
INTRODUCTION

Animal and plant cells differ in the way the plasma

membrane is energized. In animal cells, the main role in

energization of the cell membrane belongs to the active

transport of Na+ and K+, carried out by the Na+,K+-

ATPase. This enzyme maintains a non-equilibrium distri-

bution of Na+ and K+ across the membrane and creates a

negative potential on the cytoplasmic side of the mem-

brane [1, 2]. The gradient of Na+ electrochemical poten-

tial created by the ATPase provides the driving force for the

processes of passive diffusion of other ions, as well as the

processes of secondary active co-transport of various sub-

stances through the membrane. In plant cells, transport

processes via the plasma membrane are maintained by a

proton gradient, which is produced by the electrogenic

H+ pump, H+-ATPase [3]. It moves protons from the cell

into the environment/apoplast using metabolic energy, and

this process is accompanied by generation of a negative

electric potential on the cytoplasmic side of the membrane.

However, electrogenic Na+ pumps were also found in

the plasma membrane (PM) in some representatives of the

plant kingdom – halotolerant green microalgae Tetraselmis

viridis and Dunaliella maritima [4, 5]. The Na+-pumps

from microalgae belong to the family of P-type ATPases,

which also includes the PM proton pump of higher plants

and the Na+,K+-ATPase of animal cells [6, 7]. It is inter-

esting to note that the Na+-ATPases in the PM coexist with

the H+-pumps – P-type ATPases in these microalgae as

demonstrated in the experiments on vesicular plasma

membranes isolated from the alga cells [5, 8]. These exper-

imental data are in agreement with the data obtained in the

in silico analysis of the sequenced genomes of green (Chlo-

phyta) microalgae Ostreococcus tauri and Chlamydomonas

reinhardtii, which also shows coexistence of the Na+- and

H+-ATPases of P-type in these organisms [9].

ISSN 0006-2979, Biochemistry (Moscow), 2020, Vol. 85, No. 8, pp. 930-937. © Pleiades Publishing, Ltd., 2020.

Published in Russian in Biokhimiya, 2020, Vol. 85, No. 8, pp. 1091-1099.

Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM20-173, July 30, 2020.

930

Abbreviations: ∆ψ, transmembrane electric potential; CCCP,

carbonyl cyanide m-chlorophenylhydrazone; DCCD, N,N′-

dicyclohexylcarbodiimide; ETH157, sodium ionophore II

(N,N′-dibenzyl-N,N′-diphenyl-1,2-phenylenedioxydiac-

etamide); PM, plasma membrane.

* To whom correspondence should be addressed.

Electrogenesis in Plasma Membrane Fraction

of Halotolerant Microalga Dunaliella maritima

and Effects of N,N¢-Dicyclohexylcarbodiimide

L. G. Popova1,a*, D. A. Matalin1, and Yu. V. Balnokin1

1Timiryazev Institute of Plant Physiology, Russian Academy of Sciences, 127276 Moscow, Russia
ae-mail: lora_gp@mail.ru

Received June 22, 2020

Revised June 22, 2020

Accepted June 26, 2020

Abstract—The effects of N,N′-dicyclohexylcarbodiimide (DCCD), non-specific inhibitor of various transport systems

functioning in biological membranes, on Na+-transporting P-type ATPase of the green halotolerant microalga Dunaliella

maritima were studied in the experiments with vesicular plasma membranes isolated from the alga cells. The effects of

DCCD on electrogenic/ion transport function of the enzyme and its ATP hydrolase activity were investigated.

Electrogenic/ion transport function of the enzyme was recorded as a Na+-dependent generation of electric potential on the

vesicle membranes with the help of the potential-sensitive probe oxonol VI. It was found that unlike many other ion-trans-

porting ATPases, the Na+-ATPase of D. maritima is insensitive to DCCD. This agent did not inhibit either ATP hydrolysis

catalyzed by this enzyme or its transport activity. At the same time DCCD affected the ability of the vesicle membranes to

maintain electric potential generated by the D. maritima Na+-ATPase. The observed effects can be explained based on the

assumption that DCCD interacts with the Na+/H+ antiporter in the plasma membrane of D. maritima.

DOI: 10.1134/S0006297920080088

Keywords: Dunaliella maritima, Na+-ATPase, N,N′-dicyclohexylcarbodiimide, microalgae, membrane potential, plasma

membrane



ELECTROGENESIS IN Dunaliella maritima PLASMA MEMBRANE 931

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  8   2020

Green microalgae of the genus Dunaliella are con-

venient model objects for studying physiology of plant

tolerance to abiotic stresses. They are able to withstand

extreme environmental conditions including high salinity

[10]. These algae lack a large central vacuole and there-

fore only mechanisms localized in the plasma membrane

are responsible for ionic homeostasis of the cytoplasm. In

particular, an electrogenic Na+-transporting ATPase was

found in the plasma membrane of the halotolerant

microalgae Dunaliella maritima, which was apparently

responsible for Na+-homeostasis in this alga cells [5].

This paper is a continuation of the study of properties of

D. maritima Na+-ATPase.

No conservative motifs responsible for the Na+ ion

binding has been identified in the primary structure of

Na+-transporting membrane proteins, and the ability to

transfer Na+ has been assigned to the features of the

three-dimensional architecture of the proteins. The con-

served transmembrane region is similar to the structure

of crown ether, where Na+ plays the role of central coor-

dinating ion [11, 12]. Individual amino acid residues at

the corresponding positions in the protein are likely

required to form a structure that can selectively bind Na+

ions. It was established using Na+,K+-ATPases from ani-

mal cells and Na+-specific bacterial F1F0-ATPases as

examples that specificity of these enzymes with respect

to transferred cations can be changed by single amino

acid substitutions in the protein [13, 14]. The first step in

identifying such amino acid residues could be the study

of interaction of the protein with certain inhibitors with

known mechanism of action. N,N′-dicyclohexylcar-

bodiimide (DCCD), a nonspecific inhibitor of various

transport systems that function in biological membranes

including ATPases of different types: F-type [15-17], V-

type [18, 19], and P-type [20, 21] is an example of such

inhibitor. The mechanism of suppression of protein

transport activity by this inhibitor is well established.

DCCD is a carboxyl-modifying agent that covalently

binds to a specific amino acid residue (usually Glu or

Asp) in the transmembrane region of the transport sys-

tem at the site where the transferred cation should be

bound, and thereby inhibits activity of the transport sys-

tem [15, 19].

This paper presents the results of experiments inves-

tigating possible interactions of D. maritima Na+-ATPase

with DCCD, namely, we studied the effects of DCCD on

electrogenic/ion-transport function of this enzyme and

its ATP-hydrolase activity. The experiments were carried

out with a fraction of membrane vesicles enriched with

plasma membrane (PM) isolated from D. maritima cells.

MATERIALS AND METHODS

Plant material and growing conditions. The studies

were performed using green halotolerant microalga

Dunaliella maritima Massjuk [22] as an object. The alga

was cultured in 1-liter glass cylinders (average thickness

of the algae suspension layer was 5 cm) in a medium of the

following composition ( mM): NaCl – 500, NaNO3 – 10,

KH2PO4 – 5, MgSO4 – 6, Ca(NO3)2 – 1.5, FeSO4 –

0.01, EDTA – 0.1, 1 ml/liter of a solution of microele-

ments prepared according to Abdullaev and Semenenko

[23]; pH was adjusted to 8.0 with NaOH. The culture was

continuously bubbled with air containing 1.5% CO2.

Illumination of 15,000 lux was provided with a cool white

luminescent lamps using 14 : 10 h light : dark cycles.

Isolation of plasma membrane vesicles from D. mar-

itima cells. Isolation of plasma membrane (PM) vesicles

from microalgae cells was carried out according to the

method described in [5]. The membrane fraction

enriched with PM was obtained by differential centrifuga-

tion and centrifugation in a discontinuous (30/38%)

sucrose gradient. In all experiments, including determi-

nation of ATP hydrolase activity of the enzyme, a freshly

isolated PM fraction was used.

The obtained PM preparations comprised a mixture

of inverted (inside-out, cytoplasmic side facing the exter-

nal medium) and normally oriented (right-side-out) vesi-

cles. In the experiments activity of only the inverted vesi-

cles was observed in which active centers of ATPase were

exposed to the external medium.

Detection of electrogenic activity of D. maritima

Na+-ATPase. Electrogenic activity of the Na+-ATPase in

isolated PM vesicles was detected as Na+- and ATP-

dependent generation of electric potential difference

across the vesicle membrane, as described in [5].

Generation of electric potential across the vesicle mem-

brane was monitored through changes in differential

absorption (A621-A582) of the potential-sensitive optical

probe oxonol VI. Measurements were carried out with a

dual wavelength spectrophotometer Hitachi 557 in a two-

wavelength differential absorption mode (measurement

wavelength λ2 = 621 nm, reference wavelength λ1 =

582 nm). A standard reaction medium (in a 2-ml spec-

trophotometric cuvette) was of the following composi-

tion: 0.4 M sucrose, 5 mM MgSO4, 1 mM EGTA, 20 mM

Mes/BTP buffer (pH 7.5), 2 µM oxonol VI, about 100 µg

of the membrane protein. Generation of electric potential

across the vesicular membranes was initiated by adding

ATP (to the final concentration of 2 mM; ATP was used

in the form of Tris salt) and Na+ ions (in the form of

Na2SO4).

Analytical methods. ATP-hydrolase activity of the

membrane fractions was determined from the amount of

inorganic phosphate (Pi) released from the added ATP.

ATP hydrolysis by the PM fractions was measured in the

reaction mixture of the following composition: 0.4 M

sucrose, 20 mM Mes/BTP buffer (pH 5.5-9.0), 1 mM

MgSO4, 1 mM EGTA, 50 µM carbonyl cyanide m-

chlorophenylhydrazone (CCCP), 10-15 µg of membrane

protein. The reaction was initiated by adding 0.5 mM
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Na2ATP and stopped after 20 min. Other additives are

indicated in the figure captions. The released Pi was test-

ed using the Carter and Karl method [24].

Protein content in the PM preparations was deter-

mined by the micromethod of Simpson and Sonne [25].

The method is based on disintegration of membranes in

an alkaline medium and determination of the intensity of

the protein-Coomassie G-250 complex staining.

Fresh DCCD solutions prepared in ethanol were

used in the work. Final ethanol concentration introduced

with DCCD to the reaction mixtures during measure-

ments of ATPase activity did not exceed 0.2%. Control

samples contained same concentrations of ethanol.

Figures and graphs show representative experimental

data from at least three independent replicates.

RESULTS AND DISCUSSION

The electrogenic Na+-transporting ATPase operates

in the plasma membrane of the microalgae D. maritima,

as has been shown earlier in the experiments with PM

Fig. 1. ATP- and Na+-dependent generation of electric potential across the plasma membrane vesicles from D. maritima. Effects of DCCD.

Generation of electric potential (∆ψ) across the vesicle membranes (“+” in the vesicle lumen) is manifested by the decrease in the differen-

tial absorption of the potential-sensitive probe oxonol VI. Generation of ∆ψ was initiated by addition of ATP (in the form of Tris salt) to a final

concentration of 1 mM. The time points of additive introductions are indicated by arrows. a) Initial: standard reaction mixture without Na+.

Addition of Na+ (in the form of 10 mM Na2SO4) accelerates ∆ψ generation (a similar effect is observed with addition of Li+). The

protonophore CCCP (50 µM) or permeant anion NO3
– (50 mM, in the form of BTP NO3 salt, pH 7.5) reverses differential absorption of the

probe to the initial level, indicating decay of the formed ∆ψ (due to the exit of H+ from the vesicle lumen or due to the compensation of the

excess positive charge inside the vesicles by the anion, respectively). b) Effects of DCCD (100 µM) added to the reaction mixture during ∆ψ

generation across the vesicle membranes. Curve 1: standard reaction medium without Na+. Curve 2: standard reaction medium containing Na+

(as 1 mM Na2SO4).



ELECTROGENESIS IN Dunaliella maritima PLASMA MEMBRANE 933

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  8   2020

vesicles isolated from the alga cells [5]. Functions of the

D. maritima electrogenic Na+-ATPase is illustrated in

Fig. 1a. ATP addition to the PM vesicle suspension

induces generation of electric potential (∆ψ) across the

vesicle membranes due to operation of D. maritima H+-

ATPase [5]. Sodium addition leads to a significant stimu-

lation of ∆ψ generation across the vesicle membranes,

which is obviously due to the transfer of Na+ ions to the

vesicle lumen carried out by the Na+-ATPase. Generation

of ∆ψ across the vesicle membranes can be also induced by

Li+, but not by K+ (not shown). Such ionic specificity is

typical for many membrane Na+-transport mechanisms,

which can transport Li+ along with Na+ ions [26, 27].

DCCD addition to the reaction mixture in the

absence of Na+ ions during the ATP-dependent genera-

tion of ∆ψ across the vesicle membranes caused decay of

the formed potential (Fig. 1b, curve 1). However, when

DCCD was added to the suspension of PM vesicles dur-

ing ATP- and Na+-dependent generation of ∆ψ, the rate

of its generation did not decrease (which would be

expected in the case of Na+-dependent ATPase inhibi-

tion), but even increased (Fig. 1b, curve 2).

It is known that the transported ion protects trans-

port system from inhibition by DCCD [16, 17, 28]. In

order to prevent the possible protective effect of Na+ ions

on the Na+-ATPase, PM vesicles were pre-incubated with

DCCD for 15 min in the absence of Na+, after which

generation of ∆ψ across the vesicle membrane was

induced by sequential addition of ATP and Na+. In this

case the initial rate of ATP- and Na+-induced generation

of ∆ψ also increased, depending on concentration of

DCCD present in the reaction mixture (Fig. 2, a and b),

but the value of ∆ψ across the vesicle membrane generat-

ed by the Na+-ATPase decreased (Fig. 2, a and c).

Increase in the initial rate of ∆ψ generation indicates the

absence of DCCD inhibitory effect on Na+-ATPase. This

was confirmed by the results of experiments examining

ATP-hydrolase activity of this enzyme.

a b

Fig. 2. Effects of DCCD on electric potential generated by Na+-ATPase across the plasma membrane vesicles from D. maritima. The vesicles

were incubated (15 min, 22°C) in the standard reaction mixture containing DCCD, after which ∆ψ generation was initiated by sequential

addition of ATP and Na+ (as 10 mM Na2SO4). a) Kinetics of ∆ψ generation in the absence of DCCD (curve 1) and in the presence of 300 µM

of DCCD (curve 2). Dependence of the initial rate of ∆ψ generation (b) and the stationary value of the generated ∆ψ (c) on DCCD concen-

tration in the reaction mixture.
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The PM fractions from D. maritima catalyze ATP

hydrolysis in a wide pH range (Fig. 3). The Na+-stimulat-

ed increase in ATP hydrolysis reflects the ATP-hydrolase

activity of Na+-ATPase, maximum of which is observed at

pH 7.5-8.0 (Fig. 3a, curve 2). Pre-incubation of the PM

vesicles with DCCD prior to addition of ATP and Na+

does not cause significant changes in the value of the

Na+-stimulated increase in ATP hydrolysis (Fig. 3a, com-

pare curves 1 and 2 in pairs, curves 3 and 4; Fig. 3b). The

latter obviously indicates absence of the inhibition of

Na+-ATPase by this agent.

The decrease in the stationary value of ∆ψ generated

by the Na+-ATPase across the membrane of the vesicles

pre-incubated with DCCD can be explained by the

increase in ionic conductivity of the membrane resulted

from interaction of DCCD with some ion-transporting

protein in the PM from D. maritima other than the Na+-

ATPase. Possible candidates for this role are H+-ATPase

and/or Na+/H+ antiporter, which are also present in this

membrane [5, 29]. Both H+-ATPase and Na+/H+

antiporter can interact with DCCD [30-32].

The assumption that pre-incubation of PM vesicles

with DCCD leads to the increase of ionic conductivity of

the membrane was verified in the experiments, where

electric potential across the vesicle membrane was creat-

ed in an ATP-independent manner, in the form of a Na+-

or K+-diffusion potential, by introducing a cation and the

corresponding ionophore, sodium ionophore II (N,N′-

dibenzyl-N,N′-diphenyl-1,2-phenylenedioxydiacetamide)

(ETH157) for Na+ and valinomycin for K+, to the vesicle

suspension (Fig. 4).

DCCD added to the vesicles did not produce any

visible effect on the Na+-diffusion potential created

across their membranes prior to that (Fig. 4a). However,

if the vesicles were pre-incubated with DCCD before Na+

addition, the diffusion potential formed across the vesicle

membranes upon Na+ application rapidly and sponta-

neously decayed (Fig. 4b). In the case when K+-diffusion

potential was generated across the vesicle membranes

pre-incubated with DCCD, it was maintained for a long

period of time and decayed only when the protonophore

CCCP was introduced to the reaction mixture (Fig. 4c).

At the same time, the K+-diffusion potential generated

across the vesicle membranes pre-incubated with DCCD

decayed upon Na+ addition (Fig. 4d). These results allow

concluding that dissipation of the electric potential across

the vesicle membranes pre-incubated with DCCD

depends on the presence of Na+ in the reaction mixture.

It should be noted that in the described experiments

the transmembrane electric potential decayed due to the

exit of cations other than Na+ (or accordingly K+) from

the vesicle lumen. Since, in the presence of ETH157

(respectively, valinomycin), that provides high conductiv-

ity of the vesicle membrane for Na+ (or K+), the latter is

in the state of electrochemical equilibrium on both sides

of the vesicle membrane (“+” inside the vesicles) and,

a b

Fig. 3. pH-profiles of ATP hydrolysis catalyzed by the plasma membrane (PM) fractions from D. maritima and effects of DCCD. a) Standard

reaction mixture contained additionally. Curves: 1) 25 mM KNO3; 2) 25 mM NaNO3; 3) 25 mM KNO3, 100 µM DCCD; 4) 25 mM NaNO3,

100 µM DCCD. In the samples with DCCD, the vesicles were pre-incubated in the standard reaction mixture containing additionally DCCD

for 15 min prior to addition of Na+ and ATP. b) Na+-induced increase in ATP hydrolysis catalyzed by the PM fractions in the absence (curve

1) and in the presence of DCCD (curve 2).
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Fig. 4. Effects of DCCD on the Na+-diffusion potential and K+-diffusion potential generated across the plasma membrane (PM) vesicles from

D. maritima. Generation of ∆ψ across the vesicle membranes (“+” in the vesicle lumen) was initiated by introducing 10 mM Na2SO4 + 3 µM

ETH-157 (a, b) or 10 mM K2SO4 + 3 µM valinomycin (c, d). DCCD concentration in the reaction mixture was 100 µM. a) DCCD was added

after formation of the Na+- diffusion potential. b-d) PM vesicles were pre-incubated for 15 min in the standard reaction mixture containing

100 µM DCCD before the addition of remaining additives (10 mM Na2SO4 + 3 µm ETH-157 or 10 mM K2SO4 + 3 µM valinomycin). CCCP

protonophore (50 µM) (a, c) reverses differential absorption of oxonol VI to the initial level, which indicates decay of the formed ∆ψ.

d) Addition of 10 mM Na2SO4 leads to the decay of the formed ∆ψ.
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therefore, there are no driving forces for the exit of Na+

(or K+) from the vesicles. It is most likely that in this case

the excess of positive charge from the vesicle lumen is car-

ried away by a proton, and Na+-diffusion (or K+-diffu-

sion) potential serves as a driving force for its exit.

Obviously, the path of H+ leakage is formed due to inter-

action of DCCD with some protein(s) residing in the

vesicular membrane. This path is potential-dependent,

since the Na+-diffusion potential could be created across

the vesicle membranes pre-incubated with DCCD, and

the decay of the potential begins only when the certain

potential value is reached (Fig. 4b).

Thus, the obtained data indicate that: (i) D. maritima

Na+-ATPase is insensitive to DCCD, (ii) in the absence

of Na+ ions, DCCD interacts with some protein/proteins

of the vesicle membranes, (iii) Na+ protects this protein

from interaction with DCCD, (iv) interaction of DCCD

with this protein leads to the increase in H+ conductivity

of the vesicle membrane, and the latter requires the pres-

ence of Na+ ions, (v) transmembrane electric potential is

necessary for the DCCD-induced Na+-dependent H+-

conductivity of the membrane to be realized.

The most obvious assumption is that the observed

effects arise from the interaction of DCCD with the

Na+/H+ antiporter in the PM of D. maritima. The

antiporter is able to bind and transfer both Na+ and H+

through the membrane. Interaction with DCCD results

in preserving ability of the antiporter to transfer H+ but

not Na+. However, the presence of Na+ ion, probably

bound at a specific protein site, is necessary for H+ trans-

fer to occur. In other words, the electrically neutral

cation-exchanging Na+/H+ antiporter is transformed into

a potential-sensitive H+ uniporter when interacting with

DCCD.

The question remains why the initial rate of ATP-

and Na+-dependent potential generation across the

membranes of the vesicles pre-incubated with DCCD

increases (Fig. 2b), while DCCD does not stimulate

ATP-hydrolase activity of the Na+-ATPase (Fig. 3).

Possible explanation for this phenomenon may be

the following. Apparently, the Na+/H+ antiporter is not

the only protein in D. maritima PM that DCCD binds to.

DCCD can bind to the H+ pump operating in this mem-

brane. DCCD is known to inactivate H+-ATPase block-

ing proton translocation by this enzyme [15, 19, 30].

Thus, interaction of DCCD with the H+-ATPase (and

probably with certain ion channels also) leads to the

decrease in total proton conductivity of the membrane,

which, in turn, under experimental conditions, leads to

the decrease in ion (proton) leaks from the vesicle lumen

and increase of the electric potential generated across the

vesicle membranes when the Na+-ATPase is turned on.

As the certain values of ∆ψ are reached across the vesicle

membranes during the Na+-ATPase operation, the pro-

ton conductivity of the membranes increases sharply due

to increase in the proton conductivity of the Na+/H+

antiporter, which presumably is transformed as a result of

interaction with DCCD from the electroneutral cation-

exchange protein into the potential-sensitive H+-uni-

porter.

A primary Na+ pump, an electrogenic Na+ trans-

porting P-type ATPase operates in the plasma membrane

of the halotolerant microalgae D. maritima (Phylum

Chlorophyta, class Chlorophyceae), which is responsible

for Na+ homeostasis in this organism [5]. It was demon-

strated that this enzyme was insensitive to DCCD unlike

many other ion-transporting ATPases. DCCD did not

inhibit either ATP hydrolysis catalyzed by this enzyme or

its transport activity. Na+-ATPase of D. maritima was sim-

ilar to the Na+-ATPase of another halotolerant microal-

ga, Tetraselmis viridis (Chlorophyta, Prasinophyceae) in its

insensitivity to DCCD [4]. Previously, it was also shown

for the T. viridis Na+-ATPase that DCCD did not inhibit

this enzyme [8]. Insensitivity of the Na+-transporting

ATPases from two alga species to DCCD may reflect

structural similarity of these enzymes emerging from their

evolutionary proximity.
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