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Abstract

We present a method for measuring the transmembrane pH difference (DpH ¼ pHin � pHout) in chloroplasts with a spin label
TEMPAMINE (4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl) accumulating inside the thylakoids in response to generation of

DpH. Experiments with chloroplasts suspended in the media of different osmolarity demonstrated that most of TEMPAMINE (TA)
molecules taken up by chloroplasts were localized in the bulk of the thylakoid lumen. The DpH value was determined from the

relationship DpH ¼ lgð½Hþ�in=½Hþ�outÞ ffi lgðCin=CoutÞ, where Cin and Cout are the concentrations of TA inside and outside the

thylakoids, respectively. To quantify the internal concentration Cin, we used the threshold nature of the concentration-dependent
broadening of the EPR signal from TA. It was demonstrated that spin-exchange interactions between TA molecules caused an

observable broadening of the signal only when the concentration of TA exceeded the threshold level, ½TA�# 	 2:0–2:2mM. The
concentration dependencies of the signal parameters (the peak-to-peak amplitude, App, and the linewidth, DHpp) were described
within a model of the non-homogeneous broadening of an unresolved hyperfine multiplet from the protons of TA molecule. If the

concentration of TA inside the thylakoids went beyond the threshold level, the spin-exchange broadening of the EPR signal was

accompanied by a reversible decrease in the signal height (parameter DA). By measuring the signal behavior at different levels of
microwave power, we were able to discriminate between the line broadening effects caused by concentrating TA molecules inside the

thylakoids or the light-induced changes in the concentration of oxygen. We developed a general algorithm for determination of the

DpH value and the internal volume of thylakoids, Vin, from the non-linear dependence of parameter DA on the concentration C0 of
TA in a chloroplast suspension. Advantages of this method are: (i) it avoids the use of a broadening agent; (ii) it allows the internal

volume of thylakoids to be evaluated; and (iii) the concentrations of TA used to measure the DpH are below the range of con-

centrations that could cause the uncoupling electron transport to ATP synthesis in chloroplasts. Results of our measurements are

consistent with the literature data on DpH determinations by other methods.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The transmembrane difference in electrochemical

proton potentials, DlHþ , is one of the most important

parameters of membrane bioenergetics [1–5]. The two

components of the proton potential, DpH and Du, can
serve the role of the driving force to actuate the opera-
tion of the ATP synthase machinery. The question

whether these components are equivalent thermody-

namically and kinetically is still open [6–9]. It is com-
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monly believed that in chloroplasts, in contrast to

mitochondria and bacteria, the DpH value (DpH ¼
pHout � pHin) provides the main contribution to the
proton potential DlHþ [1–5]. However, there is no con-

sensus in the literature about the DpH values in chlo-

roplasts [6–9]. Thus, the question �How acidic is the

lumen?� [8] is still valid for bioenergetics.
Quantitative determination of DpH in chloroplasts is

not a trivial task because of small internal volume of

thylakoids. The two most frequently used methods for

DpH measurements in energy-transducing organelles

(chloroplasts, mitochondria, and chromatophores)

are based on pH-indicating probes. These methods
erved.
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are: (i) the calculation of DpH from the partitioning of
permeable amines between the inner volume of the

vesicles and the suspending medium [7,10–15] and (ii)

the measurement of the spectral response of pH-sensi-

tive indicators loaded into the vesicles [16,17]. An amine

distribution technique is based on the assumption that

the partitioning of probing molecules is determined by

the ratio of hydrogen activities inside and outside the

vesicles. Unfortunately, many of the widely used mo-
lecular indicators of DpH (e.g., 9-aminoacridine, neutral
red [18–20]) are inadequate probes for measuring the

bulk-to-bulk phase DpH in chloroplasts because of their
interaction with thylakoid membranes. According to

[19], the binding of pH-indicating molecules to the

membrane can lead to essential overestimations of DpH
(up to 1–1.5 pH units).

The purpose of this paper was to provide the
background and to develop a new method for DpH
measurements in chloroplasts with a spin label

TEMPAMINE (4-amino-2,2,6,6-tetramethylpiperidine-

1-oxyl). EPR spin-probes have already demonstrated

their potential for monitoring the intrathylakoid pH

(pHin) in chloroplasts [13–15,21–29]. The water-soluble

spin label TEMPAMINE (TA) can be used to measure

the intrathylakoid pHin, because TA molecules are
taken up by chloroplasts in response to acidification of

the thylakoid lumen. An obvious advantage of using

pH-sensitive spin probes is that their EPR spectra

usually are not masked by the EPR signals from

electron transport components. There are indications

that TA does not bind to the thylakoid membrane

[13,21–23]. It should be noted, however, that the ro-

tational motion of TA in the thylakoid lumen is slo-
wed down by a factor of about 10 relative to the

external bulk phase [21–29]. According to [22], the il-

lumination of chloroplasts caused additional hindrance

to TA rotation inside the thylakoids. This result might

indicate the interaction of TA with the membranes

and/or other constituents of thylakoids, being a chal-

lenge to TA as a probe for quantifying the bulk-to-

bulk DpH. In this work, in order to prove that most of
TA molecules taken up by chloroplasts were localized

in the bulk of the thylakoid lumen, we investigated the

interaction of TA molecules with chloroplasts sus-

pended in media of different osmolarity. It has been

demonstrated that the majority of TA molecules ac-

cumulated inside the thylakoids are localized in the

osmotic volume of the thylakoids, i.e., in the bulk of

the thylakoid lumen.
Similar to other penetrating amines [10–12], the

steady-state ratio of TA concentrations inside and out-

side the thylakoids (Cin and Cout), should be determined
by the ratio of hydrogen ion activities inside, ½Hþ�in, and
outside, ½Hþ�out, the thylakoids:

þ þ
Cin=Cout ¼ ð½H �in þ KaÞ=ð½H �out þ KaÞ; ð1Þ
where Ka is the equilibrium constant of the reaction of
TA protonation (THþ $ TþHþ). The pKa value for

TA molecules is about of 8.9 [30], while the external

pH0 is usually held below 8.0–8.5, i.e., Ka6 ½Hþ�out6
½Hþ�in. Therefore, the DpH value can be determined

as

DpH ¼ lgð½Hþ�in=½H
þ�outÞ ¼ lgðCin=CoutÞ: ð2Þ

In order to calculate the internal concentration Cin, it is
necessary to quantify TA molecules inside the thylak-

oids and to determine the internal volume of thylak-

oids, Vin. A relatively small EPR signal from TA

molecules localized inside the thylakoids can be visu-

alized by broadening the background signal from ex-

ternal TA molecules with the membrane-impermeable
paramagnetic agents [13,21–29]. Therefore, the light-

induced uptake of TA by thylakoids could be detected

as an enhancement of the �internal� EPR signal. How-

ever, the accuracy of this method is restricted by very

low concentrations of spin label (�2:5–5lM) that
should be used to avoid the concentration-dependent

broadening of the �internal� EPR signal [25]. It turns

out, however, that the broadening effect provides the
possibility to quantify the concentration of TA inside

the thylakoids without using a broadening agent

[26–28].

In the present report, we describe a method for

measuring the internal concentration of TA (Cin) which
is based on the effect of spin-exchange broadening of the

EPR signal from TA molecules concentrated in the

thylakoid lumen [27–29]. The measurements of the
internal volume Vin are often complicated because thy-
lakoids are good osmometers with variable volumes [10–

12]. However, contrary to conventional methods for

measuring DpH with penetrating amines, our method

allows the value of DpH to be determined without

knowing the internal volume of thylakoids. It is also

important that concentrations of TA used to measure

DpH are below the concentrations of TA that could
cause an essential influence on photophosphorylation in

chloroplasts [22,31].
2. Experimental

2.1. Chloroplasts

Bean plants (Vicia faba) were grown in a greenhouse

at a growth temperature of 20 �C. Class B chloroplasts
were isolated from 2- to 3-week-old leaves as described

earlier [38]. Isolated chloroplasts (ac. 4–5mg chloro-

phyll/ml) were suspended in a medium containing

50mM sucrose, 2mM MgCl2, 5mM Pi, and 15mM

Hepes–NaOH (pH 8.0). The osmolarity of the sus-

pending medium was changed by variation of sucrose
concentration (20–500mM). 20 lM methyl viologen



Fig. 1. EPR signals of TEMPAMINE: (a) suspending medium without

a broadening agent; (b) suspending medium in the presence of 15mM

chromium oxalate; (c) chloroplast suspension in the presence of 15mM

chromium oxalate; and (d) difference EPR signal (spectrum c) spec-
trum b). Concentration of chloroplasts was equivalent to 10 lM re-

action centers P700. EPR signals of TEMPAMINE (1.0mM) were

recorded at microwave power 10mW and modulation amplitude 0.5G.

Spectrometer receiver gain was equal to 102 (spectrum a) or 5 103
(spectra b and c).
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(MV) was used as a mediator of non-cyclic (pseudo-
cyclic) electron transport from water to oxygen, which

involved two photosystems (H2O! PS2! PS1!MV

! O2). Cyclic electron transport around photosys-

tem 1 was mediated by an artificial electron cofac-

tor phenazine methosulphate (PMS) in the presence of

3-(3,4)-dichlorophenyl-1,1-dimethylurea (DCMU), an

inhibitor of photosystem 2.

To visualize the EPR signals from TA molecules
localized inside the thylakoids, we used the broadening

agent chromium oxalate. Chromium oxalate (CrOx)
was synthesized according to [54]. It is noteworthy that

most authors used fairly high concentrations

(P40–80mM) of a broadening agent (CrOx or potas-
sium ferricyanide) to visualize intrathylakoid TA mol-

ecules [21–24,29]. However, it was demonstrated earlier

[27,28] that penetration of CrOx molecules into the
thylakoid lumen caused a certain broadening of the

�internal� signal when the concentration of CrOx ex-
ceeded 15–20mM. To minimize the influence of CrOx
on the �internal� EPR signal, we added CrOx at con-
centrations not higher than 15mM. In this case, the

�external� EPR signal was markedly broadened,

whereas the �internal� EPR signal was practically un-

affected by CrOx [26,27].

2.2. EPR measurements and processing the EPR data

The conventional EPR spectra (first harmonic ab-

sorption in phase, 100 kHz field modulation) were

measured with a Varian E-4 X-band spectrometer

equipped with a variable temperature controller.

Samples were placed into a thin-walled gas-permeable
capillary made of methylpentane polymer (TPX, [34])

or into a standard Varian quartz cell. All the mea-

surements were performed at room temperature

(20–22 �C). EPR spectra of TA were recorded at

subsaturating microwave power (61–10mW). The in-

tensity of the EPR signal was determined by double

integrating the digitized EPR spectrum. As a stan-

dard we used a spin label solution of a known
concentration.

2.3. Rotational correlation time

Apparent correlation time sc was used to characterize
the rotational mobility of TA, which EPR spectra re-

vealed three relatively narrow symmetrical lines (corre-

sponding nearly isotropic nanosecond rotation, S6 0:4).
The empirical correlation time sc was calculated from
the following formula [45]:

sc ¼ 0:673 10�9DH0½
ffiffiffiffiffiffiffiffiffiffiffiffi
I0=I�1

p
� 1� ðsÞ; ð3Þ

where DH0 is the midfield peak-to-peak linewidth; I0,
and I�1 are the peak-to-peak heights of the mid- and
high-field components of the spectrum, respectively.
3. Results

3.1. TEMPAMINE partitioning in thylakoids

TEMPAMINE molecules easily penetrate inside the

thylakoids, partitioning between the thylakoid lumen

(�internal� volume) and the bulk of chloroplast suspen-
sion (�external� volume). Spin label molecules localized
inside the thylakoids were visualized by broadening the
EPR spectrum of TA molecules outside the thylakoids

(�external� EPR signal) with the membrane-impermeable
paramagnetic compound chromium oxalate (CrOx).
Closed thylakoid membranes maintain their barrier

functions for CrOx, precluding the broadening of the
EPR signal from TA inside the thylakoids.

The first-derivative EPR spectrum of TA in a chlo-

roplast-suspending medium (Fig. 1, spectrum a)



Fig. 2. Difference EPR signal of TEMPAMINE (1.0mM) in a chlo-

roplast suspension containing 100 or 500mM sucrose as indicated. (a)

Spin label was added after 15min of chloroplast incubation at 4 �C. (b)
Spin label was added after 12 h of chloroplast incubation at 4 �C. Other
experimental conditions as in Fig. 1.

Fig. 3. Effects of sucrose on the internal volume Vin of thylakoids (a)
and the apparent rotational correlation time sc of TEMPAMINE in-
side the thylakoids (b). Experimental conditions as in Fig. 2.

260 B.V. Trubitsin, A.N. Tikhonov / Journal of Magnetic Resonance 163 (2003) 257–269
represents a triplet given by the nitroxide radicals rap-
idly tumbling ðsc ffi 4 10�11 sÞ in polar surroundings.
The isotropic hyperfine structure constant aiso ¼ 16:9G
is typical of TA radicals in aqueous solutions [32]. Ad-

dition of the paramagnetic compound (15mM CrOx)
caused an essential broadening of this signal (Fig. 1,

spectrum b). When CrOx was added to a chloroplast
suspension, the EPR signal (Fig. 1, spectrum c) repre-

sented the superposition of two signals, one of them was
the broadened triplet from TA molecules localized out-

side the thylakoids, while the other signal was the triplet

of narrow lines given by TA molecules localized inside

the thylakoids (�internal� EPR signal). In order to obtain
the �internal� signal (Fig. 1, difference spectrum d), we

subtracted the �background� spectrum b (a buffer solu-

tion without chloroplasts) from the total spectrum c

(chloroplasts + buffer). Before the subtraction proce-
dure, the intensity of the broadened background spec-

trum (Fig. 1, spectrum b) was corrected, so that the line

wings of the background signal were adjusted to the line

wings of the total spectrum (Fig. 1, spectrum c). This

protocol allows pure �internal� spectra to be extracted
without the contribution of the background �external�
signal. Actually, in the wing regions of the broadened

background spectrum, the contribution of the narrow
lines of the �internal� signal was negligible. Therefore, the
subtraction of the properly fitted background spectrum

from the total spectrum should give three lines of the

�internal� signal without traces of the background signal.
The residual EPR signal (Fig. 1, spectrum d) can be

attributed to TA molecules localized in the aqueous

phase of chloroplast osmotic volume (the thylakoid

lumen). This conclusion follows from two observations:
(i) the difference spectrum was characterized by the

isotropic hyperfine splitting constant aiso ¼ 16:9G,
which was typical of the nitroxide radicals in a polar

surroundings and (ii) the intensity of the difference

signal decreased with the rise in the osmolarity of a

suspending medium (Figs. 2 and 3).

The shape of the �internal� signal (Fig. 1, spectrum d)
differed from the shape of the �external� signal (Fig. 1,
spectrum a), indicating the hindrance to TA rotation in

the thylakoid lumen. Similarly to earlier observations

[13,21–29], we found that the rotational mobility of TA

inside the thylakoids, described in terms of the apparent

correlation time sc, was retarded by a factor of about 10,
as compared to TA localized outside the thylakoids.

There might be two reasons for slowing down the ro-

tation of TA inside the thylakoids: (i) high viscosity of
the aqueous medium inside the thylakoids and/or (ii)

interactions of TA with the internal surface of the thy-

lakoid membrane (e.g., TA binding or anchoring to the

membrane). In order to discriminate between these

factors, we investigated how variations of the internal

volume of thylakoids could influence the rotational

mobility of TA inside the thylakoids.
3.2. Effects of osmolarity on the internal volume of

thylakoids

The intensity of the �internal� EPR signal should be

proportional to the osmotic volume of thylakoids, Vin.



Fig. 4. (a) The low-field line of the EPR signal of TEMPAMINE

(0.3mM) in a bean chloroplast suspension. Solid lines show spectra

recorded either in the dark or during illumination, as indicated.

Dashed line represents the normalized EPR signal recorded during

illumination of chloroplasts: the amplitude of this signal is increased

up to the amplitude of the signal recorded in the dark. (b, c) Nor-

malized EPR signals recorded at different concentrations of TEMP-

AMINE in water.
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The ratio of the internal volume Vin to the total volume of
a chloroplast suspension, V, was determined as Vin=V ¼
Idif=It, where Idif denotes the double-integral intensity of
the �internal� signal and It is the intensity of the total EPR
signal in a chloroplast suspension without CrOx. Fig. 2
demonstrates that after extended incubation of chlorop-

lasts (12 h at 4 �C) in the high-osmotic medium (500mM
sucrose) the intensity of the �internal� signal decreased
substantially compared to chloroplasts incubated in the
low-osmoticmedium (100mMsucrose). Fig. 3 shows that

the internal volume of thylakoids Vin accessible for TA
molecules decreased by a factor of 2.5. Similar changes in

the osmotic volume of spinach thylakoids were observed

earlier with the use of penetrating radioactive amines or
3H2O [10–12]. The long-term incubation of chloroplasts

at 100mM sucrose caused only an insignificant decrease

in the Vin. A certain decrease in the intensity of the �in-
ternal� signal observed at low concentrations of sucrose
(<100mM) can be accounted for by the loss of the thy-

lakoid membrane integrity due to osmotic shock. After

short incubation of chloroplasts (15min at 4 �C), the in-
tensity of the signal was the same in the wide interval of

sucrose concentrations (from 20 to 500mM). This result

can be explained by a rather slow shrinkage of thylakoids

in response to the rise in osmotic pressure.

3.3. Effects of osmolarity on the mobility of TEMP-

AMINE

For TA molecules located outside the thylakoids, we

observed a certain increase in the rotation correlation

time sc with the rise in the concentration of sucrose
(Fig. 3b). This is explained by the increase in the vis-
cosity of a suspending medium. In contrast to TA in the

external bulk phase, the rotational mobility of TA inside

the thylakoids was practically independent of a sucrose

concentration (100–500mM) in the suspending medium.

Fig. 2 demonstrates that the shape of the �internal� signal
did not change even after the incubation of chloroplasts

for 12 h at 500mM sucrose, when the osmotic volume of

thylakoids was decreased by a factor of 2–2.5 (Fig. 3a).
In the rather wide interval of sucrose concentrations

(100–500mM), the sc values were equal within error
ðsc 	 4 10�10 s) for chloroplasts incubated either for
15min (Fig. 3b, open triangles) or 12 h (Fig. 3b, solid

triangles). Thus, we did not observe essential slowing

down of TA rotation with osmotically induced shrink-

age of thylakoids. Under the low-osmotic conditions

(<50mM sucrose) we observed a certain decrease in the
sc value that might be associated with the partial loss of
the thylakoid integrity due to osmotic shock.

3.4. Light-induced uptake of TEMPAMINE by thylakoids

The light-induced accumulation of TA inside the

thylakoids can be detected either from the enhancement
of the �internal� signal [21–23,25,26] or from the line
broadening effect caused by the increase in the internal

concentration of TA [24–28]. In this work, we used the

latter approach because it enabled us to quantify the

internal concentration of TA in the absence of external

broadening agents and without knowing the internal

volume [26–28]. Fig. 4a shows that the illumination of

chloroplasts caused the broadening of the EPR line,

characterized by decreasing the peak-to-peak amplitude
(parameter DA) and a concomitant gain of the line
wings. Similar broadening of the signal was observed

with the rise in the concentration of TA in water (Figs.

4b and c). The light-induced broadening of the EPR

signal in a chloroplast suspension (Fig. 4a) was associ-

ated with the uptake of TA by thylakoids. Actually, this

effect was not observed in the presence of uncouplers



Fig. 5. Light-induced changes in the height of the EPR signal from

0.3mM TEMPAMINE in a suspension of bean chloroplasts. Magnetic

field was fixed at the low-field peak of the signal shown in Fig. 4 by

asterisk. Microwave power was either 1 or 10mW, as indicated. The

initial amplitude of the signal recorded at 1mW was normalized to the

signal amplitude at 10mW. Chloroplasts were suspended in the me-

dium contained 50mM sucrose, 2mM MgCl2, 20mM Hepes (pH 7.8),

and 20 lMmethylviologen. Left box—control chloroplasts; right box—

uncoupled chloroplasts (in the presence of 20mM NH4Cl). Concen-

tration of chloroplasts was equivalent to 0.5 lM P700.
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(e.g., NH4Cl or nigericin) which destroyed the DpH
(data not shown).

It is convenient to monitor the broadening effect by

measuring the kinetics of the light-induced changes in

the height of the EPR signal, fixing magnetic field at the

peak of the spectral line. However, it is necessary to

discriminate between different factors that can influence

the EPR signal: (1) line broadening due to concentrating

TA molecules inside the thylakoids [13–15,25–28], (2)
redox transients of TA [32], and (3) light-induced

changes in oxygen concentration in a chloroplast sus-

pension [33–37]. In order to discriminate between these

factors, we compared the signal behavior in �control�
chloroplasts (capable to generate DpH) and in de-ener-
gized chloroplasts (unable to maintain DpH) at different
levels of microwave power, 1 or 10mW.

Fig. 5 (left box) demonstrates that the illumination of
�control� chloroplasts caused a relatively sharp decrease
in the amplitude of the EPR signal due to TA uptake by

thylakoids. After switching the illumination off, the leak

of TA molecules from thylakoids was accompanied by

the signal recovery. Reversible light-induced changes in

the height of the signal, characterized by parameter DA,
were determined by DpH [13–15,25–28]. A relatively

small irreversible loss of the signal, characterized by
parameter DI ¼ A0 � A, can be explained by the reduc-
tion of nitroxide radicals due to their interactions with

the chloroplast electron transport chain [25–27,32]. The

addition of uncouplers, which destroyed the proton

gradient in chloroplasts (e.g., 20mM NH4Cl), inhibited

the reversible decrease in the signal amplitude related to

the line broadening caused by concentrating TA inside

the thylakoids (Fig. 5, right box). In this case, the light-
induced response of the signal was determined by redox

transients of TA and/or by the light-induced changes in

the concentration of oxygen in a chloroplast suspension.

We could discriminate between the loss of TA para-

magnetism and the influence of oxygen on spectral

characteristics of the EPR signal. The sign of the effect

caused by modulation of oxygen concentration depends

on microwave power [33,34]. At subsaturating micro-
wave power, oxygen acts mainly as a paramagnetic

broadening agent. Therefore, de-oxygenation of a

chloroplast suspension should lead to an increase in the

signal amplitude due to narrowing the line. At saturat-

ing microwave power, oxygen reveals itself as a para-

magnetic relaxator. In this case, the light-induced

uptake of oxygen should lead to the decrease in the

signal height [33–37].
Fig. 5 (right box) shows that at low microwave

power (P ¼ 1mW) the illumination of de-energized

chloroplasts initially led to an insignificant rise in the

signal amplitude that could reflect the light-induced

uptake of oxygen. The following decrease in the signal

height was caused by the loss of TA paramagnetism

characterized by parameter DI . In contrast, at higher
microwave power (P ¼ 10mW) illumination of chlo-
roplasts from the very beginning led to the decrease in

the signal height. After switching the illumination off,

the amplitude of the EPR signal either slowly de-

creased (at 1mW) or slowly increased (at 10mW). The

signs of these changes indicated the regeneration of

oxygen in the dark (e.g., due to decomposition of H2O2
formed in the course of illumination of de-energized
chloroplasts).

It should be mentioned that in control chloroplasts

the time-courses of the signal height were the same at 1

and 10mW (Fig. 5, left box). This means that in control

chloroplasts the light-induced changes in the concen-

tration of oxygen were negligible. The light-induced

uptake of oxygen observed in de-energized chloroplasts

(Fig. 5, right box) can be accounted for by higher rate of
electron transport in comparison with control chlorop-

lasts. It is well-known that in control chloroplasts elec-

tron transport is slowed down due to acidification of the

thylakoid lumen [7,8,38].

Fig. 6 shows the time-courses of the ratio Q ¼ DA=A,
where A is the steady-state level of the signal after

switching off illumination. The relative parameter Q

characterizes the broadening effect corrected for the ir-
reversible loss of the EPR signal (parameter DI). The
steady-state value of parameter Q, which is determined

by a number of TA molecules taken up by chloroplasts,

depended on the metabolic state of chloroplasts and

osmolarity of a suspending medium. Parameter Q was

higher in the state of photosynthetic control (State 4,

without added ADP) than under phosphorylating con-

ditions (State 3, in the presence of ADP). Chloroplasts



Fig. 7. Concentration dependencies of spectral parameters App and
DHpp of the low-field component of the EPR signal of TEMPAMINE.
(a) Experimental data (TEMPAMINE in oxygenated water solution).

EPR signals were recorded at microwave power 5mW and modulation

amplitude 0.5G. (b) Computer simulation; a model of eight protons

(six equivalent protons with coupling constant a1 ¼ 0:439G and two

equivalent protons with coupling constant a2 ¼ 0:45G) was used to
simulate EPR signals at different concentrations of TEMPAMINE.

The peak-to-peak linewidths of individual superhyperfine components

of Lorentzian lineshape were varied from DHi
pp ¼ 0:647G to

DHi
pp ¼ 1:8G.

Fig. 6. Kinetics of the light-induced rise of parameter Q ¼ DA=A
measured for 0.3mM TEMPAMINE in a chloroplast suspension.

Parameter Q characterizes reversible changes in the signal height

corrected for spin label reduction in the course of illumination.

Chloroplasts were suspended in the media contained 100 or 500mM

sucrose, as indicated. EPR signals were recorded at microwave power

10 mW and modulation amplitude 0.5G. Concentration of chlorop-

lasts was equivalent to 0.5 lM P700. State 3—chloroplasts in the pres-

ence of 4mMMg–ADP; State 4—chloroplasts in the presence of 20lM
Mg–ATP.
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suspended in the high-osmotic medium (500mM su-

crose) were characterized by lower values of parameter

Q as compared to chloroplasts suspended in the

low-osmotic medium (100mM sucrose). This result

demonstrated that the osmolarity-controlled swelling of
thylakoids led to an increase in a number of TA mole-

cules taken up by chloroplasts during illumination.

3.5. Broadening vs spin label concentration

Under conventional experimental conditions (oxy-

genated suspension, modulation amplitude 0.5G) we

usually observed three EPR lines with unresolved hy-
perfine structure (Figs. 1 and 2). At low concentrations

of TA (62mM), the peak-to-peak linewidth, DHpp, was
independent of concentration (Fig. 4b). In accordance

with our earlier observations [25–28], spin-exchange in-

teraction between TA molecules caused an increase in

the DHpp value only when the concentration of TA ex-
ceeded the threshold level ½T�# 	 2:0–2:5mM. Fig. 7a
shows that the peak-to-peak amplitude of the EPR
signal, App, increased proportionally to TA concentra-

tion up to ½T�# 	 2:0mM, while it declined from the

linear law as the concentration of TA became higher

than the threshold concentration ½T�#. The deviation
from the linear law and further drop in the App value
were accompanied by the increase in the linewidth DHpp
(Fig. 7a).

The threshold character of the concentration depen-
dencies of spectral parameters App and DHpp could be
explained by peculiarities of broadening the EPR lines

with unresolved hyperfine structure. Under experimen-

tal conditions used to measure the DpH (an aerated

suspension of chloroplasts), we registered three lines

(Fig. 4). Each of these lines represented an unresolved

multiplet of superhyperfine lines. Actually, EPR spec-

trum of TA molecules in deoxygenated deuterated water
(Fig. 8a) demonstrated well resolved superhyperfine



Fig. 8. EPR spectra of TA in water solution. (a) Deoxygenated solu-

tion of 0.08mM TEMPAMINE in D2O. (b) Deoxygenated solutions

of 0.09 or 0.4mM TEMPAMINE in H2O, as indicated. (c) Oxygen-

ated solution of 0.4mM TEMPAMINE in H2O. Deoxygenated sam-

ples were prepared by blowing Ar gas through a water solution of spin

label for 10min. EPR signals were recorded at microwave power 5mW

and modulation amplitude 0.05G. Simulated EPR spectra shown by

dotted lines (a, c) were calculated using a model of eight protons (six

protons with coupling constant a1 ¼ 0:439G and two protons with

coupling constant a2 ¼ 0:45G) and the following linewidths of the
individual Lorentzian lines of the hyperfine multiplet: (a)

DHi
pp ¼ 0:439G (TEMPAMINE in deoxygenated water) and (c)

DHi
pp ¼ 0:647G (TEMPAMINE in oxygenated water).
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structure arising due to interaction of the unpaired

electron with the protons. With increasing the concen-

tration, collisions of spin labels with each other became

more frequent, leading to broadening the hyperfine lines

(compare spectra in Fig. 8b). However, in the aerated

(oxygenated) solution of TA, due to interplay between

broadening superhyperfine lines, the peak-to-peak width

DHpp of the envelope of the unresolved multiplet did not
change with concentration (in the concentration interval

below the threshold concentration of TA, see Figs. 4b

and 7a).
3.6. Simulation of concentration-dependent broadening

Computer simulation of EPR spectra supported the

idea that the threshold nature of the concentration de-

pendencies of spectral parameters DHpp and App can be
explained by interplay between superhyperfine lines.

According to [40–42], there are two groups of equivalent

protons that give the main contribution to superhyper-

fine splitting in TA molecule: six protons of two methyl
groups (coupling constant a1 ¼ 0:436–0:462G) and two
protons bound to carbon atoms of the piperidine ring

(coupling constant a2 ¼ 0:45G). The contribution of
other protons is less significant. Taking into account the

interaction of the free electron with eight protons, we

simulated the multiplet EPR spectrum of TA in deoxy-

genated water (Fig. 8a). In the presence of oxygen

(Fig. 8c), collisions of TA with molecular oxygen addi-
tionally broadened hyperfine lines, leading to the dis-

appearance of the superhyperfine structure. Both

simulated spectra, resolved (Fig. 8a) and unresolved

(Fig. 8c), were in agreement with the experimental ones.

The threshold character of the concentration depen-

dencies of spectral parameters App and DHpp can be
described using the assumption that a linewidth DHi

pp of

each individual superhyperfine line linearly depends
onthe concentration C of radicals involved in spin-

exchange interactions [39,42]:

DHi
ppðCÞ ¼ DHi

ppð0Þ þ KexC: ð4Þ

Here, DHi
ppð0Þ is the intrinsic peak-to-peak width of

the ith component, the coefficient Kex is the exchange
rate determined by the diffusion coefficient of spin label

and the efficiency of spin-exchange interactions. Varying

the Lorentzian widths DHi
pp of individual components

(i ¼ 1; 2; . . . ; 8) of the multiplet according to Eq. (4), we
could simulate the threshold character of the concen-
tration dependencies of spectral parameters App and
DHpp (Fig. 7b). Similar to experimental plots (Fig. 7a),
when the concentration of TA was below the threshold

level, the calculated parameter App increased linearly
with concentration, while the DHpp remained constant
(Fig. 7b). Certain difference between the simulated and

experimental plots of spectral parameters App and DHpp
observed at high concentrations can be explained by
violating the linear relationship between DHi

pp and C

[39].

It should be noted that spin-exchange frequency de-

pends on molecular mobility of spin labels [39]. There-

fore, one could expect that TA molecules localized

inside the thylakoids might reveal the broadening effect

at higher concentrations compared to TA outside the

thylakoids. However, earlier we demonstrated that the
threshold concentrations for TA localized inside or

outside the thylakoids were practically the same. Ac-

cording to [27], inside the thylakoids TA molecules were

characterized by ½T�# 	 2:0–2:5mM.



Fig. 9. The light-induced decrease in the signal height (parameter DA)
versus the concentration of TEMPAMINE in a chloroplast suspen-

sion. Solid lines—the non-linear curve fit of experimental data; dashed

lines—theoretical plots of DA vs C0 simulated for Vin=V ¼ 0:003 and
different DpH values, as indicated. (a) Noncyclic electron transport (in
the presence of 7.5 lM methylviologen). (b) Cyclic electron transport

(in the presence of 2 lM DCMU and 100lM PMS). Experimental

conditions were the same as in Fig. 5.
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3.7. Determination of DpH from the light-induced broad-

ening effect

The internal concentration of TA (Cin) can be cal-
culated from the equation of material balance for TA

molecules distributed between the inner compartment of

thylakoids and the outer bulk phase:

CinVin þ CoutðV � VinÞ ¼ C0V ; ð5Þ
where Vin is the internal volume and V is the total vol-

ume of a chloroplast suspension, Cin and Cout are the
steady-state concentrations of TA inside and outside the
thylakoids during illumination, and C0 is the concen-
tration of TA in a chloroplast suspension in the dark.

Taking into account the relationship Vin=V � 1, which

holds true in most experiments with chloroplasts, from

Eqs. (2) and (5) we obtain

Cin ¼ C0
10DpH

1þ ðVin=V Þ10DpH
: ð6Þ

Eq. (2) can be re-arranged as

DpH ¼ lgðCin=CoutÞ
¼ lgðCin=C0Þ þ lg½1þ ðVin=V Þ10DpH�: ð7Þ

If the relationship ðVin=V Þ10DpH � 1 holds true, the
light-induced changes in the concentration of TA out-

side the thylakoids are negligible ðCout 	 C0Þ. By dilut-
ing the chloroplasts suspension sufficiently, the internal

volume Vin can be decreased to meet the

ðVin=V Þ10DpH
6 1 condition. In this case, the DpH value

can be determined by means of the following approxi-

mation

DpH 	 DpHapp ¼ lgðCin=C0Þ: ð8Þ

The threshold nature of the broadening effect pro-

vides the basis for quantifying the internal concentration

Cin [7,26–28]. Actually, the light-induced accumulation
of TA in the thylakoid lumen should lead to the con-

centration-dependent broadening of the EPR line only if

the internal concentration of TA overcomes the

threshold level, i.e., if CinP ½T�#. It should be noted,
however, that Eq. (8) gives underestimated DpH values

if the light-induced uptake of TA by thylakoids leads to

essential changes in the concentration of TA outside the

thylakoids (Cout). Therefore, a rigorous procedure for
determination of DpH should also take into account the
light-induced decrease in Cout, as well as the broadening
effect caused by slowing down the rotation of TA inside

the thylakoids. Below we consider a general algorithm

for measuring the DpH value which accounts both these
factors. It is also important to note that our method is

valid at any ratio Vin=V . An advantage of this approach
is that it allows the evaluation of two parameters, DpH
and Vin, without using a broadening agent.
Let the concentration of TA in the chloroplast sus-

pension in the dark be equal to C0. Since DpH ¼ 0, the
initial concentrations of TA inside and outside the thy-
lakoids are the same, Cin ¼ Cout ¼ C0. The light-induced
generation of DpH causes the redistribution of spin label
molecules between the external volume and the thylakoid

lumen. The concentrations of TA in a chloroplast sus-

pension, C0, usually do not exceed 0.3–0.4mM (Fig. 9).

Therefore, a line shape of the �external� EPR signal does
not alter with illumination of chloroplasts, because the

concentration of TA outside the thylakoids always re-
mains below the threshold level (Cout6C0 < ½T�#). On the
other hand, spectral parameters of the �internal� EPR
signal can changewith concentrating TAmolecules inside

the thylakoids. According to the protocol used in this

work, we measured the light-induced changes in the

height A of the EPR signal, fixing magnetic field at the

peak of the low-field line (Fig. 4). Let F ðCinÞ is a function
characterizing a decrease in the amplitude of the signal of
TA molecules translocated into the thylakoid lumen.

Then the light-induced decrease in the height of the EPR

signal at fixed magnetic field will be equal to

DA ¼ Adark � Alight:

DA ¼ k½C0ðV � VinÞ þ F ðC0ÞC0Vin�
� k½F ðCinÞCinVin þ CoutðV � VinÞ�

¼ kC0Vin
½1� F ðCinÞ�  10DpH � ½1� F ðC0Þ�

1þ ðVin=V Þ  10DpH
; ð9Þ

where k is the coefficient of proportionality between the

number of TA molecules and the intensity of the EPR
signal. The Cout value is determined by Eq. (6).
The function F ðCinÞ can be presented as the product

of three terms which describe the influence of different

factors on the light-induced response of the EPR signal:
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F ðCinÞ ¼ aðCinÞbðCinÞf0: ð10Þ
The first term aðCinÞ describes the concentration-

dependent deviation of the signal amplitude A from the

linear law (Fig. 10a). This term is a dominant factor

which determines a decrease in the function F ðCinÞ at
relatively high concentrations of TA. The second term,

bðCinÞ, describes changes in the signal height A caused

by shifting the position of the signal extreme due to the

line broadening effect (Fig. 4b). The contribution of
bðCinÞ to the decrease in the function F ðCinÞ is insignif-
icant compared to aðCinÞ (Fig. 10b). The coefficient f0
characterizes a decrease in the line height due to slowing

down rotations of TA inside the thylakoid. The latter

factor can reveal itself even at low concentrations of TA,

when the contribution of the concentration-dependent

broadening effect is negligible. It should be noted,

however, that the slowing down of TA rotation gives a
minimal contribution to the line broadening when

magnetic field is fixed at the low-field peak of the signal.

This is because the low-field line of the �internal� EPR
signal (Fig. 1, spectrum d) is less broadened compared

to other lines.

Analytical approximations of the functions aðCinÞ
and bðCinÞ can be found by fitting experimental data
(Fig. 10):
Fig. 10. Concentration dependence of parameters a and b (see details
in text) for TEMPAMINE in water solution.
a ¼ 1þ 0:94fexp½ð2:2� CinÞ=10:2� � 1g
exp½ð2:2� CinÞ=0:001� þ 1

; ð11Þ

b ¼ 1þ 7:5 10
�5C2in � 0:004Cin

exp½ðCin � 52Þ=0:5� þ 1
; ð12Þ

where Cin is the milimolar (mM) concentration of TA
inside the thylakoids. The coefficient f0 can be found as

f0 ¼ Ainpp=A
out
pp ¼ ðDHout

pp =DH
in
ppÞ

2
; ð13Þ

where DHout
pp and DH in

pp are the peak-to-peak linewidths

of the EPR lines for TA molecules localized outside and

inside the thylakoids, respectively. In order to rule out

the possible influence of the broadening agent on the

DH in
pp value [27], we measured the �internal� EPR signals

at different concentrations of CrOx. For the low-field
line, the extrapolation of the plot DH in

pp vs [CrOx] to the
low limit of CrOx concentration gives DH in

pp¼ 1.81G
(Fig. 11). Taking into account that DHout

pp ¼ 1.74G, we
obtained that f0¼ 0.92.
Having determined the function F ðCin), we could

describe numerically experimental dependencies of pa-

rameter DA on the concentration of TA in a chloroplast
suspension C0 (Fig. 9). It should be mentioned that
thylakoids are good osmometers, therefore, their inter-

nal volume could change in the course of chloroplast

illumination. In order to avoid data scattering due to the

light-induced swelling or shrinkage of thylakoids, we

always used the plots DA vs C0 for steady-state values of
parameter DA that corresponded to the condition

Vin ¼ const. Theoretical curves (DA vs C0) were calcu-
lated according to Eqs. (9)–(12). Using the Levenberg–
Marquardt minimization algorithm [44] for fitting
Fig. 11. Effect of chromium oxalate on the linewidth of the low-field

component of the difference EPR signal of TEMPAMINE inside the

thylakoids.



Table 1

Metabolic state Non-cyclic electron transport Cyclic electron transport

DpH ðVin=V Þ  100 DpH ðVin=V Þ  100

State 3 (+4mM Mg–ADP) 1:96� 0:02 0:93� 0:09 1:95� 0:16 0:29� 0:14

State 4 (+20lM Mg–ATP) 2:54� 0:05 0:68� 0:17 2:54� 0:06 0:31� 0:05
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theoretical curves to experimental data (Fig. 9), we

found parameters DpH and Vin=V for chloroplasts

functioning in different metabolic states (Table 1).
4. Discussion

Results of our experiments with chloroplasts sus-
pended in the media of different osmolarity demon-

strated that an essential body of intrathylakoid TA

molecules could be attributed to spin labels dissolved in

the aqueous osmotic volume of chloroplasts, i.e., in the

thylakoid lumen. The amounts of TA molecules local-

ized inside the thylakoids in dark adapted chloroplasts

(Fig. 3) or taken up by illuminated chloroplasts (Fig. 6)

were sensitive to variations of a sucrose concentration in
the suspending medium. This result showed that most of

the intrathylakoid TA molecules were localized in the

osmotic volume. The rotational mobility of TA inside

the thylakoids was almost ten times slower (sc 	 0:4 ns)
compared to TA outside the thylakoids (sc 	 0:04 ns).
The restricted motion of TA inside the thylakoids

demonstrated that the viscosity of the aqueous medium

in the bulk of the lumen was markedly higher compared
to bulk water outside the thylakoids. This characteristics

of the thylakoid lumen seems to be one of the basic

properties typical of the cell interior [43]. The ordered

state of the intrathylakoid water was considered as one

of the possible reasons for maintaining the viscous en-

vironment of TA inside the thylakoids [21–23]. A rela-

tively high viscosity of TA surroundings could be also

explained by the influence of different constituents of the
thylakoid (membranes, biopolymers) confined to a ra-

ther small volume [21,25]. Certain peculiarities of the

�internal� EPR signal (higher amplitude of the low-field
line compared to the central and high-field lines, Fig. 1)

might indicate [45] that TA molecules perform slightly

anisotropic rotations inside the thylakoids. It was sug-

gested earlier [21,25] that an anisotropy of TA rotations

inside the thylakoids might be explained by TA inter-
actions with the inner surface of the thylakoid mem-

brane.

If TA binding to the membrane were the main reason

for the hindrance to TA rotation inside the thylakoids,

then the apparent correlation time sc should strongly
depend on the osmotic volume of thylakoids. Actually, in

this case the �internal� EPR signal would represent the

superposition of two signals, one signal from TA mole-
cules rapidly rotating in the bulk of the lumen and another
signal from immobilized membrane-bound TA mole-

cules. It means that the shape of the �internal� EPR
signal will depend on the ratio Nmem=Nbulk, where Nmem is
the number of TA molecules immobilized on the inner

surface of the thylakoid membrane and Nbulk is the
number of unbound TA molecules moving in the bulk

phase of the lumen. It is easy to demonstrate that the ratio

Nmem=Nbulk should be reciprocal to the osmotic volume of
thylakoids, Vin. Let the interaction of TA molecules with
themembrane, ðTAÞbulk þM$ ðTAÞmem, is described by
the equation of Langmuir adsorption:

Nmem
MCbulk

¼ K; ð14Þ

whereM is the surface density of unoccupied groups on

the membrane that can bind TA molecules, Cbulk is the
concentration of TA in the bulk of the lumen, and K is

the equilibrium constant. The number of free (unbound)

TA molecules in the bulk phase equals to Nbulk ¼
CbulkVin. The number of membrane-bound TA molecules
equals to Nmem ¼ M0 �M , where M0 is the surface den-

sity of TA binding groups on the inner surface of the

membrane. From Eq. (14) we obtain

Nmem
Nbulk

¼ KM0

ð1þ KCbulkÞVin
: ð15Þ

According to Eq. (15), a portion of slow rotating spin

labels interacting with the membrane should increase

with lowering the internal volume Vin. Therefore, if TA
binding to the membrane were the main reason for

slowing down the rotation of spin label then one could

expect that osmotically induced shrinkage of thylakoids

would lead to an increase in the apparent correlation

time sc. However, we showed that the rotational mo-
bility of TA inside the thylakoids did not change (within

experimental error) with the essential decrease in the

internal volume Vin (Fig. 3). This result means that TA
binding to the membrane cannot entirely explain the

restricted rotational motion of TA in the thylakoid lu-

men. Another evidence that the slowing down of TA

rotation cannot be attributed entirely to interactions of

spin labels with the membrane or other thylakoid con-
stituents were presented in [13,21]. Thus, we conclude

that the vast majority of TA molecules inside the thy-

lakoids are localized in the bulk of the lumen. It means

that TA can serve the role of an adequate probe for

measuring the bulk-to-bulk DpH.
A general method for measuring the DpH in chlo-

roplasts developed in this work is based on the effect of
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the concentration-dependent broadening of the EPR
spectrum of TA. Measuring the signal behavior at dif-

ferent levels of microwave power (Fig. 5), we could

discriminate between the line broadening effect caused

by TA concentrating inside the thylakoids, the loss of

TA paramagnetism, and the influence of oxygen on the

EPR signal. Reversible light-induced changes in the

height of the signal (Fig. 5a, parameter DA) were at-
tributed to the line broadening due to frequent collisions
of TA molecules inside the thylakoids. The threshold

nature of the broadening effect (Fig. 7) was used to

quantify the concentration of TA molecules accumu-

lated in the thylakoid lumen. The non-linear curve fit of

experimental data (DA vs C0) based on the Levenberg–
Marquardt minimization algorithm [44] enabled us to

find two important bioenergetic parameters, DpH and

Vin (Table 1).
In the metabolic State 4 (basal electron transport,

without added ADP) we obtained DpH ¼ 2:54 (at the
external pH ¼ 7:8). The same value of DpH in the thy-

lakoids of bean chloroplasts was obtained earlier by so

called �kinetic� method [7,38], or by measuring the in-
trathylakoid pHin with pH-sensitive imidazoline radicals

[46]. This result is also consistent with earlier measure-

ments of DpH by conventional methods based on the
use of penetrating amines [10–12,47–49]. For instance,

Giersch et al. [49] reported the value DpH ¼ 2:24 (ex-
ternal pH ¼ 7:62) across the thylakoid membrane of
intact chloroplasts calculated from the distribution of
14C-labeled methylamine and dimethyloxazolidinedione.

Under photophosphorylation conditions (electron

transport coupled to ATP synthesis, State 3), we deter-

mined lower pH gradient (DpH ffi 1:96). This result can
be explained by the efflux of protons from the thylakoid

lumen through operating ATP synthase complexes. It is

important that concentrations of spin label used to de-

termine DpH are not high (60:3–0:4mM), so that the
uncoupling effect of TA can be neglected [21,31].

Similar values of DpH were obtained for chloroplasts
functioning during non-cyclic or PMS-mediated cyclic

electron transport (Table 1). On the other hand, the
volumes of internal compartments, where TA molecules

accumulated, were essentially different (Table 1). Under

the conditions of non-cyclic electron transport, we ob-

tained the ratio Vin=V 	 0:007–0:009, whereas under the
conditions of cyclic electron transport this ratio was

estimated as Vin=V 	 0:003. Such a difference can be
explained [7,26,50] by the lateral heterogeneity of thy-

lakoids in higher plant chloroplasts. It is well-known
that most of photosystem 1 complexes are embedded

into the membranes of stroma-exposed thylakoids, while

the vast majority of photosystem 2 complexes are lo-

calized in the thylakoids of grana [51–53]. Therefore,

during linear (non-cyclic) electron transport, driven by

simultaneously collaborating photosystem 1 and pho-

tosystem 2, TA molecules were actively taken up by
thylakoids of both kinds, stroma- and grana-exposed
thylakoids. On the other hand, the contribution of

grana-exposed thylakoids to TA uptake was reduced

during cyclic electron transport, mediated by PMS

around the photosystem 1 in the presence of DCMU—

an inhibitor of photosystem 2. Because most of photo-

system 2 complexes localized in the thylakoids of grana

were inactive during cyclic electron transport, the

efficient volume of compartments accumulating TA
molecules was smaller (Vin=V 	 0:003) as compared to
non-cyclic electron transport (Vin=V 	 0:007–0:009)
driven by both photosystems.
5. Conclusions

We developed a general method for measuring the

transmembrane pH difference in chloroplasts based on

the effect of the concentration-dependent broadening the

EPR signal of water soluble spin label TA accumulating

inside the thylakoids. It was demonstrated that most of

TA molecules taken up by chloroplasts were localized in

the bulk of the thylakoid lumen, i.e., TA could serve the

role of a probe for the bulk-to-bulk DpH. Using the
threshold nature of the broadening effect, we suggested a

method for quantifying the concentration of TA inside

the thylakoids. This approach allowed two important

bioenergetic parameters, DpH and intrathylakoid vol-

ume Vin to be determined.
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