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New NADPH/9-AA module for the DUAL-PAM-100:
Description, operation and examples of application.

Ulrich Schreiber and Christof Klughammer

Abstract

The NADPH/9-AA module has become available as a new accessory for the DUAL-PAM-100. Fluorescence is ex-
cited at 365 nm using a UV-A Power LED. A photomultiplier sensor is employed for detection of blue-green emission
(420 to 580 nm). The new module was optimized for measuring light-induced changes of NADPH fluorescence in
suspensions of isolated chloroplasts, algae and cyanobacteria. It also may serve for highly sensitive measurements of
various fluorescent probes, like 9-amino-acridine (9-AA), 9-amino-6-chloro-2-methoxyacridine (ACMA), acridine
orange and acridine yellow, which in the past have been used for non-invasive monitoring of bioenergetic processes
in isolated chloroplasts and whole cells. Technical features of the new emitter-detector module are outlined and some
hints for optimal use of the new device and of the Dual-PAM software are given. Examples of application are focused
on the phenomenology and interpretation of light induced NADPH fluorescence changes in suspensions of isolated
spinach chloroplasts, Chlorella vulgaris and cyanobacteria (Synechococcus PCC 7942 and Synechocystis PCC 6803).
Also simultaneous measurements of chlorophyll (Chl) and NADPH fluorescence are presented, revealing parallel and
anti-parallel kinetic phases. Under favorable conditions, Saturation Pulses can serve for estimating the extent of

NADP reduction in the steady state.

Introduction

Duysens and Amesz (1957) first measured NADPH
emission spectra in photosynthetic bacteria. Olson (1958)
presented first kinetic recordings of dark-light-dark in-
duced NADPH changes in Rhodospirillum, Anacystis and
Chlorella. Cerovic et al. (1993) measured simultaneously
Chl and NADPH dark-light fluorescence induction in iso-
lated chloroplasts employing a pulse-modulated nitrogen
laser. Detailed kinetics in dependence of various meta-
bolic factors was presented at 1-10 Hz time resolution.

Mi et al. (2000) studied NADPH fluorescence in
Synechocystis PCC 6803 and its ndhB-defective mutant
M55 with a PAM fluorimeter and a special Emitter-
Detector unit at 100 KHz time resolution. Using repeti-
tive illumination at saturating intensity, the observed
transients revealed highly complex dynamic changes re-
flecting the interplay of various metabolic pathways in-
volving NADPH and NADH.

While this previous work has demonstrated the potential
of NADPH measurements, up to now this tool has been
rarely applied, due to the small signal amplitude and the
lack of commercially available, easy to handle instrumen-
tation. Here we report on a new NADPH/9-AA module
for the DUAL-PAM-100, application of which is greatly
facilitated by a powerful user software that has been spe-
cifically extended for the sake of NADPH measurements.

The new module employs pulse-modulated UV-A excita-
tion light (365 nm) for measuring either NADPH/NADH
or 9-aminoacridine (9-AA) fluorescence in suspensions
of isolated chloroplasts, unicellular algae or cyanobacte-
ria. Both signals can be measured simultaneously with
Chl fluorescence. While NADPH fluorescence changes
provide information on electron transport at the acceptor

side of Photosystem I (PS I), 9-AA fluorescence quench-
ing may serve as an indicator of the transthylakoid mem-
brane proton gradient (ApH).

The DUAL-PAM-100 was designed as a modular meas-
uring system with the possibility to measure one pulse-
modulated single beam signal (normally Chl fluorescence
excited by red or blue measuring light) and one pulse-
modulated dual beam difference signal (normally P700
absorbance detected via the difference in transmittance of
870 and 830 nm light). Alternatively, also two single
beam signals can be measured. The Emitter-Detector
units for measuring Chl fluorescence and P700 can be
readily exchanged against alternative Emitter-Detector
units that have been developed for assessment of other
types of optical changes that may provide complementary
information on photosynthesis.

In a preceding communication, Schreiber and Klugham-
mer (2008) already reported on the P515/535 module,
which allows simultaneous measurements of the electro-
chromic pigment shift (ECS, P515) and of “scattering”
changes reflecting “membrane energization”. In this way,
the DUAL-PAM-100 has been continuously evolving
into a universal measuring system for profound non-
invasive analysis of photosynthesis.

Some background on fluorescence from
NADHP, 9-AA and other fluorescent probes

NADPH fluorescence

NADPH fluoresces in the blue-green spectral region in
contrast to NADP, which does not fluoresce. The excita-
tion spectrum of NADPH fluorescence shows a maxi-
mum in the UV-A region around 340 nm. The emission
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peaks around 465 nm. Measuring NADPH fluorescence
in photosynthesizing organisms is complicated by a num-
ber of facts that so far have prevented widespread appli-
cation of this tool:

a. The amplitude of NADPH fluorescence is about 2000
times smaller than that of Chl fluorescence (using
identical 365 nm excitation).

b. The UV excitation light is not only absorbed by

NADPH, but also by numerous other cell constitu-
ents, including photoprotective and photosynthetic
pigments.

c. Non-NADPH excitation (of cellulose, flavins etc.)
gives rise to a “background signal” that may be sev-
eral fold larger than the NADPH signal.

d. NADPH accumulates at very low light intensities,
making the use of high measuring light intensity
problematic.

€. The blue-green emission is efficiently reabsorbed by

photosynthetic pigments, thus preventing use of high
Chl concentration (with correspondingly high NADP
content).

As will be shown in this communication, despite of these
unavoidable complications, the specifications of the
DUAL-PAM-100 and of the newly developed NADPH
Emitter-Detector unit enable reliable measurement of
NADPH fluorescence changes at a satisfactory sig-
nal/noise ratio and high time resolution.

9-AA and other fluorescent probes

The excitation spectrum of 9-amino-acridine (9-AA)
fluorescence peaks around 400 nm, with shoulders
around 380 and 365 nm. The emission peaks are located
at 430 and 475 nm. Schuldiner et al. (1972) first applied
the quenching of 9-AA fluorescence upon illumination of
thylakoids for determination of the transthylakoid mem-
brane ApH. They assumed that only the deprotonated
9-AA base (pK 10) is freely permeable across the mem-

Fig. 1.

Emitter unit DUAL-ENADPH,
photomultiplier detector (DUAL-
DNADPH) of DUAL-DNADPH
unit, separate photodiode detec-
tor DUAL-DPD and standard de-
tector unit DUAL-DR mounted
on the optical wunit ED-
101US/MD

DUAL-DNADPH|
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brane, so that the protonated form will be trapped within
the thylakoid lumen upon internal acidification, where its
fluorescence is quenched. While the physical mechanism
of 9-AA fluorescence quenching has been controversially
discussed, it has found widespread practical applications
in bioenergetical and plant physiological studies with iso-
lated thylakoids (e.g. Avron and Schreiber 1977) and in-
tact chloroplasts (e.g. Tillberg et al. 1977; Hormann et al.
1994).

While in principle, fluorescent probes can be also applied
for monitoring internal pH changes in spheroplasts or
whole cells from different phototrophic organisms, the
observed changes are more complex and more difficult to
interpret. A comprehensive study of fluorescent probes
for bioenergetic studies of whole cyanobacterial cells was
presented by Teuber et al. (2001). Acridine orange and
Acridine yellow proved to be the best ApH indicators for
investigation of thylakoid and cytoplasmic membrane en-
ergization in Synechocystis PCC 6803. A special Ac-
ridine Orange/Yellow fluorescence module for the
DUAL-PAM-100 has been available for some time.
These dyes show excitation maxima around 430 and 460
nm, respectively, i.e. shifted to longer wavelengths with
respect to 9-AA, and also the emission peaks are shifted
into the green (peaks around 510 and 500 nm, respec-
tively). While the emission is optimally detected by the
photomultiplier sensor of the new NADPH/9-AA mod-
ule, 365 nm excitation is suboptimal, with about 12% of
maximal excitation in the case of Acridine orange and
only about 5% in the case of Acridine yellow. Neverthe-
less, due to the high fluorescence yields and the superior
sensitivity of the photomultiplier sensor, the new
NADPH/9-AA is well suited for measuring Acridine or-
ange and Acridine yellow changes.

The present communication concentrates on NADPH
measurements and interpretation of the obtained data.
Examples of applications of the new NADPH/9-AA
module using 9-AA and various other fluorescent probes
will be presented in a separate PAN article.

. »
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>
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Material and methods

Technical features of the NADPH/9-AA
module

The NADPH/9-AA module consists of the emitter unit
DUAL-ENADPH and the detector unit DUAL-
DNADPH. The latter consists of a miniature photomulti-
plier with power supply which is approximately 1500x
more sensitive than the photodiode detector employed by
the standard DUAL-DR (or DUAL-DB) and almost 200-
fold more sensitive than the optional, separate photodiode
detector DUAL-DPD. The DUAL-ENADPH in outer ap-
pearance is equivalent to the standard emitter unit for si-
multaneous measurements of P700 and Chl fluorescence,
DUAL-E.

For operation of the NADPH/9-AA module, the standard
control unit DUAL-C and the optical unit ED-101US/MD
for measurements with suspensions are required. Emitter
and detector units are mounted at right angle with respect
to each other. For simultaneous measurements of Chl
fluorescence either the standard DUAL-DR or the op-
tional, separate photodiode detector DUAL-DPD can be
mounted on the optical port opposite to the photomulti-
plier. The DUAL-DPD is recommended for measure-
ments with suspensions, as it is about 8 fold more sensi-
tive. If, as normally the case, the standard DUAL-DR is
available, this can be mounted at right angle to the
DUAL-DPD and opposite to the DUAL-ENADPH, with
only the LED Array cable being connected to the DUAL-
C (see Fig. 1). In this way, the sample can be homoge-
nously illuminated from opposite sides.

Emitter unit DUAL-ENADPH

The DUAL-ENADPH contains a UV-A (365 nm) Power
LED providing pulse-modulated NADPH/9-AA fluores-
cence measuring light. A red LED (620 nm) is employed
for pulse-modulated Chl fluorescence measuring light. A
Chip-On-Board LED Array (635 nm) serves for continu-
ous actinic illumination (max. 2000 pmol m™s”' PAR),
saturating Single Turnover flashes and Multiple Turnover
flashes (max. 20000 umol'm™s” PAR). A far-red LED
(730 nm) provides light for preferential excitation of
PS I. All optical filters are permanently mounted within
the DUAL-ENADPH housing:

a. The UV-A excitation light is filtered by a short-pass
filter with A<400 nm

b. The red Chl fluorescence excitation light is filtered
by a short-pass filter with A<645 nm

c. The red actinic light is passing a long-pass filter with
2>600 nm to remove a small fraction of yellow-green
emission of the red LEDs.

The various types of LED light feed into a 10x10x50 mm
quartz rod, which serves for guiding the randomized light
to the 10x10 mm cuvette containing the sample.

The DUAL-ENADPH is connected with 3 cables to the
input sockets EMITTER, LED ARRAY and FLUO ML
of the DUAL-C control unit.
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Detector unit DUAL-DNADPH

The DUAL-DNADPH features a photomultiplier
(DUAL-DNADPH) detector with automatic overload
switch-off and manual On/Off buttons. The DUAL-
DNADPH displays maximal sensitivity in the blue spec-
tral range and is relatively insensitive in the red. The lat-
ter property is important for minimizing the effect of a
spurious fraction of actinic light passing the filter set in
front of the detector. The filter set transmits a broad blue-
green band (420-580 nm). It consists of 3 filters which
are optimized for

a. Eliminating pulse-modulated NADPH/9-AA excita-
tion light

b. Absorbing the pulse-modulated Chl fluorescence

c. Absorbing the strong actinic light originating from
the Chip-On-Board LED Array.

The DUAL-DNADPH features a filter box with cover
and an adapter for mounting on the optical port featuring
a 10x10x100 mm Perspex rod, which carries the fluores-
cence from sample to detector (see Fig. 1). The end of the
Perspex rod should press gently against the filter. The
DUAL-DNADPH is connected via the MULTIPLIER
SUPPLY socket with its Power Supply and via the Detec-
tor 2 cable to the corresponding input socket of the
DUAL-C control unit. The DUAL-DNADPH power sup-
ply offers 6 coarse and 12 fine sensitivity settings.

It is recommended to increase DUAL-DNADPH sensitiv-
ity until a signal between 3.5 to 4.5 V is reached. The
software controlled Gain (under Settings/Mode/NADPH-
Fluo) should be at setting 1 (Low), as signal amplifica-
tion by the DUAL-DNADPH is better. The signal satu-
rates at about 5 V. When the DUAL-DNADPH sensitiv-
ity is stepwise increased beyond signal saturation, first
the signal noise disappears and then the signal may show
large variations, jumping from positive to negative val-
ues. In order to rule out that the signal is saturated, the
DUAL-DNADPH sensitivity should be stepwise de-
creased and ascertained that the signal amplitude is corre-
spondingly decreased.

While the automatic overload switch-off protects the
DUAL-DNADPH against damage by excess light, the
performance of the DUAL-DNADPH is strongly affected
by any non-modulated background light. In contrast to
the standard photodiode detector, the DUAL-DNADPH
noise increases with incident light intensity. Therefore,
the cuvette compartment and the filter box should be al-
ways tightly closed. All optical ports that are not used
have to be closed using the mirrored rods. This is also
true for the bottom port, if the Miniature Magnetic Stirrer
is not mounted. When the separate photodiode detector
DUAL-DPD is mounted opposite to the DUAL-
DNADPH, its filter box should be covered.
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Separate photodiode detector DUAL-DPD

The DUAL-DPD is equipped with a 10x10mm photodi-
ode matching the 10x10 Perspex light guide that leads the
fluorescence from the 10x10mm cuvette to the detector.
It features a filter holder, in which a 2mm RG665 filter
(Schott) is mounted for Chl fluorescence measurements.
While the DUAL-DPD employs the same photodiode as
the standard DUAL-DR (and DUAL-DB) detector, it is
about 8-fold more sensitive for two reasons:

a. The full 10x10 mm area is used, whereas in the
DUAL-DR only a 6.5 mm diameter circular area is
used (central hole in Chip-On-Board LED Array for
actinic illumination).

b. The RG665 filter passes the short-wavelength Chl
fluorescence peak, which in suspensions is about 3
fold higher than the far-red satellite peak. The
DUAL-DR was optimized for simultaneous meas-
urements of P700 and Chl fluorescence in leaves,
where the short-wavelength peak is reabsorbed.
Therefore, as the P700 signal is disturbed by strong
short-wavelength red, the DUAL-DR is equipped
with an RG9 filter (Schott) which opens at 715 nm
and effectively absorbs the red actinic light.

Important points for optimal NADPH
measurements

As outlined above (see section on background on
NADPH fluorescence), NADPH fluorescence measure-
ments in suspensions of isolated chloroplasts or photo-
autotrophic cells are impeded by a number of unavoid-
able, complicating factors. As a consequence, the signal
is rather small and attention should be paid to optimize
the signal/noise ratio. In this context, the following points
have proven important:

a. Low fluorescent suspension media should be used
to minimize the background signal, as the noise in-
creases with overall signal amplitude.

b.  Algae and cyanobacteria should be centrifuged and
resuspended in fresh, low-fluorescent medium. In
particular, any soil extract in the growth medium
should be washed out, as it displays strong fluores-
cence upon 365 nm excitation.

c.  Preferably young cells in the logarithmic growth
phase should be used, as they not only show maxi-
mal physiological activity, but also a maximal ratio
of NADPH/background fluorescence.

d. It is recommended to filter suspensions through a
fine nylon mesh to remove particulate matter (dust
particles, microscopically small fibers and debris),
which not only increase the background signal, but
also can cause large disturbances upon settling and
when samples are stirred.

e.  For measuring the dark-baseline, the time-integrated
intensity of the measuring light (ML) has to be very
low, in order to avoid NADPH accumulation before
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Fig. 2. The NADPH measuring light window permits adjustments of
frequency and intensity off UV-A excitation.

onset of actinic illumination (AL). On the other
hand maximal ML intensity (setting 20) is advanta-
geous with respect to a high signal/noise. These two
conflicting aspects can be reconciled with each
other by appropriate choice of ML frequencies in
the absence and presence of AL. Maximal ML in-
tensity setting 20 and frequency settings 200 and
5000 are recommended for MF Low and MF High,
respectively. When Auto MF High is active, fre-
quency automatically switches from MF Low to MF
High upon onset of AL.

Signal/noise performance and signal stability

Potential sources of signal noise and disturbances are the
instrument (i.e. electronics, including LED emitter and
photomultiplier detector) and the sample. In practice, of-
ten the sample noise is dominating. The noise originating
from the instrument can be judged by measurements with
a stable fluorescent standard. Fig. 3 shows a Slow Kinet-
ics recording of 365 nm excited fluorescence of Lumogen
Blue dissolved in ethanol at an acquisition rate of 1 milli-
second/point. Measuring light frequency (MF) is
switched from MF Low = 200 Hz to MF High = 5000 Hz
and back. The same recording is displayed at 3 different
settings of Average Points (on Slow Kinetics screen).

Figure 3 shows that the relative amplitude of the noise is
substantially decreased with increasing MF and number
of averaged data points. The MF increase from 200 to
5000 Hz results in a five-fold decrease of noise. With in-
crease of the number of averaged points from 16 to 256,
the noise is decreased by a factor of 8. While the MF set-
tings, just like the analogue Damping (under Set-
tings/Mode) have to be defined before a measurement,
the number of points to be averaged can be chosen after
the recording.

The recording presented in Fig. 3 indicates that the in-
strument related noise is mostly “white”, i.e. random, so
that it can be minimized by point averaging, depending
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on the required time resolution. At maximal Slow Kinet-
ics acquisition rate of 1 millisecond/point even with 256
point averages the time resolution of about 4
points/second is sufficient for many applications. In ap-
plications where a higher time resolution is essential, the
noise can be further decreased by curve averaging. In the
given example, the noise apparent at MF High = 5000 Hz
that persists with 256 point averages, amounts to about
0.1% of the total signal.

On close look a small signal rise upon switching from
MF Low to MF High is apparent (see 5 fold sensitivity
trace in Fig. 3). This signal rise can be explained by an
“induction effect” of the UV-A LED. It is more pro-
nounced at MF High = 10000 Hz (not shown). It also is
enhanced when the UV-A LED has not been switched on
for a longer period of time (e.g. over night). While this
artefact is of no concern when light-induced changes are
in the order of 5-20%, it may disturb measurements with
samples under unfavorable conditions, when changes in
the order of 1% are analyzed. In this case, it is recom-
mended to switch on the measuring light (N ML) at MF
High = 5000 Hz for about 10 min before starting serious
experiments.

The sample-related noise is least with chloroplasts sus-
pensions, which almost perform like the Lumogen fluo-
rescence standard, provided they are filtered through a
fine nylon mesh to avoid disturbance by moving tissue
debris. Fig. 4 shows a typical experiment with continu-
ously stirred hypotonically broken spinach chloroplasts in
the presence of 2 uM NADP at 16 point averages.

First 0.4 uM NADPH is added for signal calibration at
MF Low (200 Hz). Then actinic light is switched on with
Auto MF High switching to high measuring light fre-
quency (5000 Hz). NADP reduction is first linear and
then levels off when NADP becomes exhausted. The
relative noise amplitude is very similar to that observed
with the Lumogen standard (Fig. 3) at 16 point averages.
Notably, there is no significant increase of noise caused
by the stirring.

In this experiment the Miniature Magnetic Stirrer US-MS
with a 6 x 1.5 mm magnetic stir bar (Starna) was used at
maximal stirring rate. The design of the Optical Unit ED-
101US/MD is such that the bottom of the quartz cuvette
is directly on top of the stirrer and the stir bar 2 mm be-
low the lower edge of the Perspex rod guiding the fluo-
rescence from the sample to the detector. Therefore, the
detector does not “see” the stir bar and if there is any stir-
ring noise, this is likely to originate from moving particu-
late matter. This can be readily checked by visual inspec-
tion with actinic light at moderate intensity switched on,
by viewing via an opened side port. Even a tiny piece of
cellulose fiber, barely visible by bare eye, can cause a
more than 10 fold increase in sample noise.

Addition of a small NADPH aliquot can serve for cali-
brating the light-induced NADPH changes and also for
estimating the detection limit of the NADPH/9-AA mod-

PAM Application Notes (2009) 2: 1 - 13

Average of 16 data 38
3.95
m—-—-—-—-——w—m 39
385
Average of 64 data 38
395
Pt i
3.85
38

Average of 256 data

38

3.89

3.88

387

Average of 256 data. 5-fold sensitivity

[200 H>| 5000 Hz >| 200 H>

Measuring Light Frequency

Fig. 3. Assessment of instrument related noise by Slow Kinetics re-
cording of fluorescence signal of Lumogen Blue at Acquisition Rate
of 1 millisecond/point, MF Low = 200 Hz and MF High = 5000 Hz.
Display of the same recording at 3 different indicated settings of Av-
erage Points. The trace with 256 Average Points is also presented at
5 fold sensitivity. Time units, 1 min.

IMC31. PM5/2, Sp.thyl., 2x(-6) NADP, cal. with 4x(-7) NADPH, 35" AL10

A ‘ONI-HAAVN

time [m:s]
Fig. 4. Demonstration of signal/noise performance in Slow Kinetics
recording of continuously stirred broken spinach chloroplasts in the
presence of 2 yM NADP. Arrows indicate (1) addition of 0.4 puM
NADPH and (2) start of actinic illumination of 600 pmol-m2-s. The
Auto MF High function switched the measuring light frequency from
200 to 5000 Hz. Display with 16 Average Points.

ule for NADPH. In the example of Fig. 4, the noise at MF
High is about 1/25 of the change corresponding to 0.4
uM NADPH. Hence, a detection limit of about 50 nM
NADPH is estimated. This can be further lowered by sig-
nal averaging.
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Fig. 5. Elements of graphical user interface to control instrument set-
tings and script files.

Special User Settings and files for NADPH
measurements

The same Dual-PAM software is used for operation of
the NADPH/9-AA module as for standard Chl fluores-
cence and P700 measurements. Hence, users familiar
with the standard applications should not have much
problems operating the NADPH/9-AA module. In the
following some hints for making optimal use of this
software in conjunction with the NADPH/9-AA module
are given.

Before starting NADPH measurements, it is recom-
mended to open the settings file Walz NADPH.def using
the “Open User Settings” command (Fig. 5A). In this
way, it is made sure that appropriate settings are effec-
tive, that differ from default settings for standard Chl
fluorescence experiments and have proven optimal for
NADPH measurements (e.g. ML intensity 20).

The Script testNADPH.prg was programmed to demon-
strate two useful Trigger files, the Slow Kinetics test-
NADPH.STM and the Fast Kinetics testNADPH.FTM.
The Script file is opened via the Load button and started
via Run (Fig. 5B).
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The Program list (Fig. 5C) shows the consecutive com-
mands of the Script file. First the essential settings are in-
stalled. Then a Triggered Run with Slow Kinetics involv-
ing a 100 s actinic illumination is measured. Finally 10
Fast Kinetics recordings involving a 15 s actinic illumi-
nation are averaged. The user may readily modify the
Script program as well as User settings and Trigger files
and save them under new names.

The Script Comment File associated with the current
script file can be opened using the “Open Comment” but-
ton (Fig. 5D). Script Comment files (Fig. SE) can be ed-
ited. When the Triggered Run testNADPH.STM is
opened, automatically also the appropriate Acquisition
parameters (256000 Acquisition Points, 1 ms/p Acquisi-
tion Rate under Settings/Slow Kin.) are installed. Appro-
priate settings are also installed upon opening the Fast
Trigger file testNADP.FTM, if Read with Start Cond.
(Fig. 5F) is enabled on the Fast Trigger window.

Averaging of recordings and repetition clock

When the signal/noise ratio of single recordings is not
satisfactory, it can be improved by averaging of a number
of recordings. Manual and automatic averaging routines
are provided. Manual Averaging involves selection of the
corresponding files from a drop-down list (Fig. 6A),
which is opened by clicking the “+” icon (on Slow and
Fast Kinetics windows).
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Average Slow Kin. Files

When the Add icon is clicked, a list of all stored
Slow Kinetics files is shown, from which a nuber of files can
be selected to be averaged.

Upon O.K. the resulting average curve is displayed and
automatically saved as new Slow Kinetics file, with the Comment
line defining its origin.

Curves to be averaged have to match (identical Slow Kinetics
settings). Otherwise there will be a message: "Curves to be
averaged do not match”.

Averaged Slow Kinetics can be subtracted from each other only,
if the number of averages are identical.

Note: A nuwber of Slow Kinetics recording can be recorded under
identical conditions in form of Trig. Runs using the repetition
Clock function.

~Fast Kin. Average D Clock Cycles
Target Averages Target Number
™ Multiple Cycles I™ infinite

Fig. 6. Elements of graphical user interface to control averaging of
kinetics.
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In this context, the user is encouraged to make use of the
Help-texts (see Fig. 6B) accessible via the F1-command,
when the function element in question is selected by the
cursor. In view of the complexity of the Dual-PAM soft-
ware, these texts can be quite helpful to make optimal use
of the system.

Fast Kinetics can be averaged either manually (by selec-
tion from a drop-down list, as in the case of Slow Kinet-
ics) or automatically, after enabling Averaging on the
Fast Kinetics window. The desired number of averages is

Results and discussion

Fig. 7A shows typical dark-light-dark induction transients
of NADPH fluorescence measured with a suspension of
dark-adapted intact spinach chloroplasts using the Trig-
gered Run testNADPH.STM. Interestingly, the dark-
adapted signal level is distinctly higher than the dark
level following the 100 s illumination period, suggesting
that about 35 % of the NADP pool is reduced after dark-
adaptation. This observation is in agreement with meas-
urements of Takahama et al. (1981), who determined the
amount of NADP and NADPH by enzymatic cycling and
found that between 40 and 60 % of the chloroplast NADP
was reduced in the dark.

The initial rise of light-induced NADPH fluorescence
can be resolved, when a number of Fast Kinetics are av-
eraged using the automatic Averaging and Clock func-
tions. Fig. 7B shows 10 averages based on the Fast Trig-
ger file testNADPH.FTM. While the complete recording
runs for 32 s, only the first 2 s with the initial rise are
displayed. The initial rise kinetics reveals two phases of
NADP reduction. On closer inspection at horizontally
zoomed time scale a distinct lag phase of about 10 ms is
apparent (not shown). Important kinetic information is
also obtained following AL off, reflecting NADPH re-
oxidation via various alternative reactions in the dark
(related to Calvin-Benson cycle, cyclic PS I, detoxifica-
tion of reactive oxygen species, nitrite reduction etc.),
detailed discussion of which would be out of scope of
this application note.

In contrast to Chl fluorescence, the initial rise of
NADPH fluorescence does not directly reflect charge
separation at PS I, as NADP is not the primary acceptor
of P700. The thermal electron transfer steps between the
primary PS I acceptor A, and NADP should be reflected
by the kinetics of the signal change induced by a saturat-
ing single turnover flash. As demonstrated in Fig. 8, the
signal rise induced by a saturating 40 us flash (ST40us)
can indeed be evaluated, when 100 Fast Kinetics re-
cordings are averaged. The displayed curve is the differ-
ence of the kinetics measured with ST40us triggered at
time 0 and without ST40us, in order to correct for the
fluorescence rise induced by the measuring light at high
MF. As was already noticed by Cerovic et al. (1993),
NADPH accumulates at very low light intensity. There-
fore, the measuring light was switched on only briefly

PAM Application Notes (2009) 2: 1 - 13

defined under Settings/Fast Acqui./Target averages (Fig.
6C).

The Clock (see Fig. 6D) can be applied for averaging re-
petitive measurements with defined time intervals in be-
tween. In the case of Fast Kinetics, the Clock just has to
be started. It stops when the Target averages are reached.
While Slow Kinetics cannot be automatically averaged,
the Clock still is useful for triggering consecutive re-
cordings with defined time intervals. The desired number
of Clock cycles can be set under Settings/Slow
Kin./Clock Cycles/Target Number.

before start of the recording using the Auto ML on func-
tion.

A single 40 ps flash induces approximately 1/6 of the
maximal signal change (Fig. 8). As already suggested by
the data in Fig. 7, there is a lag phase of about 10 ms be-
fore the signal starts rising and the rise consists of two
equal size phases, with half-times of about 10 and 60 ms.
It remains to be clarified, whether the two phases possi-
bly reflect two types of NADP pools or two pathways of
NADP reduction.

In presence of 1 uM DCMU the light-induced fluores-
cence rise consists of two distinct phases that are sepa-

A |MC1 104l intact spinach chioroplasts on 1.5 mi, testNADPH.STM, ALB, 1. run, no adtions

LT
]

A “OnI-HAAVN

time [m:s]
B Iﬁﬂﬂaﬂspiudldhoplaslx.FaﬂKhbaudelNADPH.FTM (10 averages]

A ‘NI HAAYN

|
Average of 10 kineticsl

5500

5000 6500 7'000

£'000
time [ms]

Fig. 7. A: Slow Kinetics recording (testNADPH.STM) of dark-light-
dark induction transients of dark-adapted intact spinach chloroplasts.
Light intensity, actinic light intensity setting AL=8, 380 pmol-m2-s-1,
Display with 256 Average Points. B: Fast Kinetics recording of light-
induced increase of NADPH fluorescence in intact spinach chloro-
plasts. At 5000 ms light-on (actinic light intensity setting AL=8, 380
pmol-m2-s-) and MF switched from Low 200 to High 5000. 10 aver-
ages with 1 min repetition intervals. Acquisition rate, 1 ms/point. Dis-
play with 1 Average Points.
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|§T40ushd. increase of NADPH fluorescence in intact spinach chioroplasts, testNADPHO8.FTM, 100 avgs

4

E
°
=X
o
034 £
<

0 50 100

time [ms]

Fig. 8. Fluorescence rise induced by a 40 us saturating flash in in-

tact spinach chloroplasts. The trace corresponds to the average of

100 curves observed in the presence of a flash minus the 100

curves average in the absence of a flash. The flash was triggered at

time 0 and Aufo ML on was enabled. Acquisition rate 5 us/point.

Display with 64 Average Points.

rated by a small dip phase. Closer inspection of the fast
phase after horizontal zoom reveals a half-rise time of
140 ms (not shown in the figures), which is very similar
to the half-rise time in the absence of DCMU. The slow
phase, which starts with 10 s delay, is characterized by a
half-rise time of 23 s. The latter is accelerated by preil-
lumination (not shown).

Dark-light-dark induction transients of
NADPH in Chlorella vulgaris

Typical dark-light-dark induction transient of Chlorella
vulgaris at 3 different actinic light intensities are shown
in Fig. 10. While the curve at an actinic light intensity of
380 pmol'm™s' was recorded after 5 min dark-
adaptation, the consecutively measured curves (70 and 20
pmol'm?s™) were recorded after 90 s dark time. As al-
ready observed with isolated intact chloroplasts (Fig.
7A), after 5 min dark-adaptation a substantial fraction of
NADP (38 %) is already reduced in the dark. After 90 s
dark time only about 15 % of the total NADP pool is re-
duced.

The light-induced changes in Chlorella are more complex
than those observed in isolated chloroplasts. The changes
at 380 pmol'm™s™” resemble the changes in isolated
chloroplasts in the presence of 1 uM DCMU (Fig.
9).They reveal a dynamic interplay of reduction and oxi-
dation reactions. At actinic light intensities of 20 and 70
pmol'm™s™, the initial rise is followed by a pronounced
dip phase, before a second rise phase sets in. At 380
umol-m™s™, and at 70 umol-m™s™, after about 40 s illu-
mination, the NADPH fluorescence yield starts declining
again. This decline is likely to reflect NADPH consump-
tion by CO, fixation. Following activation of the Calvin-
Benson cycle by preillumination, the decline is enhanced
and shifted to shorter times (see below).

While on first sight, the NADPH fluorescence induction
kinetics in Chlorella may resemble the O-I-D-P-S tran-
sients of Chl fluorescence (Kautsky effect), the early

|20ulilaelspinehdhoplaﬂsm1.5nlluMDEMU.udNADPH.STM, ALS, 1. rur|

A ‘O3 HdavN

Fig. 9. Slow Kinetics recording (testNADPH.STM) of dark-light-dark
induction transients of dark-adapted intact spinach chloroplasts in the
presence of 1 uM DCMU. Light intensity, 380 umol-m2-s-1. Display
with 256 Average Points.

transients of the latter are distinctly faster. Simultaneous
measurements of NADPH and Chl fluorescence are pre-
sented in Fig. 11.

Fig. 11 shows simultaneous recordings of dark-light-dark
induced changes of NADPH and Chl fluorescence in
Chlorella vulgaris. Calvin-Benson cycle enzymes were
light-activated due to repetitive illumination triggered
with 4 min clock intervals. The displayed data are the av-
erage of 4 recordings. Under the given conditions, the
NADPH induction kinetics are dominated by a peak
about 25 s after onset of illumination and a pronounced
NADPH reoxidation phase upon light-off. The NADPH
peak coincides with a secondary peak of Chl fluores-

%

A ‘Onl-HAAVN

AL: 380 umol-m2-s!

|

A ‘ON|I-HdAVN

AL: 70 umol-m2-s1|!

A ‘Onl-HAAVN

Fig. 10. Slow Kinetics recording (testNADPH.STM) of dark-light-dark
induction transients of Chlorella vulgaris at three actinic light intensi-
ties (AL). Display with 256 Average Points.
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cence, presumably corresponding to the Ml-peak de-
scribed in the literature (see e.g. Renger and Schreiber,
1986). For resolving the O-1-P transients, in Fig. 11B the
early parts of the curves are displayed at zoomed scales.

While the O-I rise of Chl fluorescence reflects the reac-
tions at the acceptor side of PS II, the I-P rise has been
interpreted to reflect transient exhaustion of electron ac-
ceptors at the PS I acceptor side and the P-S decline oc-
curs when this limitation is overcome. The presented data
are in agreement with this interpretation and allow some
additional insights. Most of the rapid phase of NADP re-
duction, which is completed 300 ms after AL-on, occurs
during the 200 ms of constant Chl fluorescence yield at
the I-level. The dip in NADPH fluorescence sets in be-
fore the Chl fluorescence peak, P, is reached, which at the
given low light intensity is much lower than the maximal
fluorescence yield, Fm. Hence, the reoxidation of
NADPH expressed in this dip, appears to be responsible
for P being photochemically quenched with respect to
Fm. The question arises, by what mechanism NADPH is
reoxidized already 300 ms following onset of illumina-
tion. The data in Fig. 11C suggest that molecular oxygen
is involved.

Fig. 11C can be directly compared with Fig. 11A, as the
same sample under identical conditions was used, except
for the removal of molecular oxygen. It is apparent that
the dip-phase in NADPH fluorescence is eliminated.
When longer periods of anoxia are applied, NADP be-
comes almost completely reduced in the dark and Chl
fluorescence yield increases to the Fm level (data not
shown in the figures; see Schreiber and Vidaver 1974,
1975).

Dark-light-dark induction transients of
NADPH in cyanobacteria suspensions

Dark-light-dark induction transients of NADPH in
Synechocystis PCC 6803 and of its ndh-B defective mu-
tant M55 were already measured by Mi et al. (2000) us-
ing a modified PAM fluorometer. In this work, the cells
were illuminated repetitively (10 s light/40 s dark inter-
vals) and the responses of 10 dark-light-dark curves were
averaged. Analysis of the observed transients in the pres-
ence of artificial electron acceptors and inhibitors led to
tentative interpretations of the various induction tran-
sients.

Measuring NADPH fluorescence in cyanobacteria can be
complicated by a strong background signal, which not
only leads to an increase of noise, but also to substantial
signal drift. Most of this background signal is due to a
fluorescent substance excreted by the cyanobacteria dur-
ing growth. This can be demonstrated by comparing the
responses of the same cells in the original growth suspen-
sion and after centrifugation/resuspension in the same
volume of fresh growth medium.

As can be seen in Fig. 12, the signal/noise ratio of resus-
pended Synechococcus PCC 7942 cells is about 10 times
higher than that of the original suspension. Furthermore,
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A A“°| [Manual Average, 4x, MC2:5, Chlorella aerobic, testNADPH STM, AL/HEK

0:15 0:30 0:45 1.0 1:15 1:30 1:45
time [m:s]

B A‘”I [Manual Average, 4, MC25, Chiorella aerobic, testNADPH.STM, AL3/H5K

Fig. 11.

A: Simultaneously measured Slow Kinetics (testNADPH.STM) of
NADPH and Chl fluorescence of Chlorella vulgaris. Fluo ML inten-
sity, setting 5. Actinic light intensity, AL3, 70 pmol quanta/m?s. Av-
erage of 4 recordings measured with 4 min Clock intervals. Display
with 256 Average Points.

B: Identical recordings as in panel A with the early part being
zoomed for resolving O-I-P transients of Chl fluorescence rise. Dis-
play with 64 Average Points.

C: Chlorella vulgaris 5 min after addition of glucose/glucose oxidase
for removal of molecular oxygen. Otherwise identical conditions and
same sample as in panel A.

the positive signal drift observed in the original suspen-
sion, is disappeared after resuspension. Analysis of the
background signal reveals that it is stimulated by sample
illumination, particularly under physiological stress.
Once an increase of this signal is induced by light, the
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signal continues increasing for some time, before a slow
decline sets in. The emission spectrum of the background
signal extends over the whole blue-green region, just like
that of NADPH, with the peak being shifted by at least 50
nm towards longer wavelengths. Hence, a flavine com-
pound might be involved. While this background signal
can be very disturbing with measurements of NADPH
fluorescence, it may turn out to be a valuable indicator
for a so far unknown mechanism of photoprotection in
cyanobacteria. Further discussion of this aspect would be
out of scope of this report.

The light-induced NADPH fluorescence changes of
Synechococcus PCC 7942 depicted in Fig. 12 are charac-
terized by a single rise phase and a very pronounced post-
illumination peak. At lower actinic intensity (70
pmol-m?s™) two rise phases and a small decline are ap-
parent while the post-illumination peak is disappeared
(not shown in the figures).

Simultaneously measured NADPH and Chl fluorescence
changes of Synechocystis PCC 6803 are shown in Fig.
13. For obtaining the depicted kind of dynamic re-
sponses, preillumination of the sample is essential in or-
der to activate the reactions at the acceptor side of PS I.
Distinct parallel and anti-parallel phases of NADPH and
Chl fluorescence are apparent. The NADPH peak about
25 s after light-off is paralleled by a second post-
illumination peak in Chl fluorescence. The first post-
illumination Chl fluorescence peak is already observed
2 s after light-off, with the rise phase corresponding to

PAM Application Notes (2009) 2: 1 - 13
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Fig.12. Comparison of dark-light-dark responses of original
Synechococcus PCC 7942 suspension (A) with the responses of the
same cells after centrifugation and resuspension in the same volume
of fresh medium (B). Actinic intensity, 380 pumol umol-m2-s-1. Dis-
play with 256 Average Points.

the decay of NADPH. This first post-illumination peak of
Chl fluorescence may correspond to the peak described
by Mano et al. (1995) in intact chloroplasts, which was
interpreted to reflect light activated electron flow from
NADPH to plastoquinone involving ferredoxin and the
FNR. The origin of the newly observed second post-
illumination peak remains to be elucidated.

-
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Fig. 13. Simultaneously measured dark-light-dark induction kinetics of NADPH and Chl fluorescence in Synechocystis PCC 6803. Cells centri-
fuged and resuspended in fresh medium. Preillumination by 110s light/125 s dark cycles. Single recording. Actinic light intensity, 380

pmol-m2-s-1. Display with 256 Average Points.
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Auto I |MC'51MC'50 Synechocystis PCC 6803, 6 mM HCO3, cont. stired, testNADPH_SP.STM, ALS/H5K
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Fig. 14. Simultaneous measurements of dark-light-dark induction kinetics of NADPH and Chl fluorescence in Synechocystis PCC 6803 with
application of Saturation Pulses (SP). Cells centrifuged, resuspended in fresh medium and continuously stirred. 5 min dark period between 5
min preillumination at 380 pmol-m2-s-', and start of recording. Actinic light intensity 180 umol:-m2:s-. SP intensity, 4000 pmol-m2-s1, SP du-

ration, 800 ms. Display with 64 Average Points.

The Saturation Pulse (SP) method (Schreiber ef al. 1986)
has proven very useful for interpreting the complex phe-
nomenology of light-induced Chl fluorescence changes
and for obtaining quantitative information on the relative
rate of electron transport in the steady state. The rationale
of this method relies on the assumption that PS II reac-
tion centers can be completely closed during a short SP,
so that maximal fluorescence yield can be measured. In
this way, changes in the maximal fluorescence yield due
to non-photochemical quenching can be measured and
redox-related changes (photochemical quenching) can be
differentiated from energy or state related changes (non-
photochemical quenching). A modified SP method was
introduced for assessment of PS I quantum yield and
P700 redox state (Klughammer and Schreiber 2008).

The question arises, whether the application of SP can
also help analyzing NADPH fluorescence changes. As-
suming linearity between NADPH concentration and
NADPH fluorescence, the signal levels No and Nm for
fully oxidized and fully reduced NADP, respectively, can
be defined. Hence, if No and Nm were known, the cur-
rent signal Nt would give information on the relative ex-
tent of NADP reduction in the given state of illumination,
with the fraction of reduced NADP equaling (Nm-
Nt)/(Nm-No).

In Fig. 14 simultaneous measurements of NADPH and
Chl fluorescence in Synechocystis PCC 6803 with SP
analysis are presented. It is apparent that under the given,
favorable conditions SP analysis may provide additional
information not only for interpreting Chl fluorescence,

but NADPH changes as well. In this context, favorable
conditions mean:

a. low background signal (centrifugation, resuspension
in low fluorescence medium, filtering through narrow
nylon mesh to remove particulate matter)

b. continuous stirring (to avoid settling and to stabilize
oxygen content)

c. use of light-activated sample with high CO, fixation
capacity and of relatively low actinic intensity, as
otherwise NADP would remain mostly reduced, irre-
spectively of the rate of CO, fixation.

In the recording of Fig. 14, the change of the NADPH
signal amounts to almost 20% of the overall signal,
which is relatively high for measurements with cyanobac-
teria. Application of Saturation Pulses (SP-width 800 ms)
causes spikes of NADPH fluorescence in the Slow Kinet-
ics display. On the SP Kinetics window these spikes can
be resolved into 200 ms rise and 600 ms plateau phases
(see Fig. 15A-C). The signal quality allows to determine
the Nm level with high accuracy. As already shown for
intact chloroplasts and Chlorella (Figs. 7, 10 and 11),
also in Synechocystis a substantial fraction of NADP can
be reduced after dark-adaptation.

Under the given conditions, after full NADP reduction
during the SP, there is a rapid transient reoxidation dis-
tinctly below the dark level (Fig. 14, for detail see Fig.
16). Upon onset of continuous actinic illumination,
NADP first becomes almost completely reduced, as an
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Fig. 15. Simultaneously measured kinetics of SP induced changes
of NADPH and Chl fluorescence, as displayed on the SP Kinetics
window for SP1, SP4 and SP 8 of the Slow Kinetics recording dis-
played in Fig. 14. Display with 4 Average Points.
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Fig. 16. Early part of recording depicted in Fig. 14 displayed at ex-
panded scales.

SP causes a negligibly small signal increase followed by
a transient dip. When the signal slowly decreases (t;, =~ 1
min), the SP induced spikes return, thus confirming that
the signal decrease is indeed due NADPH reoxidation.

The last SP, which is applied 90 s after light-off, induces
almost the same Nm as the first SP applied before actinic
illumination, which shows that signal drift is negligibly
small. When higher actinic intensity is applied, the cur-
rent signal, Nt, and the maximal signal induced by SP,
Nm, are identical, both declining during the 6 min illumi-
nation period and fully recovering again during a conse-
quent 5 min dark period (data not shown). If it is assumed
that NADPH remains fully reduced, there seems to be
some mechanism of light-dependent, reversible NADPH
fluorescence quenching. SP analysis can help to distin-
guish between this type of quenching, which is not sup-
pressed by an SP, and the apparent “quenching” by
NADP, which is suppressed by an SP.

The simultaneously measured changes of Chl fluores-
cence depicted in Fig. 14 are relatively small, as the ap-
plied actinic intensity is low and does not induce a major
limitation at the PS II acceptor side. The Fm’ increases
upon actinic illumination, reflecting a state 2-state 1 shift
(Schreiber et al. 1995). The Chl fluorescence SP kinetics
reveals two major rise components (photochemical and
thermal). As shown in Fig. 15, the simultaneously meas-
ured rise in NADPH fluorescence appears to parallel the
first phase (I;-I,) of the thermal component.
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Conclusions and outlook

The presented examples of applications demonstrate
that the new NADPH/9-AA module allows to measure
NADPH fluorescence changes with high sensitivity
and time resolution in suspensions of isolated chloro-
plasts, green algae and cyanobacteria. With proper use
of the extensive user software even small changes in
the order of 1-2 % can be reliably analyzed. In particu-
lar, for the sake of NADPH measurements, the soft-
ware has been extended to allow averaging of Slow
Kinetics recordings.

A decisive prerequisite for measuring low noise
NADPH fluorescence signals is the absence of a major
background signal due to UV-A excited fluorescence
of the suspension medium. As algae and cyanobacteria
excrete strongly fluorescing substances into the growth
medium, it is important that cells are centrifuged,
washed and resuspended before measurements.

References

Avron M, Schreiber U (1977) Proton gradients as possible
intermediary energy transducers during ATP driven reverse
electron flow in chloroplasts. FEBS Lett 77: 1-6

Cerovic ZG, Bergher M, Goulas Y, Tosti S, Moya I (1993)
Simultaneous measurement of changes in red and blue fluo-
rescence in illuminated isolated chloroplasts and leaf pieces:
The contribution of NADPH to the blue signal. Photosynth
Res 36: 193-204

Duysens LNM, Amesz J (1957) Fluorescence spectropho-
tometry of reduced phosphopyridine nucleotide in intact
cells in the near-ultraviolet and visible region. Biochim Bio-
phys Acta 24: 19-26

Hormann H, Neubauer C, Schreiber U (1994) An active
Mehler-peroxidase reaction sequence can prevent cyclic PS
I electron transport in the presence of dioxygen in intact
spinach chloroplasts. Photosynth Res 41: 429-437

Klughammer C, Schreiber U (2008) Saturation Pulse
method for assessment of energy conversion in PS I. PAN
1: 11-14 (see http://www.walz.com)

Mano J, Miyake C, Schreiber U, Asada K (1995) Photoacti-
vation of electron flow from NADPH to plastoquinone in
spinach chloroplasts. Plant Cell Physiol 36: 1589-1598

Mi H, Klughammer C, Schreiber U (2000) Light-induced
dynamic changes of NADPH-fluorescence in Synechocystis
PCC 6803 and its ndhB defective mutant M55. Plant Cell
Physiol 41: 1129-1135

Olson JM (1958) Fluorometric identification of pyridine nu-
cleotide changes in photosynthetic bacteria and algae.
Brookhaven Symposia in Biology 11: 316-324

Renger G, Schreiber U. (1986) Practical applications of
fluorometric methods to algae and higher plant research. In:
Light Emission by Plants and Bacteria. Govindjee, Amesz J
and Fork DC, eds, pp 587-619. New York, Academic Press

PAM Application Notes (2009) 2: 1 - 13

The NADPH fluorescence signal carries a wealth of
information that hitherto has not been generally acces-
sible due to lack of appropriate instrumentation. This
information primarily relates to the redox state at the
PS T acceptor side, the relative reduction of the NADP
pool and the activation of various pathways of NADP-
reduction/NADPH-oxidation in the light and in the
dark. In this application note only a few examples are
presented, which spotlight some of the typical infor-
mation. At the present state of knowledge, all interpre-
tations of the observed changes should be considered
tentative. Extensive systematic research using this new
tool will be required to establish a solid building of in-
terpretations, similarly as in the case of Chl fluores-
cence changes. In this context, it is very important that
Chl fluorescence can be readily measured simultane-
ously with NADPH fluorescence, so that the informa-
tion carried by the Chl fluorescence changes can be
used to interpret NADPH fluorescence changes.

Schreiber U, Endo T, Mi H, Asada K (1995) Quenching
analysis of chlorophyll fluorescence by the saturation pulse
method: particular aspects relating to the study of eukaryotic
algae and cyanobacteria. Plant Cell Physiol 36: 873-882

Schreiber U, Klughammer C (2008) New accessory for the
Dual-PAM-100: The P515/535 module and examples of its
application. PAN 1: 1-10

(see http://www.walz.com)

Schreiber U, Schliwa U, Bilger W (1986) Continuous re-
cording of photochemical and non-photochemical chloro-
phyll fluorescence quenching with a new type of modulation
fluorometer. Photosynth Res 10: 51-62

Schreiber U, Vidaver W (1974) Chlorophyll fluorescence
induction in anaerobic Scenedesmus obliquus. Biochim
Biophys Acta 386: 97-112

Schreiber U, Vidaver W (1975) Analysis of anaerobic fluo-
rescence decay in Scenedesmus obliquus. Biochim Biophys
Acta 387: 37-51

Schuldiner S, Rottenberg H, Avron M (1972) Determination
of ApH in chloroplasts. 2. Fluorescent amines as a probe for
the determination of ApH in chloroplasts. Eur J Biochem
25: 64-70

Takahama U, Shimizu-Takahama M, Heber U (1981) The
redox state of the NADP system in illuminated chloroplasts.
Biochim Biophys Acta 637: 530-539

Teuber M, Rogner M, Berry S (2001) Fluorescent probes
for non-invasive bioenergetic studies of whole cyanobacte-
rial cells. Biochim Biophys Acta 1506: 31-46

Tillberg J, Giersch C, Heber U (1977) CO; reduction by in-
tact chloroplasts under diminished proton gradient. Biochim
Biophys Acta 461: 31-47

New NADPH/9-AA module for the DUAL-PAM-100

13




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


