO2 assimilation 1.00
Influx o f MV from the m edium  into the chloroplast o f  the cell >  3.00
Influx o f K3 [Fe III (C N )6] from the m edium  into the chloroplast 
of the cell

5 - 7

Efflux o f chloroplastic enzymes from the chloroplasts 
into the medium**

9.00

Efflux o f an endogenous soluble protein fraction 
from the cells into the medium

8 - 1 0
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toration experim ents were carried out. A fter inh i­
bition of C 0 2-fixation by D EA E-dextran treatm ent, 
reduction o f PG A  could be partially  restored by 
adding PGA, M g2+, N A D P and ATP (not shown). 
This dem onstrates 1) tha t the plasm alem m a and the 
chloroplast envelope becam e perm eable for these 
com pounds under the influence o f D EA E-dextran, 2) 
that N A DP reduction is still functioning in the pres­
ence of D EAE-dextran provided the efflux o f in ­
ternal N A D P is counterbalanced by the addition  of 
proper concentration o f external N A DP. F u rth e r­
m ore these results seem to indicate tha t phosphory­
lation is inhibited readily by D EA E-dextran and 
therefor ATP had to be added in order to m ain ta in  
PG A  reduction. Thus one im portan t effect o f 
DEAE-dextran treatm ent m ay be uncoupling. It 
should be m entioned that possible uncoupling ef­
fects o f DEAE-dextran in Figs. 3, 4, and 9 were 
masked by the presence o f uncouplers in the reaction 
medium . Fig. 9 dem onstrates tha t ferricyanide 
which is a nonperm eant solute for both the p las­
m alem m a and the chloroplast in the ir native states, 
becomes a perm eant solute under the influence o f 
DEAE-dextran. Thus it can be readily  reduced in the 
light by the electron transport chain in the thy­
lakoids. However, different from  the reduction o f 
MV in vivo (Fig. 3), ferricyanide reduction  is not in ­
hibited at high DEAE- dextran  concentrations. This 
agrees with the assum ption tha t photosynthetic elec­
tron transport is inh ib ited  by D EA E-dextran b e­
tween plastoquinone and photosystem  I. In sum m ary 
our perm eability studies suggest tha t D EA E-dextran 
increases in an unspecific way the perm eability  of 
mem branes o f D. parva  cells for a great num ber of 
different solutes. However, com pounds o f low 
molecular weight diffuse m ore rapidly into the 
m edium  under the influence o f D EA E-dextran than 
com pounds o f high m olecular weight. D EA E-dex­
tran treatm ent seems to be an unsuitable m ethod for 
the isolation o f intact, functionable chloroplasts. 
However, this treatm ent m ay still be a suitable 
m ethod for differential extraction o f m acrom ol­
ecules from the com partm ents o f the cell.

Requirement o f  DEAE-dextran induced enzyme efflux

The experim ental conditions for an optim al ef­
flux o f enzymes were checked w ith G -6-P dehydro­
genase as test enzyme. T he efflux o f this enzyme is 
virtually independent on tim e during the adsorption

period at 0 ° C , bu t significantly dependent on the 
tim e o f lysis at 30 °C  (Fig. 10). O ptim al enzyme ef­
flux was found at a pH  o f 7.6 and a tem perature o f 
30 °C (Fig. 11). The enzym e efflux expressed on a 
chlorophyll basis was independent o f the algal con­
centration during D EA E-dextran treatm ent, p rov id ­
ed the ratio  D EA E-dextran to the am ount o f algae 
was kept constant (not shown).

Thus the effectivness o f D EA E-dextran depends 
strongly on the ratio  o f D E A E-dextran per unit 
m em brane area. In add ition  it was show n tha t there 
are only m inim al effects o f D EA E-dextran on en­
zyme activities during the  in vitro enzym e assay, at 
least in the range o f applied  concentrations. These 
results are in general agreem ent w ith those o f o ther 
authors [2, 17]. In all fu rther experim ents standard  
conditions for enzyme efflux were 1 m in adsorption  
at 0 °C , a tem perature o f 30 °C  during lysis and a 
pH o f 7.6 during both the adsorption  and the lysis

Fig. 10. The effect o f  DEAE-dextran (20 mg x m g-1 Chi) 
on the efflux o f the G -6-P dehydrogenase. In experiment A 
the time o f adsorption at 0 °C  was varied at a constant time 
of lysis (10 min), whereas in B the tim e o f  lysis at 30 °C  
was varied at a constant time o f  adsorption at 0 °C (1 min). 
The reaction mixture during the enzyme assay contained 
30 mM HEPES/NaOH (pH 7.6), 6.7 m M  M gCl2, 0.3 m M  
NA DP and 1 m M  G -6-P.
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pH during lysis

Tem perature [°c]

Fig. 11. The effect o f temperature during lysis ( • ,  lower 
abscissa) and of pH (*, upper abscissa) on DEAE-dextran 
induced efflux o f the G -6-P dehydrogenase from D. parva 
cells. Compare Fig. 8 .

mg DEAE-DEXTRAN x mg-1 Chi

Fig. 12. The effect o f time o f lysis (o , A) and o f  DEAE- 
dextran concentration ( • ,  B) on the efflux o f  the plastidal 
marker enzyme GAPNADP*dehydrogenase from D. parva 
cells into the medium. DEAE-dextran concentration in 
A 30 mg x mg-1 Chi, lysis tim e in B 10 min. The reaction 
mixture contained 30 mM  HEPES/NaOH  (pH 7.6), 
0.45 mM EDTA, 6.7 mM  M gCl2, 0.2 mM  N A D P H , 18|ig  
3-phosphoglycerate kinase, 3.3 m M  PGA and 3.3 mM  ATP.

period. Incubation tim e and D EA E-dextran concen­
tration were varied as required.

Differential extraction o f  marker enzymes

In order to prove the applicability  o f the DEAE- 
dextran technique for the analysis o f in tracellu lar 
distribution o f enzymes in D. parva, the efflux o f  en­
zymes of known origin, so called m arker enzymes 
were measured. The num ber o f such enzymes is lim ­
ited, especially if soluble and not m em brane bound  
enzymes are required. Fig. 12 shows the efflux o f the 
plastid m arker enzyme G AP dehydrogenase N A D P  
as function o f the D EAE-dextran added (B) and the 
tim e o f lysis (A). F rom  such curves T 50 and D 50-val­
ues were calculated. Since a certain scattering o f re ­
sults does occur from experim ent to experim ent it is 
o f special interest o f m easure in one experim ent the 
efflux o f two different m arker enzymes. In Fig. 13 
the efflux of the plastid m arker enzyme RuBP-car- 
boxylase is com pared with that o f the cytoplasm ic 
m arker enzyme PEP-carboxylase. The efflux o f the

Fig. 13. The effect o f  DEAE-dextran (30 mg x m g-1 Chi) 
on the efflux o f  plastidal marker enzyme RuBP-carboxy- 
lase (*) and on the cytoplasmatic marker enzyme PEP-car- 
boxylase ( • )  from D. parva cells into the medium. The re­
action mixture for the RuBP-carboxylase assay contained 
25 mM HEPES/KOH (pH 8.0), 20 mM  M gCl2, 15 mM  
K H C 03 (labelled with 14COz), 2 mM  ribose-5-phosphate, 
5 mM ATP and 5 mM  DTE. The PEP-carboxylase contained 
20 mM HEPES/KOH (pH 7.4) 1 mM  MgCl2, 1 m M  K H C 0 3 
(labelled with 14C 0 2), 10 mM  DTE and 1 mM  PEP.
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DTE [mM]

Fig. 14. The effect o f  DEAE-dextran (30 mg x m g-1 Chi) 
on the efflux o f the G -6 -P dehydrogenase from D. parva 
cells into the medium (for details see Fig. 8). The activity 
o f  the enzyme in the presence o f 50 mM DTE (*) is assumed 
to reflect the activity o f  the cytoplasmatic form o f  the en­
zyme, whereas the difference o f the activity in the absence 
and presence o f 50 mM DTE is assumed to reflect the ac­
tivity o f the plastid form o f the G -6-P dehydrogenase.

latter is already saturated  in this experim ent w hen 
the efflux o f the form er is still continously increasing 
with time. S im ilar results are ob ta ined  w ith the 
G-6-P dehydrogenase (Fig. 14). T his enzym e can be 
used as a plastid m arker enzyme and  as a cytoplas­
mic m arker enzyme as well, because the form er is in ­
hibited by thiol reagents w hereas the  la tte r is not [9]: 
The activity o f the G -6-P dehydrogenase is less in ­
hibited by DTE in short tim e extracts from  D. parva  
cells which should contain relatively m ore o f  the 
cytosolic form o f the enzyme than  in long tim e ex­
tracts which should contain m ore o f the  plastid  form  
o f the enzyme (Fig. 15).

TIME [min]

Fig. 15. The effect o f DTE on the DEAE-dextran induced 
efflux of the G -6-P dehydrogenase from D. parva cells into 
the medium (compare Fig. 8 and 12). (x) lysis time 4 min, 
(O) lysis time 12 min. DEAE-dextran concentration 
30 mg x mg-1 Chi).

Table III sum m arizes T 50 and D 50-values for the 
tested m arker enzymes. C learly T 50 and D 50-values o f 
the tested cytoplasm ic enzymes are lower than those 
o f plastidal enzymes. W e tried also to m easure the 
efflux of fum arase from the m itochondria o f D. par­
va cells, but were unsuccessful, probably because o f 
low activity o f this soluble m itochondrial enzyme 
(but com pare 2). The efflux o f enzymes from  D. par­
va cells does not depend exclusively on the in tra ­
cellular localization o f the enzymes, bu t m ay be ad ­
ditionally influenced by factors such as the m olecu­
lar weight, the m olecular volum e and the isoelectric 
point o f the enzymes. In the subsequent paper a p a r­

Table III. D 50 and T50 values for the DEAE-dextran induced efflux o f  marker enzymes from D. parva cells into the m edi­
um. Average of 3 - 7  experiments. In the last column T50 and D 50 values are normalized: Values for the RuBP carboxylase 
were taken as 100% and then averaged.

Enzyme Marker for D 50 T50 Dsoenzvme . ^oenzvme
[mg DEAE-dextran [min] n  'r  t
X m g ’ 1 Chi] 5QRuBP-C  50RuBP-C >

RuPB carboxylase chloroplasts 13 8 100
GAP dehydrogenase NAd p chloroplasts 7.13 5.5 63
G lu-6-P dehydrogenasechi chloroplasts 6.5 6.0 63
Average o f the tested 
chloroplastic marker enzymes

chloroplasts 8.9 6.5 75

PEP carboxylase cytoplasm 6.7 1.0 32
G lu-6-P dehydrogenasecyt cytoplasm 2.5 4.5 37
Pyruvate kinase cytoplasm 1.4 2.2 20
Average o f the tested 
cytoplasmic marker enzymes

cytoplasm 3.2 2.6 30
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am eter is introduced, w hich corrects for som e o f 
these different properties o f the enzymes [4]. These 
corrections do not dissolve the observed differences 
in the T50 and D50-values.

Summarizing conclusions

In sum m ary the results show that it should  be pos­
sible by the aid of the D EA E-dextran d ifferen tia l ex­
traction technique to distinguish betw een enzymes 
localized in the cytoplasm of D. parva cells and en­
zymes localized organelles which are su rrounded  by 
additional iVieiiibiaucs \yj. i6 , i / j, t.^ . such as the 
chloroplasts. However, it is difficult to distinguish 
e.g. between enzymes from  chloroplasts and enzymes

o f m itochondria. If  this is required , m ore sophisti­
cated m ethod have to be applied  [17]. In a sub­
sequent paper we apply  this technique to investigate 
the intracellular d istribu tion  o f enzymes o f  the gly­
cerol cycle in D. parva  [4]. F inally  it m ust be m en­
tioned that this technique can be applied  only to 
cells lacking a cell wall, such as protoplasts [1] or 
naked flagellates.
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