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Electric surface charge dynamics of unstacked broken chloroplasts at low-ionic strength were studied by
free-flow electrophoresis and aminoacridine fluorescence and binding changes over the temperature range
4-36°C. Both illumination and ATP hydrolysis in the dark cause a significant increase of net negative
surface charge. The light and dark electrokinetic ({) potentials have a broad temperature optimum between
20 and 36°C. The decline at lower temperature shows a transition at about 18°C. The ATP-induced increase
of the { potential requires preactivation of the ATPase and is dicyclohexylcarbodiimide sensitive.
Aminoacridine binding shows a quite different temperature dependence. At lower temperatures there is an
increased number of binding sites with a decreased affinity and the binding becomes positively cooperative. It
is demonstrated that aminoacridines aggregate to dimers upon binding to the membranes. This phenomenon
is stimulated by light and favoured at lower temperatures. The light-dependent extra binding increases
sigmoidally with increasing temperature, similar to the increase of { potential, but with a less abrupt
transition. The different effects of temperature on the electrokinetic and binding data are explained in terms
of surface charge screening in the electric double-layer of the thylakoid membrane.

Introduction

A light-induced increase of net negative surface
charge was observed by Nobel and Mel [1] and by
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Schapendonk et al. [2] by free-flow particle elec-
trophoresis. Quintanilha and Packer [3] detected
only small light-induced. changes and Nakatani et
al. [4] did not observe any light-induced increase
of surface charge in both intact and cation-de-
pleted chloroplast membranes, later attributed to
different chloroplast preparation procedures [2,5].
On the other hand, 9-amino-substituted acridine
probes interact electrostatically with the bound
negative charges of the chloroplast thylakoid mem-
brane, identified as protein carboxyl groups [2,5-9]
and a fair correlation was observed between the
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electrokinetic properties and the behavior of such
cationic probes, be it at a fixed temperature
[2,10-12].

If appreciable agreement of the free-flow elec-
trophoresis data and binding of these fluorescence
probes indeed exists, the latter would provide reli-
able monitors for the dynamic behavior of the
membrane-bound surface charges in kinetic stud-
ies. Rapid kinetics cannot be analyzed with the
former technique; single measurements with a
relatively fast version, described here, still require
5 s or more.

However, earlier work with the uncoupling
aminoacridine atebrin [13,14] indicated that the
binding of this compound increases upon lowering
the temperature. It is therefore of interest to in-
vestigate the two surface charge-indicating meth-
ods as a function of temperature, and also to
compare their possible temperature optima and
transition temperatures with those of other
energy-linked phenomena in chloroplast mem-
branes.

In this paper comparative studies are reported
on the electrokinetic ({) potential and the interac-
tion with different fluorescent aminoacridine
probes of unstacked broken chloroplasts at low-
1onic strength.

The effect of ATP hydrolysis on the { potential
in the absence of actinic light (thus excluding
direct thermal effects) is investigated as well.

A brief account of part of this work was pre-
sented in a proceedings paper [15].

Materials and Methods

Chloroplast preparation

Broken chloroplasts (without outer envelope
membranes) were prepared from spinach (Spinacia
oleracea 1..) leaves, obtained from local market
sources, according to a modification of the proce-
dure in Ref. 2. The isolation medium contained
345 mM sorbitol and 2 mM Tricine-NaOH buffer
(pH 8.0). Broken chloroplasts were obtained by
suspending the pellets in 1 ml of 2 mM Tricine-
NaOH (pH 8.0), for 1 min, after which 1 ml of 690
mM sorbitol and 4 mM Tricine-NaOH was added.
Chlorophyll concentrations were determined
according to Kirk [16].

Electrophoresis experiments

Electrophoretic migration of chloroplast popu-
lations was followed in a thermostated laterally
oriented quartz chamber (depth, 0.55 mm; height,
14.4 mm) connected to reversible Cu,/CuSO, elec-
trode compartments. The instrument used was a
modified Rank Brothers (Cambridge, G.B.) par-
ticle micro-electrophoresis apparatus Mark II, pro-
vided with a slowly-rotating prism system in the
observation path and a Philips TV monitor facili-
tating the rapid timing of electrophoretic migra-
tion of chloroplast populations. The particle mi-
cro-electrophoresis apparatus was equipped with
phase contrast optics and an actinic illuminator
providing red light (cut-off below 610 nm) with an
intensity of 22 mW -cm™? at the electrophoresis
chamber. The observation light was filtered by a
545 nm interference filter. In both cases the light
was also passed through a 1 cm cuvette containing
100 mM CuSO, to minimize heat convection cur-
rents. The objective was focussed on one of the
two predetermined stationary levels. The electrical
conductivities and viscosities of the electrophoretic
media at different temperatures were measured
with a conductivity meter (Philips PW 9501) in
conjunction with a conductivity cell (Philips PR
9512/01) and with an Oswald-type viscosimeter,
respectively. The electrophoresis medium (10 ml)
contained 345 mM sorbitol, 2 mM Tricine-NaOH
(pH 8.0), chloroplasts equivalent to 10 pg Chl-
ml ™', and in addition (in temperature dependence
studies) 20 pM methylviologen or (in ATP hydrol-
ysis studies) 0.25 mM MgCl,/1 mM di-
thioerythritol /5 pM PMS and different ATP con-
centrations. Electrophoretic mobilities were mea-
sured at constant current (50 wA) resulting in
electric field strengths between 15and 25 V- cm™ !,

Fluorescence and binding experiments
Aminoacridine fluorescence changes were mea-
sured front-face (0°) with a modified Aminco-
Chance spectrophotometer equipped with a multi-
purpose cuvette described elsewhere [17] and a
dichromatic mirror and filter combination (Zeiss
Ploemopak TK 455); the detector was an E.M.L.
9558 QC photomultiplier and the preamplified
signal was recorded by a Watanabe MC 641-4 Z
multichannel recorder. Actinic light was provided
from the bottom of the cuvette (1.8 ml) via a



fiber-optic light guide by a tungsten-halogen il-
luminator (250 W), filtered by a red filter, cutting-
off below 610 nm and a heat-absorbing filter
(Calflex-C) from Balzers, Liechtenstein. The light
intensity in the cuvette was 15 mW-cm™!, The
fluorescence and binding assay media contained
345 mM sorbitol, 2 mM Tricine-NaOH (pH 8.0),
20 pM methylviologen, different aminoacridine
concentrations (legends) and 40 pg Chl- ml~!, un-
less stated otherwise. The binding of aminoacri-
dines was determined in parallel experiments by
rapid filtration of the suspension from a 2 ml glass
syringe, equipped with a 1 cm filter holder con-
taining a Whatman GF /B glass fiber filter. For
dye adsorption to the filter assembly (negligible in
most cases) correction was made. This system al-
lows binding measurements both in darkness and
during illumination. Indirect binding data derived
from fluorescence quenching were in good
harmony with this more direct method.

Absorbance measurements

Corrected and difference absorbance spectra
were recorded on an Aminco DW-2a dual-wave-
length spectrophotometer, also equippped with the
cuvette mentioned above, and with an on-line
microprocessor (PDP 11-03, DEC)/minicomputer
(HP 1000) system.

Activation of ATP hydrolysis

The ATP hydrolysis activity of the membrane-
bound ATPase was triggered by a 2 min illumina-
tion period at saturating light intensity in the
presence of 0.25 mM MgCl,, 1 mM dithioerythri-
tol and 5 M PMS (cyclic electron flow). After a 1
min dark period different concentrations of ATP
were injected. In the controls (masked ATPase) the
same procedure was followed, except that pre-il-
lumination was omitted.

Electron microscopy

The chloroplast suspension used for the electro-
phoresis experiments were examined under the
electron microscope in order to inspect the state of
membrane appression. The procedure for fixation,
staining and embedding was as described by Gross
and Prasher [18]. The electron microscope was a
Zeiss EM 10A.
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Chemicals

All chemicals were of analytical grade. Di-
thioerythritol was obtained from Sigma and freshly
prepared for each experiment. ACMA was synthe-
sized according to the general recipes of Albert
[19].

Results
Free-flow electrophoresis studies

The electrokinetic potential at the hydrody-
namic plane of shear was determined by free-flow
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Fig. 1. Temperature dependence of the electrokinetic () poten-
tial and ACMA binding of unstacked thylakoid membranes
and the effect of energization by light. In the bottom part the
measured data are plotted; in the upper part the differences
between the light and dark values for { are given on an
expanded scale. Experimental conditions are given in Materials
and Methods. The specific medium conductivity increased lin-
early from 106 psiemens-cm~! at 4°C to 224 psiemens-cm !
at 36°C; the kinematic medium viscosity decreased non-lin-
early from 1.89-10 " N-s-m~2 at 4°C t0 0.84-10 "> N-s-m 2
at 36°C.
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particle electrophoresis of broken and unstacked
spinach chloroplasts (at low ionic strength) in dark
and light and as a function of temperature. The
results are shown in Fig. 1. Under these experi-
mental conditions (no Mg?" added, low-ionic
strenght) the values for the { potential vary be-
tween —50 and — 85 mV in the dark and between
—63 and —104 mV in the light, in the tempera-
ture range of 4-36°C. When these data are put
into an Arrhenius plot (Fig. 2) major phase transi-
tions seem to occur at 12°C (dark) or 17°C (light);
on the whole it rather shows a gradual activity
change. In Fig. 1 (top) the light minus dark values
indicate a transition temperature at about 19°C
for the light-induced increase of net negative
surface charge. This would be in line with earlier
observed transitions in a variety of energy-linked
chloroplast activities [13,14,20]. The { potentials
shown in this work are higher than those previ-
ously reported [2} due to the absence of added
Mg?™ ions in the isolation and incubation media.
For the same reason the light-induced increase of
¢ potential is smaller since at the low endogenous
Mg?* concentration electron transfer and mem-
brane energization are less efficient [21].

For the interpretation of these data it is im-
portant to know what is the state of thylakoid
membrane appression (stacking) because mutual
charge screening by appressed membranes un-
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Fig. 2. Arrhenius plot of dark and light { potentials of un-
stacked thylakoid membranes. Data derived from Fig. 1; on the
ordinate the °log of the absolute values of ¢ are plotted.

doubtedly influences the net charge detected in the
hydrodynamic plane of shear around the particles.
We have examined the chloroplast preparation
used in this study by electron microscopy accord-
ing to Gross and Prasher [18] and observed that
the thylakoid membranes were essentially
unstacked and loosely arranged in parallel or com-
pletely separated. The membranes were also un-
stacked in the presence of 0.25 mM MgCl,, used
in the experiments on the effect of ATP (see
below). Stacking reappeared to some extent after
addition of 1.5 mM MgCl,.

Some other control experiments (not shown)
were the following. In the absence of electron flow
and/or membrane energization illumination does
not cause a change of { potential by itself [2]. The
electrophoresis cuvette is completely submerged in
the circulating thermostate fluid and neither actinic
nor observation light cause a detectable rise in
temperature (measured with a micro temperature
sensor). The dark ATP effects (below) further ex-
clude direct thermal effects as the cause of poten-
tial changes. In one case we have tested cyclic
photophosphorylation activity in the rather dilute
chloroplast suspension before and after the elec-
trophoresis procedure (5 min) and did not observe
any impairment due to this treatment.

If the light-induced increase of { potential is
indeed the result of a charge rearrangement associ-
ated with membrane energization, rather than the
direct consequence of electron flow [1,4], ATP
hydrolysis in the dark should also been able to
produce this effect, although we may not expect
that the extent is as large as that induced by
electron flow since the ‘energy pressure’ will be
smaller in the former case [6,8]. Fig. 3 indeed
demonstrates that in the presence of ATP hydroly-
sis there is a small but significant increase of ¢
potential, which is dependent on the preactivation
of the ATPase enzyme [22]. The increase of ¢
potential in the controls (masked ATPase) is prob-
ably due to the introduction of additional negative
charges by ATP itself and/or by its association
with residual membrane-bound Mg?* ions (0.25
mM MgCl, was present here) in the diffuse dou-
ble-layer. Note also that ATP also significantly
alters the medium specific conductivity (legend
Fig. 3). The energy transfer inhibitor DCCD pre-
vents the ATP-induced increase of { potential after
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Fig. 3. ATP hydrolysis-dependent increase of { potential of
unstacked thylakoid membranes in the dark. Bottom, measured
data in the presence of activated and masked (control) ATPase
enzyme; top, difference on expanded scale; Ao and a, data of
activated ATPase plus 5 and 20 pM DCCD, respectively
(DCCD had no significant effect on control values). The tem-
perature was 20°C; further experimental details in Materials
and Methods. The specific medium conductivities at 0, 0.125,
0.25, 0.5 and 1.0 mM ATP were 165, 200, 244, 322 and 494
usiemens-cm !, respectively.

triggering the ATPase, but did not significantly
change the potentials of the controls. Additional
control experiments in the presence of 1 mM ADP
or 1 mM inorganic phosphate did not show signifi-
cant changes either. The combination of these
compounds and light (phosphorylating conditions)
slightly lowered the light values, as expected from
the partial membrane deenergization in this case.

The { potentials in Fig. 3 are lower than that in
Fig. 1, at 20°C. This is due to the partial charge
screening by the Mg?™ ions, required in the ATP
hydrolysis experiments, but as said before, this is
not accompanied by membrane stacking (at 0.25
mM MgCl,).

Among different chloroplast membrane pre-
parations, the standard deviations of the electro-
phoresis data never exceeded 3% at a given tem-
perature.
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Aminoacridine interaction studies

The fluorescence quenching occurring im-
mediately after addition of aminoacridine probes
to negatively charged membranes and its energy-
dependent enhancement are plausibly explained
by the electrostatic interaction of these cationic
probes with the external surface-bound charges
[2,4,10-12]. The binding of aminoacridines to
chloroplasts, defined as the sum of electrostatic
and hydrophobic interaction and internal uptake,
goes hand in hand with the fractional quenching
of the initial fluorescence signal. At low ionic
strength and in the absence of multivalent cations
this binding is largely determined by the electro-
static interaction [4,6] so that under these condi-
tions amioacridine fluorescence and binding
changes can be considered as measure of the
surface charge density at the average distance of
the acridine moiety to the membrane surface [2].
The ‘surface potentials’ thus measured with fluo-
rescent aminoacridine probes are higher than the
potentials experienced in the plane of shear (at a
larger average distance) but the results of both
approaches go hand in hand under comparable
conditions (same medium and temperature)
[2,11,12].

However, if the temperature is changed,
aminoacridine binding does not follow the ¢
potential change. This is shown in Fig. 1 for the
probe ACMA. Binding of ACMA in the dark
linearly decreases with increasing temperature
while the dark { potential increases with a typical
saturation profile. At the used low concentration
of ACMA this compound is almost completely
bound in the light; binding decreases from 99% at
4°C to 96% at 30°C, then rather sharply declines
at higher temperatures. The net light-dependent
ACMA binding (Fig. 1, top) increases sigmoidally
with increasing temperature, not showing the sharp
transition observed in the { potential change.

The kinetics of the light-induced fluorescence
quenching and dark relaxation of an-analogous
compound, atebrin, show clear temperature transi-
tions at about 19°C [13]; this is also observed for
ACMA (not shown).

In order to find a possible reason for the ap-
parent lack of correlation between the two
‘surface-potential’-indicating methods when the
temperature is changed, we have studied the light-
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Fig. 4. Light-induced atebrin binding characteristics and its
uncoupling effect in broken chloroplasts at different tempera-
tures. The medium contained 50 mM NaCl/50 mM KCl/0.3
mM MgCl, /1 mM ADP/3 mM KH,PO,/2 mM Tricine
buffer (pH 8.0)/20 uM pyocyanine/30 pg Chl-ml~!. (A)
Binding data; (B) determined values for the number of binding
sites (n), the K and I, (see text).

induced binding of several aminoacridines as func-
tion of temperature and probe concentration. An
example is given for atebrin in Fig. 4, but other
derivatives like ACMA behave qualitatively simi-
lar. Binding titrations clearly show that the num-
ber of atebrin binding sites (n) increases and that
the binding becomes positively cooperative in na-
ture (cf. sigmoidal curves in Fig. 4A) at lower
temperatures. Fig. 4B shows that both n, the K
for binding and also the atebrin concentration
giving half-maximal inhibition of ATP synthesis
(I5y) decrease in parallel with increasing tempera-
ture. Possible temperature transitions occur at
about 18°C. In this experiment a different medium
[15] was used to allow simultaneous photophos-
phorylation measurements. The increased and
positively cooperative aminoacridine binding sug-
gests that another process in addition to electro-
static interaction (and uptake) contributes to their
binding to the thylakoid membranes. In line with
earlier studies with acridine orange and neutral red
[12,23] this process may be related to the con-
centration-dependent molecular aggregation, long
known for this family of dyes [24,25]. Such aggre-
gation will most likely be facilitated at lower tem-
peratures. Fig. 5 shows that this assumption is
probably correct for the case of acridine orange.
This dye has the advantage that dimer formation
can be followed by the appearance of its character-
istic fluorescence at 620 nm. The fluorescence at
620 nm increases both upon energization and at
lower temperatures. At very high acridine orange
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O 20 40 60 80 100 4 12 20 28
Acridine orange (M) Temperature (°C)
Fig. 5. Light and temperature dependence of acridine orange
dimer formation in broken and unstacked chloroplasts. Reac-

tion conditions were as in Fig. 1. (A) Concentratioan depen-
dence; (B) temperature dependence at 50 pM acridine orange.

concentration dimer fluorescence decreases again,
possibly due to the formation of higher-order ag-
gregates. The total binding of this dye follows the
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Fig. 6. ACMA absorbance spectra in the absence and presence
of illuminated chloroplasts at different probe concentrations
and temperatures. The reaction medium was as in Fig. 1. The
control (uppermost) spectrum was recorded in the absence of
chloroplasts (versus medium) at 24°C; in this case the indicated
AA4 is 0.1. All other spectra (A4 =0.01) represent the dif-
ference of (ACMA + chloroplasts) minus chloroplasts. ACMA
concentrations and temperatures as indicated.



same pattern as that of atebrin (cf. Fig. 4). The
acridine orange monomer fluorescence is quenched
more rapidly than the dimer fluorescence ap-
pearance upon illumination [12] indicating that
electrostatic attraction preceeds the slower aggre-
gation.

Such a specific dimer or multimer fluorescence
is not observed with ACMA (and atebrin) but we
have demonstrated dimer formation of ACMA
upon association with chloroplast membranes by
the characteristic change of the absorbance spec-
trum in the visible region, as earlier shown for
similar compounds [24,25]. This experiment is
shown in Fig. 6 in which the corrected absorbance
spectra of ACMA are recorded at 4 and 24°C and
at different probe concentrations in the presence
of illuminated chloroplasts. Compared to the con-
trol ACMA spectrum (24°C, no chloroplasts), top
curve in Fig. 6, these spectra show a decrease at
the major 409 nm band, giving way to the 392 nm
and 427 nm bands. This behavior is associated
with dimer formation [19,24,25], which is indeed
more obvious at the lower tempeorature. The peak
separation is less pronounced at 80 uM ACMA
(dotted curves), comparative to acridine orange at
higher concentrations (cf. Fig. 5).

Discussion

In this work we have studied some dynamic
properties of the chloroplast thylakoid membrane
eharges by free-flow electrophoresis and by
aminoacridine probe adsorption at different tem-
peratures. The negative charges at the outer surface
of these membranes are mainly derived from pro-
tein carboxyl groups [2,4,5] and these interact with
medium counterions to form a diffuse double-layer.
The formation of this double-layer is influenced
by Coulombic forces and thermal motion. At very
low temperatures (negligible thermal motion) an
extremely compact double-layer would form and
hardly any electrokinetic potential would be expe-
rienced in the hydrodynamic plane of shear, as
argued by Mysels [26]. However, within the tested
temperature range (4-36°C) thermal motion will
not be a major factor. At the lower end of this
temperature range we observe a decreased electro-
kinetic potential, similar to the charge-screening
effect of added multivalent cations. This suggests
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that the electrostatic interaction between mem-
brane surface and residual cations is favoured at
lower temperatures, besides a minor contribution
of a somewhat decreased thermal motion [26].

A significant complication of measurements of
this type is presented by the fact that we have no
direct information on the surface conductivity of
the membrane particles. The electrophoretic mo-
bility of a particle in suspension depends on the
ratio of the conductivities of particle and medium
[27]. The higher the particle conductivity, the lower
the mobility in an electric field. For the case that
the radius of the particle is much greater than the
thickness of its surrounding double-layer of coun-
terions, the Helmholtz-Von Smoluchowsky equa-
tion [2,26,29] turns into Henry’s equation:

e

CS
)
where u represents the electrophoretic mobility, e
the permittivity, and ¢, and ¢, the conductivities
of the particle surface and medium, respectively.
Thus, the decrease of { potential at lower tempera-
tures might be due in part to a decrease of the
ratio ¢./2c¢,,.

We have not considered it appropriate at this
stage to express the electrokinetic data in terms of
surface charge density. Haydon [30} states that the
transformation of { potential into surface charge
density requires the assumption that the particle
surface is impermeable to ions which is obviously
not the case for chloroplasts and other biological
membranes. Under conditions of low ionic strength
as in our experiments this assumption is of minor
importance. However, we remain with the uncer-
tainty whether we have to consider the broken
chloroplasts as single particles, in which case the
correction term (1 +c,/2¢,,)”' must be applied
[27], or as a bunch of small vesicular or ruffled
structures with radii of the same order of magni-
tude as the double-layer thickness.

Membrane surface dynamics is functionally sig-
nificant and not appropriately accounted for in
the usual equations [2,26,29-31]. Although they
yield appreciable information for simple model
systems, where statistical numbers of mobile ions
are of major importance, more detailed knowledge
about the nature of the thylakoid mebrane surface

u=
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is required for the adequate corrections of such
equations [28,32-35]).

In addition, it is noteworthy that most theoreti-
cal considerations in membrane physics visualize
the surface charges as smeared out over the lateral
plane of the membrane, whereas the identification
of the negative charges generating the { potential
in chloroplasts with protein carboxyl groups [2,4]
strongly suggests that these charges would rather
exist in discrete domains (patches). The energy-de-
pendent occlusion of positively charged amino
groups on the ATPase protein [7] will also contrib-
ute to the observed net increase of negative charge
at the external surface.

The energy-dependent binding changes of
aminoacridines to thylakoid and other biological
membranes, as monitored by fluorescence quench-
ing, can be used as a measure for surface charge
and changes thereof [2,4,10,13]. At fixed tempera-
ture such data provide qualitatively the same in-
formation as free-flow electrophoresis. The former
technique has the advantage over the latter in that
it can be used in kinetic experiments. Recent stud-
ies of the { potential in yeast cells showed that the
values for this potential constitute a constant frac-
tion of the surface potential experienced by the
monovalent cation carrier [11]. This relation also
holds at fixed temperature.

The results presented here demonstrate that at
varying temperature the correlation between the
electrophoresis and fluorescence (or binding)
methods does not hold. The partly counteracting
temperature dependence of the binding of
aminoacridines can be explained by their more
effective participation in charge screening at lower
temperatures. The number of aminoacridine bind-
ing sites increases with decreasing temperature,
but their affinity decreases as well (Fig. 4). The
increased binding at lower temperatures and by
illumination or ATP hydrolysis [6] is facilitated in
addition by their aggregation when high local con-
centrations are formed at the membrane surface.
In a recent paper Huang et al. [36] also demon-
strated that ACMA interaction with sub-
mitochondrial membranes is associated with non-
fluorescent complex formation. These authors also
showed by fluorescence polarization of atebrin
that dyes of this type are maximally immobilized
below 15°C.

The results on aminoacridine aggregation plau-
sibly explain their apparently anomalous behavior
with respect to the surface charge in the mem-
brane-medium interface.

In order to arrive at quantitative determination
of the actual surface charge density of thylakoid
and other biological membranes by fluorescence
probes, also in kinetic studies, it is necessary to
calibrate the signals at any temperature and ionic
composition of the medium used. The average
membrane-probe distance is also a parameter that
should be taken into account. Work is now in
progress in which we attempt to perform such
calibrations with a family of hydrophobically
bound dyes [cf. 37] with varying spacer groups
between the membrane and the fluorophore.
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