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2,2,6,6-tetramethylpiperidine (TEMP) and 2,2,6,6-tetramethyl-4-piperidinone (TEMPD) have earlier been
used to quantify singlet oxygen produced by plant material. Both compounds were found to cause severe side
effects on Photosystem II. Addition of TEMP or TEMPD to thylakoids immediately stabilized the reduced state
of the QA electron acceptor and destabilized the reduced state of the QB acceptor, causing decrease in the
driving force of forward electron transfer. Oxygen evolution, thermoluminescence and fluorescence
measurements indicated that the number of functional PSII units decreased during incubation of thylakoids
with TEMP or TEMPD. Singlet oxygen determinations in photosynthetic systems with piperidine derivatives
should be interpreted with care.
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1. Introduction

Reaction between singlet oxygen (1O2) and certain piperidine
derivatives like 2,2,6,6-tetramethylpiperidine (TEMP) [1] and 2,2,6,6-
tetramethyl-4-piperidinone (TEMPD) produce the respective nitr-
oxides that can be quantified with electron paramagnetic resonance
spectroscopy (Fig. 1). The specificity of TEMP and TEMPD to 1O2 has
promoted the use of these compounds for detection of 1O2 from
biological material. TEMPO, the nitroxide product of TEMP, and
various derivatives of TEMPO, are widely used in synthetic chemistry
and also as radical traps in life sciences [2,3].

In plants, 1O2 is produced mainly by Photosystem II (PSII) [4–10].
PSII is also the target of light-induced inactivation termed photo-
inhibition (for reviews, see [11–14]). Both visible and ultraviolet
light cause photoinhibition but ultraviolet light is much more
efficient.

Many of the hypotheses about the mechanism of photoinhibition
suggest that 1O2 has a role in the reaction. In the historical acceptor-
side hypothesis [15], protonation or double reduction of the QA

electron acceptor in strong light leads to enhanced production of the
triplet state of the primary radical pair, and consequently to
production of 1O2. The acceptor-side hypothesis is supported by the
finding that the percentage of photoinhibited PSII centers correlates
with the amount of 1O2 produced by leaves [6]. On the other hand,
occurrence of photoinhibition under anaerobic conditions [15,16]
supports the independence of photoinhibition of 1O2. In some
photoinhibition hypotheses, 1O2 has a direct inhibitory role. It has
been suggested that 1O2 produced by recombination of the primary
radical pair in the presence of unprotonated QA

− causes photoinhibi-
tion [14]. Experiments in which photoinhibition was induced with
short laser pulses led to the suggestion that even the triplet
chlorophyll produced by the slow charge recombination reactions
between the quinone acceptors and the oxygen evolving complex
may induce enough 1O2 to cause measureable photoinhibition of PSII
in low light [17]. 1O2 produced by weakly coupled chlorophylls [18] or
by iron–sulfur centers and cytochromes [19] has also been suggested
to cause photoinhibition.

Photoinhibition hypotheses in which the inhibition occurs pri-
marily on the donor side of PSII do not have explicit connections to
1O2. In the classical donor-side hypothesis [20,21], photoinhibition
occurs when P680+ is not normally reduced by the oxygen evolving
complex. In the manganese hypothesis [22,23], photoinhibition is
triggered by light absorption by the manganese ions themselves,
which leads to inhibition of oxygen evolution and also to further
damage by P680+ . The occurrence of manganese-based photoinhibition
is supported by several lines of evidence, including action spectra
[22,23], low protective efficiency of quenching of chlorophyll
excitations [24,25], results from photoinhibition in UV-A light
[26,27], similarity of the quantum yield of photoinhibition induced
with single-turnover flashes and with continuous light [28], and
photosensitivity of manganese model compounds [29,30].
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Fig. 1. Structures of TEMPD, TEMP and the TEMPO radical which is the product of the
reaction between TEMP and 1O2.
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Measurements of 1O2 production in chloroplasts require that the
sensor compounds do not interfere with PSII, but there has been little
interest in measuring potential side effects. The aim of the present
study was to test if TEMP or TEMPD affect PSII electron transport.
Pumpkin thylakoids were treated with TEMP or with TEMPD, using
concentrations applied to measure 1O2. Oxygen evolution, ratio of
variable to maximum chlorophyll (Chl) a fluorescence (FV/FM), decay
of fluorescence yield after a single turnover flash and thermolumi-
nescence (TL) were measured to analyze the effects of the
compounds.

2. Materials and methods

2.1. Incubation of thylakoids with TEMP and TEMPD

Thylakoid membranes were isolated from pumpkin (Cucurbita
maxima) leaves as earlier described [22]. Thylakoid incubations
with TEMP and TEMPD were done at room temperature in the dark
in buffer containing 40 mM HEPES-KOH (pH 7.6), 0.3 M sorbitol,
5 mM MgCl2, 5 mM NaCl and 1 M glycine betaine. On the basis of
literature describing the use of TEMP and TEMPD for 1O2 detection,
we used TEMP at 10 mM [31] and TEMPD at 100 mM concentration
[32]. Chl concentration during the incubation was 20 μg ml−1 in
oxygen evolution and fluorescence experiments and 1 mg ml−1 in
the TL experiments.

2.2. Measurements of oxygen evolution and fluorescence

The light-saturated rate of oxygen evolution was measured with
an oxygen electrode (Hansatech, King's Lynn, GB) using 0.125 mM
2,6-dichloro-p-benzoquinone (DCBQ) as electron acceptor. FV/FM
was measured with PAM-101 fluorometer (Walz, Effeltrich,
Germany). F0 was measured using a dim measuring beam alone
and FM was measured with a saturating light pulse (5000 μmol
photonsm−2 s−1). The decay of Chl a fluorescence yield after a single
turnover flash was measured with FL3500 fluorometer (Photon
System Instruments, Brno, Czech Republic). DCMU-induced increase
in F0 fluorescence was measured by first measuring a continuous,
stable F0 level in thylakoids with the PAM fluorometer, then adding
DCMU to a final concentration of 10 μM and following the
fluorescence induced by the dim measuring beam for the total time
of 2 min.

2.3. TL measurements

TL was measured with a luminometer described earlier [33]; see
[34] for a review of TL instrumentation. Thylakoids were incubated
with TEMP or TEMPD, and TL was measured from 120 μl aliquots. To
measure the B band of TL, the thylakoid sample was diluted to 0.75
mg Chlml−1 by addition of buffer and cooled to 0 °C. A 1 J Xenon flash
was fired, and the sample was then immediately heated at the rate of
1 °C s−1 to 65 °C. For the Q band measurements, 20 μM 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU) and 25% glycerol were
added and the sample was cooled to−15 °C, a flashwas fired and the
sample was then heated at 1 °C s−1 to 65 °C. Glycerol was used in Q
band measurements to avoid artefacts due to the melting of the
sample, and the samples were kept small and concentrated in order
to achieve temperature homogeneity [34]. The TL signalwas digitized
at the rate of 10 samples/s and smoothened by calculating a moving
average with a 3.5 °Cwindow. Three independent replicate TL curves
were always averaged and a background signal, averaged from three
nonflashed samples, was subtracted from each TL curve.

2.4. Analysis of TL and fluorescence data

All TL data were analyzed by assuming that the luminescence
intensity is always proportional to the rate of a luminescence-
producing recombination reaction [35,36] and that the rate constants
of the recombination reactions can be calculated from the Eyring
equation [37]. In modeling the Q band reflecting the reaction
S2QA

−→S1QA, it was assumed [35,36] that S2QA
− recombines via

three competing routes: (i) direct recombination of QA
− with P680+ , (ii)

indirect recombination via the intermediate formation of P680+ Pheo−

and subsequent nonradiative decay to the ground state, and (iii)
excitonic route in which the excited state P680* is an intermediate and
luminescence emission may occur. The energetic connectivity of PSII
was taken into account [33] in modeling the excitonic route. In
addition, it was assumed that PSII consists of a main slowly-
recombining population and a minor rapidly recombining population
with the same activation enthalpies for all three pathways but
different activation entropies. This assumption is equivalent with the
assumption that the three pathways have the same activation
energies in the two populations but the rate constants have different
preexponential factors of the Arrhenius theory [35,36]. Thus, the
decrease of the concentration of S2QA

− as a function of time (t) was
fitted with the following equation

S2Q
�
A½ � = S2Q

−
A½ �0;slowe− ki;slow + kexc;slow + kd;slowð Þt

+ S2Q
−
A½ �0;faste− ki;fast + kexc;fast + kd;fastð Þt ;

ð1Þ

where ki, kexc and kd are the rate constants of the three reaction routes
and slow and fast refer to the two populations of PSII. According to the
Eyring theory, each rate constant can be expressed as follows

k i=exc=df g; slow=fastf g =
kbT
h

e
ΔS↕ i=exc=df g; slow=fastf g

kb e
−

ΔH↕ i=exc=df g
kbT ; ð2Þ

where kb is Boltzmann's constant, h is Planck's constant, T is
temperature and the subscripts {i/exc/d} and {slow/fast} indicate
constants belonging to the indirect, excitonic or direct pathway of the
slow or the fast population of PSII, respectively. Thermoluminescence
intensity I was assumed to be proportional to the sum of the rates of
the excitonic routes of the slow and the fast population of PSII,



Fig. 2. Loss of oxygen evolution (A) and decrease in FV/FM (B) during incubation of
thylakoid membranes in the presence of 10 mM TEMP (squares) and 100 mM TEMPD
(triangles). Open symbols are measurements from untreated thylakoids. Each data
point represents an average of three independent incubations and the error bars show
SD. Oxygen evolution was measured using DCBQ as electron acceptor and FV/FM was
measuredwith a PAM-101 fluorometer. In control thylakoids, the oxygen evolution rate
was 297±29 μmol O2 (mg Chl)−1 h−1 and FV/FM was 0.73±0.01.
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corrected for the effect of the energetic connectivity of PSII [33] as
follows

I tð Þ = cfAslow
kb
h

T0 + βtð Þe
ΔS↕exc;slow

kb e
− ΔH↕exc

kb T0 + βtð Þ

+ Afast
kb
h

T0 + βtð Þe
ΔS↕exc;fast

kb e
− ΔH↕exc

kb T0 + βtð Þg 1−qð Þ 1 + J
1 + qJ

;

ð3Þ

where c is a scaling constant, Aslow and Afast are the initial fractions of
the slow and fast PSII populations, T0 is the temperature (K) at which
the heating starts, ß is the heating rate, q is the fraction of open PSII
reaction centers, calculated from the time-course of TL, and J is a
parameter describing the energetic connectivity of PSII [38,39]. The
beginning of the heating was used as the time point zero, and in the
final data, time was replaced with temperature T according to the
equation T=T0+βt.

The recombination reaction S2QB
−→S1QB which produces the B

band of TL in the absence of DCMU, was analyzed as a single first-
order band, i.e. using Eq. (1) without the correction factor (1−q)
(1+ J)/(1−qJ).

The decay of Chl a fluorescence yield after a single turnover flash in
the presence of DCMU was analyzed with the same model as TL
(Eqs. (1)–(2)) at constant temperature and assuming that variable
fluorescence is proportional to the fraction of reduced QA. A correction
for the effect of the energetic connectivity of PSII was done with the
connectivity parameter J as follows [38,39]

FV
FM−F0

=
1−q

1 + qJ
: ð4Þ

Although the same model, based on activation parameters of the
reactions rather than the rate constants, was used for analysis of
fluorescence and TL, only the total rate constant of the decay of the
S2QA

− state in the two PSII populations will be reported from
fluorescence, as measurements at one temperature do not allow
separation of the activation parameters of the three pathways.

Variable fluorescence yield obtained with a single-turnover pulse
is considerably lower than the maximum FV obtained with a multiple-
turnover pulse (see [39]). The maximum value of FV (=FM−F0) was
measured separately from similar samples by firing the single-
turnover pulses at 1 ms intervals in the presence of DCMU until the
increase in fluorescence yield stabilized. An ultra-slow decay
component, not kinetically resolved by the 160-s long fluorescence
measurement, was added as a constant fluorescence value.

The decay of fluorescence yield after a single turnover flash in the
absence of DCMU was modeled by assuming that PSII exists in states
QA

−QB, QA
−QB

−, QA
−QBH2 and QA

− with an empty QB site (QA
−E) plus a

population of inactive PSII centers in which a recombination
reaction (S2QA

−→S1QA) occurs instead of forward electron transfer.
For the active centers, the model assumed reactions (i) QA

−QB→QAQB
−,

(ii) QA
−QB

−→QAQB
2−, (iii) QA

−E→QA
−QB, and (iv) QA

−QBH2→QAE.
Reactions (i) and (ii) are known to have submillisecond time constants
while reaction (iii) occurs in the time domain of several milliseconds
[36,40]. The larger of the submillisecond rate constants was assigned to
reaction (i). All reactions were assumed to be of first order. Correction
for the energetic connectivity of PSII was done in the same way as was
done in the presence of DCMU. The ModelMaker software (Cherwell
Scientific Ltd., Oxford, UK) was used for all numerical modeling.

3. Results

To measure the effects of TEMP and TEMPD on PSII, we incubated
isolated thylakoid membranes separately with both chemicals,
applying concentrations that have been earlier used for 1O2

measurements [31,32]. Both compounds rapidly inactivated oxygen
evolution and after 5-min incubation in the dark, oxygen evolving
activity had decreased by one third in both 10 mM TEMP and 100 mM
TEMPD (Fig. 2A). Gradual loss of oxygen evolution occurred during
further incubation, and 100 mM TEMPD caused faster loss of PSII
activity than 10 mM TEMP (Fig. 2A). Loss of oxygen evolution was
accompanied by somewhat slower decrease in FV/FM (Fig. 2B).

To understand how TEMP and TEMPD inhibit PSII, we measured
the decay of Chl a fluorescence yield after a single turnover flash to
probe electron transfer from the QA electron acceptor of PSII to the
secondary quinone QB. Incubation of thylakoids with either of the two
compounds caused decrease in the rate of the decay of the
fluorescence yield (Fig. 3A and B). Both TEMP and TEMPD exerted
their effect on QA–QB electron transfer immediately, as fluorescence
curves measured after 10 s of addition of the compounds were
virtually identical with curves measured after 30 min of incubation
(Fig. 3A and B).

The decay of fluorescence yield was analyzed using a model in
which PSII occurred in five states according to the state and
functionality of the QB site. The model showed a reasonable fit to
experimental data (Fig. S1), and the analysis revealed that both TEMP
and TEMPD caused a dramatic increase in the proportion of inactive
PSII centers from 5% to 19–23% in TEMP and to 27% in TEMPD
(Table 1). Both compounds also caused decrease in the number of PSII
centers in which the QB site is occupied by an oxidized quinone.
TEMPD also lowered the rate constant of electron transfer from QA

− to
QB and caused increase in the relative proportion of PSII centers
originally in QB

− state (Table 1). The larger proportion of PSII centers
with QB

− was confirmed by adding DCMU to dark adapted thylakoids.
This test indicated that the rapid phase of DCMU-induced increase in

image of Fig.�2


Fig. 3. Effects of 10 mM TEMP (A, C) and 100 mM TEMPD (B, D) on the decay of Chl a fluorescence yield after a single turnover flash measured in the absence (A, B) and presence
(C, D) of 10 μM DCMU. Thylakoid membranes (20 μg Chl ml−1) were dark adapted for 3 min, a control measurement was done (open circles), and TEMP or TEMPD, as indicated,
was added in the dark. The first measurement was initiated 10 s after the addition (open triangles); then thylakoids were incubated in the cuvette of the fluorometer in
darkness, except for the measuring flashes and one single turnover flash per measurement, and further measurements were done after 15 min (solid squares) and 30 min
incubation (stars). The 15-min curves were omitted from A and B for clarity. All curves have been normalized to make variable fluorescence equal 1.0.
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F0 fluorescence was slightly higher in the presence of 100 mM TEMPD
than in control thylakoids (Fig. S2). Three to 4% of variable
fluorescence yield was not resolvedwith the 160 s longmeasurement.
At least in the control thylakoids, this ultra slow fluorescence decay
component likely reflects the equilibrium constant of the reaction
QA

−QB↔ QAQB
− [39], as the initial concentration of QB

− was near zero
(Table 1).

Charge recombination reactions between the quinone electron
acceptors QA and QB and the S2 state of the oxygen evolving complex
are thought to be a source of triplet Chl that causes production of 1O2

in PSII [15,17]. To probe the reaction S2QA
−→S1QA, we measured the

decay of fluorescence yield in the presence of DCMU that blocks
electron transfer from QA to QB. These measurements showed a
decrease in the rate of the decay of fluorescence yield (Fig. 3C and D).
The effect of TEMP advanced during 30-min incubation whereas
TEMPD exerted its effect immediately. The fluorescence data were
analyzed according to the three-reaction, two-PSII-population model
Table 1
Analysis of the decay of Chl a fluorescence yield after a single turnover flash in the absence o
centers with QB and those with QB

−, a QB binding reaction (empty site→site with QB) and a r
of PSII according to Eq. (4). In addition, an inactive, slowly decaying fraction of PSII centers

QB, % QB
−, % Empty QB

site, %
QB
2−, % Inact, % t1/2, QB

QB
−, μs

Control 73 7 2 9 5 270
TEMP, 10 s 57 3 7 9 22 290
TEMP, 15 min 49 0 16 9 23 250
TEMP, 30 min 53 0 15 9 19 250
TEMPD, 10 s 25 20 13 11 27 640
TEMPD, 15 min 25 20 13 11 27 640
TEMPD, 30 min 25 20 13 11 27 640
of Rappaport et al. [35,36] but applying the Eyring theory of reaction
rates instead of the Arrhenius equation. The model fitted the
experimental data fairly well (Fig. S2), and the analysis showed that
both TEMP and TEMPD caused an increase in the half time of S2QA

−

recombination of themajor, slowly recombining PSII population, from
3 s to 9 s in 10 mM TEMP (30 min incubation) and to 90 s in 100 mM
TEMPD (15 min incubation) (Table 2). The half-time of S2QA

−

recombination increased also in the minor, rapidly recombining PSII
population (Table 2).

To assign the effects of TEMP and TEMPD to the different pathways
of the reaction S2QA

−→S1QA, we measured TL glow curves from TEMP
and TEMPD treated thylakoids. TL measurements in the presence of
DCMU showed that TEMP caused a 4 °C shift and TEMPD caused an 11
°C shift of the Q band toward higher temperature, suggesting that
both compounds cause an increase in the activation free energy of the
charge recombination S2QA

−→ S1QA (Fig. 4A and B). The shift occurred
immediately upon addition of TEMP or TEMPD. The amplitude of the Q
f DCMU. The model used in the analysis consisted of electron transfer reactions for PSII
elease reaction (QB

2-→empty site). A correction was done for the energetic connectivity
was assumed. A small fraction of fluorescence remained unresolved by the model.

to t1/2, QB
− to

QB
2−, ms

t1/2, binding
of QB, ms

t1/2, release
of QB

2−, s
t1/2,
Inact, s

Un-resolved, %

2 7 0.25 12 3
2 7 0.25 6 3
2 7 0.35 12 3
2 5 0.33 13 3
2 5 0.23 51 4
2 5 0.23 51 4
2 5 0.23 51 4

image of Fig.�3


Table 2
Analysis of the decay of Chl a fluorescence yield after a single turnover flash in the
presence of DCMU. The connectivity parameter was fixed at J=1.

Slow PSII
population

Fast PSII
population

Stable
fluorescence, %

% of PSII t1/2, S % of PSII t1/2, S

Control 67 3.0 29 0.35 4
TEMP, 10 s 69 3.8 29 0.43 2
TEMP, 15 min 67 9.2 29 1.0 4
TEMP, 30 min 64 21 27 2.3 9
TEMPD, 10 s 69 25 25 0.09 6
TEMPD, 15 min 86 90 12 1.4 2
TEMPD, 30 min 86 77 12 1.3 2
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band progressively decreased during incubation with TEMP and with
TEMPD (Fig. 4A and B).

The TL data were modeled to calculate how the two chemicals
affected the three different recombination pathways of the two PSII
populations [35,36]. The modeling led to a good fit to the
experimental data (Fig. S4). The analysis revealed that the decrease
in the amplitude of the Q band during incubation with TEMP or
TEMPD was caused by decrease in the number of active PSII centers
(Fig. 2), not by a specific decrease in the yield of the excitonic pathway
(Table 3). This conclusion is in agreement with the finding that the
decay of Chl a fluorescence yield after a single turnover flash in the
presence of DCMU also slowed down during treatment with TEMP or
TEMPD (Fig. 3). The best fit of TL data was obtained by allowing the
ΔH↕ values of all three pathways of the major, slowly recombining PSII
population to increase during incubation with TEMP or TEMPD,
suggesting that both compounds cause an increase in the redox
potential of the QA/QA

− pair, i.e. stabilize the S2QA
− state. Incubation
Fig. 4. Effect of 10 mM TEMP (A, C) and 100 mM TEMPD (B, D) on the Q band of TL, measured
DCMU (C, D). Thick solid line, control; thick dashed line, measurement after 10 s of additio
30 min, respectively after addition of TEMP or TEMPD.
with TEMP had only a minor effect on the activation parameters of the
fast PSII population but TEMPD treatment caused a large increase in
the ΔH↕ values of S2QA

− recombination reactions of the fast PSII
population, too (Table 3). The fits did not suggest changes in ΔS↕

values, and therefore the increase in ΔG↕ was entirely due to increase
in ΔH↕. The increase in the rate constant of the recombination reaction
(Eq. (2)) of the slow PSII population (Table 3) was smaller than in the
fluorescence data (Table 2).

To measure potential effects on the QB quinone, we also measured
the TL B band that reflects the recombination reaction S2QB

−→S1QB.
TEMPD caused an immediate 10 °C shift of the peak position of the B
band to a lower temperature while TEMP caused a smaller, gradual
shift of up to 4 °C during the 30-min incubation. Analysis of the B band
(Fig. S5) showed that ΔG↕ of S2QB

− recombination decreased by 12
meV during incubation with TEMP and by 27 meV when TEMPD was
used (Table 4). Incubation of thylakoids with 10 mM TEMP caused a
moderate decrease in the amplitude of the B band, similar to the
decrease of the Q band caused by the same compound (Fig. 4C),
whereas TEMPD caused a rapid decrease of the B band to one fifth of
the control amplitude (Fig. 4D). During further incubation with
TEMPD, the B band almost disappeared.

4. Discussion

1O2 is an often harmful reactive oxygen species [41,42] that can be
detected with substances that react specifically with 1O2, producing
spectroscopically detectable products [4–9,31,32]; see [42] for
review. However, before using 1O2 indicators, it is essential to
measure the direct effects of the indicator on the biological activity of
the sample. 1O2 sensor compounds must be treated with special care,
as artifacts are easy to obtain in 1O2 research. For example, the
commercially available compound Singlet Oxygen Sensor Green
in the presence of 20 μMDCMU (A, B) and on B band of TL, measured in the absence of
n of TEMP or TEMPD; thin solid line and thin dashed line, measurement after 15 and

image of Fig.�4


Table 3
Analysis of the Q band of TL. The connectivity parameter J had the value 1.0.ΔH↕ (meV) values are common to both PSII populations. 70% of PSII belonged to the slow, characterized by
ΔS↕j=−0.58 meV/K, ΔS↕exc=−0.79 meV/K and ΔS↕d=−2.1 meV/K and 30% to the fast PSII population characterized by ΔS↕j=−0.4 meV/K, ΔS↕exc=−0.8 meV/K and ΔS↕d=−1.9
meV/K. ΔG↕ values are calculated at 25 °C. Peak amplitude (Amp.) and the modelled amount of recombining S2QA

− (Act.) are also shown. The half-time (t1/2) values are in seconds.

Peak temp.,
°C

Amp., %
of control

Act.,%
of control

ΔH↕
i ΔH↕

exc ΔH↕
d Slow PSII population Fast PSII population

ΔG↕
i ΔG↕

exc ΔG↕
d t1/2 ΔG↕

i ΔG↕
exc ΔG↕

d t1/2

Control 12.4 100 100 638 666 198 809 899 818 3.5 756 902 759 0.40
TEMP, 10 sa 15.0 86 49 642 662 204 813 895 824 4.2 760 898 765 0.49
TEMP, 15 min 16.0 53 42 642 670 204 813 903 824 4.2 760 906 765 0.49
TEMP, 30 min 16.0 55 43 642 670 204 813 903 824 4.2 760 906 765 0.49
TEMPD, 10 sa 23.1 100 95 652 701 224 823 934 844 7.2 770 937 785 0.40
TEMPD, 15 min 23.1 54 50 652 701 224 823 934 844 7.2 770 937 785 0.83
TEMPD, 30 min 23.1 27 25 652 701 224 823 934 844 7.2 770 937 785 0.83

a Approximately 1 min was required to cool the sample from room temperature to −15 °C.
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(Invitrogen, Inc., Carlsbad, CA, USA) shows a strong fluorescence
signal if illuminated with wavelengths below 650 nm in the absence
of 1O2 sensitizers (Fig. S6). Furthermore, although this compound
functions well when methylene blue is used as a sensitizer, the small
signal obtained with thylakoids is not sensitive to use of deuterium
oxide, anaerobicity or azide (Fig. S7).

We studied the effects of two 1O2 sensor substances, TEMP and
TEMPD. Both produce an N-oxyl derivative in reaction with 1O2, and
the derivative can be quantified with magnetic resonance spectros-
copy. TEMP and TEMPD were found to have two types of effects on
PSII. Firstly, TEMP and TEMPD caused a rapid major change in the
properties of the acceptor side of PSII, characterized by stabilization
of QA

− (Fig. 3A and B; Tables 2 and 3), destabilization of QB
− (Fig. 3C

and D; Table 4) and slowing down of electron transfer from QA to QB

(Table 1). Secondly, loss of the number of active PSII units advanced
during 30 min incubation of thylakoids with TEMP and with TEMPD.
This secondary effect is evidenced by decrease in the oxygen
evolution activity and FV/FM (Fig. 2) and in the amplitudes of both
TL bands (Fig. 4). Loss of oxygen evolution capacity and decrease in
TL amplitudes show correlation with each other (Fig. S8). The
effects on the redox potentials partially explain the decrease in
oxygen evolution, as the difference in redox midpoint potential
between the QA/QA

− and QB/QB
− redox couples is the driving force of

electron transfer from QA to the plastoquinone pool. Due to opposite
changes in ΔG↕ values (increase of ΔG↕ of all three routes of
S2QA

−→S1QA recombination in both PSII populations and decrease
of ΔG↕ of S2QB

− → S1QB), the redox potential difference decreased
radically. If the redox potential difference between QA/QA

− and QB/
QB
− is calculated using the ΔG↕ of the main (indirect) pathway of the

main (slow) PSII population, then the redox potential difference
decreases from the control value of 42 mV to 26 mV during
incubation with TEMP and to 2 mV in thylakoids incubated with
TEMPD (Tables 3 and 4). Accordingly, TEMPD inhibited oxygen
evolution more severely than TEMP (Fig. 2).

Compounds modifying the environment of the quinones have
earlier shown to affect the redox potentials. Ureas like DCMU, certain
phenolic compounds like phenmedipham, bromoxynil and dinoseb,
and triazines like atrazine bind to the QB site and simultaneously
Table 4
Analysis of the B band of TL. ΔH↕ and ΔS↕ are the activation enthalpy and activation entropy o
25 °C.

Treatment Peak temperature, °C Amplitude, % of control

Control 38.0 100
TEMP, 10 sa 36.4 67
TEMP, 15 min 34.3 52
TEMP, 30 min 34.1 45
TEMPD, 10 sa 28.1 22
TEMPD, 15 min 28.5 11
TEMPD, 30 min 27.1 7

a Approximately 40 s was required to cool the sample from room temperature to 0 °C.
change the redox potential of the QA/QA
− couple [43,44]. For

example, the binding of bromoxynil and dinoseb destabilizes the
S2QA

− state by a factor of 10, compared to the stability of this state in
the presence of DCMU [44]. Furthermore, D1 protein mutants have
revealed that the redox potentials of the quinone electron acceptors
are sensitive to changes in the protein environment [45–47]. These
data suggest that TEMP and TEMPD may act by interacting with the
reaction centre proteins of PSII.

The finding that both TEMP and TEMPD modify the activation
parameters of the S2QA

− and S2QB
− charge recombination reactions

may suggest that these compounds are not suitable for 1O2

determination in photosynthetic systems. The observed effects on
PSII charge recombination reactions most probably affect the
probability of 1O2 production by PSII, as charge recombination is an
important route of triplet Chl formation [10,15,48,49]. Results
obtained by using TEMP and TEMPD must be interpreted with care,
taking into account the side effects.

The present results may have importance with regard to
photoinhibition of PSII. Some of the key studies that showed the
importance of 1O2 in photoinhibition have been conducted using
TEMP [4,5,31], andmore recently also TEMPD has been used [32]. The
validity of the conclusions of these studies, especially regarding the
role of the PSII charge recombination reactions in 1O2 production, can
be questioned, as both indicator chemicals have strong effects on the
recombination reactions. Thus, the question of the role of 1O2 in
photoinhibition may require reconsideration. It should be noted,
however, that TEMP or TEMPD have not been used in all experiments
probing the importance of 1O2 in photoinhibition. The criticism
presented here may not apply to other 1O2 indicator chemicals like
dansyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole (DanePy) [6].
DanePy detects 1O2 via a similar nitroxide formation reaction as
TEMP [6], but the 1O2-reactive moiety of DanePy is a tetramethyl-
pyrrole rather than a tetramethylpiperidine.

Apart from its suggested role in the reaction mechanism of
photoinhibition, 1O2 inhibits translation elongation in cyanobacteria
[50], thus interfering with the repair of photoinhibited PSII. There is
evidence suggesting that inhibition of the repair is the only significant
contribution of 1O2 in photoinhibition [11,50,51] but conflicting
f the recombination reaction, respectively. ΔG↕ and the half-time (t1/2) are calculated at

ΔH↕, meV ΔS↕, meV K−1 ΔG↕, meV t1/2, s

908 0.19 851 28
903 0.19 846 23
897 0.19 840 18
896 0.19 839 18
786 −0.13 825 9.9
786 −0.13 825 9.9
786 −0.13 825 9.9
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results have been obtained about direct inhibition of PSII by 1O2

produced by sensitizer chemicals [50,52]. Thus, more research is
needed to elucidate the role of 1O2 in photoinhibition. It should also be
noted that contribution of reactive oxygen species in the mechanism
by which light absorption by manganese ions causes the loss of
oxygen-evolution activity [13,22,23] cannot be ruled out.

The present data do not resolve the mechanism of the decrease in
PSII oxygen evolution activity, variable fluorescence and thermolu-
minescence amplitude occurring during incubation of TEMP or
TEMPD with a time constant of 5–15 min (Figs. 2 and 4). We consider
it possible that the nitrogen of the piperidine ring may react with a
component of the PSII electron transfer chain but the reaction is slow
because the component is protected by the protein matrix.

In conclusion, our experiments reveal unexpected, severe effects
on PSII electron transfer reactions by two 1O2 sensor compounds.
Further research is needed to find out whether the effects are due to
the reactivity of the nitrogen that also reacts with oxygen, or whether
PSII is inhibited due to some other common property of TEMP and
TEMPD. Anyway, the results indicate that thorough tests for side
effects of sensor chemicals are of great importance before they are
used for detection of 1O2.
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