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Bij de metingen van Murata e.a. en die van Malkin e.a. betreffende het

effect van kalium-ferricyanide op de fluorescentieopbrengst van spin

ten onrechte geen rekening gehouden met lichtabsorptie door

chloroplasten

de toegevoegde stof.
Murata, N., e.a. (1973) Biochim. Biophys. Acta 325, 463-4T1.

Y
Malkin, R., e.a. (197L4) FEBS lLetters 4T, 140-142.
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recently discovered that in spinach chloroplasts a non-haem,

iron-sulphur protein "bound ferredoxin" with electron paramagnetic resonance
(EPR) lines at g-values of 2.05, 1.94 and 1.86 is photoreduced at 77 K. This
suggests that X is a bound ferredoxin. However, the observation of photore-

duction of ferredoxin at T7 K is not sufficient to proof its identity with

=

- In photosystem 2 the occurrence of secondary (dark) electron transport at

4, 34, 35

2
7T K has been demonstrated” . Similarly it may be speculated that

ferredoxin is reduced in a dark reaction with X~ at 77 K.

The primary electron acceptor of photosystem 2, Q, is probably bound
plastoquinone which is reduced to plastosemiquinone in the primary reaction
with P680 (refs. 36, 37 and 38). Until now, direct evidence for the photo-
reduction of plastogquinone at 77 K has not been reported; at that temperature,
however, the oxidation-reduction state of Q may be assayed by absorbance dif-

ference measurements near 550 nm: upon reduction of Q at 77T K an absorption
band peaking at 546 nm shifts to 54L nm (ref. 39). The identity of the com-

4o .41
ponent responsible for this band is not known yet. It has been proposed = ?

37

to be a B~ carotene-protein complex and, more recently, to be pheophytin~',
The substance, which is called C550 (refs. 42 and 43) is probably not an elec-

tron carrier, but an "indicator pigment" that shows a blue shift of its ab-

sorption band at 546 nm upon reduction of Q, perhaps due to a change in the

37 Lk

local electrical field Since Q is a quencher of chlorophyll fluores-

ce Q
cence, whereas the reduced form, Q , is not, reactions of may also be

< 2 ; 27 A
studied by measurements of the fluorescence yield of chlorphyll®'. This
method, however, cannot always be used at T7 K, since at that temperature an
oxidized species at the donor side of system 2 may accumulate which also

hs
3 3 82
quenches chlorophyll fluorescence ~.

|

The secondary reactions (step 3 in Fig.1.1) may be considered as chemica
pProcesses the reaction rates of which depend on the temperature. At 77 K these
reactions are generally too slow to be observed. However, in addition to the
primary processes mentioned above, the photooxidation of cytochrome b

5
also been observed at 77 K (refs. 2k, 34, 46 ana 47). Floyd et al?h re
that cytochrome b559 reduces PT680 with a half time of 4.2 ms at temperatures
between TT and 210 K. This indicates that the photooxidation of cytochrome
b559 is a secondary reaction, and, therefore, that some secondary electron
transport is still possible at these temperatures. Since photooxidation of
cytochrome b.., has not been observed under physiological conditions at room

558

temperature (refs. 48, 49) the results also indicate that reactions occurring

9




at low temperatures do not necessarily take place at room temperature too.
Therefore a careful study of the temperature dependence of the reactions is
necessary which may make possible a valid extrapolation from low temperatures

to room temperature.

1.3. Purpose of the experimente.

The present study was undertaken to obtain information about electron
transport in and near the reaction centers of photosystems 1 and 2 by measure-
ments of the reactions of these systems at low temperatures. With respect to
photosystem 1 the experiments were focussed on the roles of bound ferredoxin
(g = 1.94) and of plastocyanin. These experiments were performed

ration with Mr. C.P. Rij be and most of the results have also

G . 50-52 x : 2 - LA .
blished elsewhere . Experiments on photosystem 2 dealt with the kinetics

of the photoconversion of @, P680 and cytochrome beog. The measurements indi-
these three, other compounds msy also take part in
at temperatures between 10 and 180 K. The properties
f these compounds were also investigated. Some of the early experiments were
done in collaboration with Prof. W.L. Butler, assisted by Mr. H.L. Simons;
Mr. C.P. Rijgersberg and Mr. P. ( participated at a later stage. Some of

the results concerning system ¢ e also been reported previously

T am indebted to many people for their contributions to the investi-
gations reported in this thesis. I would like to thank Dr. J. Amesz and Prof,
Dr. L.N.M. Duysens for their stimulating discussions and valuable suggestions,
as well as for a critical reading of the manuscript. Dr. B.F. van Gelder and
Dr. R. Wever made me enjoy EPR measurements and placed their apparatus at my
disposal. Prof.Dr. W.L. Butler introduced me to the special problems involved
with photosynthetic reactions at low temperatures, and stimulated the early
phases of the work. Discussions with Mr. P. Geldof, Mr. H.J. van Gorkom,

Mr. M.P.J. Pulles, Mr. C.P. Rijgersberg and Mr. B.R. Velthuys have inspired
me to many experiments. The technical and administrative staff of the Bio-
physical Leboratory have given invaluable assistance.

The work was supported in part by the Netherlands Foundation for Chemical
Research (S.0.N.), and by the Netherlands Foundation for Biophysics
financed by the Netherlands Organization for the Advancement o

(Z.W.0.).
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CHAPTER II
MATERTALS AND METHODS

Photosynthetic organisms.

- e I s . d 1
Algae were grown in liquid culture media as described elsewhere

Chlorella vulgaris, Euglena gracilis var bacillaris and Scenedesmus
were grown in the media given by refs. 2 (M.C. medium), 3 and b, re
he growth media for Anacystis nidulans and Porphyridium aerugineum are given
algae were harvested by centrifugation, usually at 3000 x g
were eit

or they were
N

centration of
measured with
bance spectrophotometer ec opal glass. The
T4O nm was subtracted from measured
absorbances of concentrate

that accurate measurements coul

Chloroplasts were obtained from market
and ground in a blendor (Braun MX 32) f
(80 ml) of 7.8 containing 50 mM tri - M sucrose, 10 mM KC1l and
homogenate was filtered during 3-4 minutes through 1 or L layers
nylon gauze (mesh width 20 pm x 20 ym or 20 um X 80 pm, respectively) and the
filtrate was centrifuged at up to 8000 x g (duration about 5 min) 'the rotor

of the centrifuge being cooled at +2 ~C. The chloroplast pellet was resuspended

ce =

1 ) = . = On =
4 ml of the same cold, buffered solution, and stored at 0 "C in

10 - 15 minutes. The concentration of
. 6
Arnon . The st ) usually
chloroplasts were resuspended shortly before use
small volume of the buffered solution to the concentration of chlorophyll which

was suitable for the measurement.




2.2. Apparatus for measurements of changes in absorbanee, fluorescence an

»tron pavamagnetic resonance.

Single beam spectrophotometer.

tometric measurem 5 0 ight-induced absorbance chang

light ) ded by a Bausch and
1 length
and a tungs
powered with a current-stabilized d.c.
wavelength indicator of the
25 of a mercury

measuring

or S-20 1
ters to minimize st
ion. The voltage
photomultiplier was tak directly to an
p-chart recorder (2-channel

experiments the oscilloscope

between 42( T00 nm, the time consta

Limiting the frequency response by means
roved; this was usually ‘done with measurements
re was taken not to affect the measurements of

ilters.

provided by 1igsten halogen lamp (Osram, 21

v
V

L
adolux, type 37852 condensor set or by a xenon

was incident on the

front surface of the cuvette at d to the measuring beam.

The half width of the flash
by a broad green fi onsisting Balzers Filtraflex
interference, ott OG 4 v ana a Balzers Calflex C heat refle

ilter, unless note 1 > ) mbination was choosen in order t




a homogeneous distribution of saturating light through the depth the cuvette

without causing "double hits" of the reaction centers

combination of filters the energy of the

determined to be approx.100 uJ.cm . The

bungsten lamp was calibrated a Yellow Springs radiome
monitored continuously with a photodiode. The radiometer
a standard Eppley thermopile

temperatures between 77 and 280 K were performed by means

of a cuvette holder, which was cooled by liquid nitrogen, as is illustrated in

Fig.2.1. A thermocouple (iron-constant an) attached to the cuvette was used to

73 ¢1

monitor the temperature. Temperatures above 90 K were

sample at 77 K with liquid nitrogen and subsequently

itrogen gas through the dewar. Temperatures between

by cooling to 77 K and waiting for some minutes: th
2 degrees per minute with liguid nitro

Measurements at a constant

merged completely in

this case and small,

when bubbles of

Low-temperature
/!

The samp
fastened
springs (d) upon
bar. The bar was

7,

gilvered cylind

position,

Ul {
T




be describe

by & monochro

£ilan

ochromator and

us motor

upwarc

cuvette
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causing a decrease of the intensity that beam. The transmission of this
slide was determined b i PMQ II spectrophotometer. With samples
of low absorbance ti sansitivity of the apparatus was 2 - 4 x ID—S
units, with a response time of 300 ms. This sensitivit)
of the intensity of the measuring light at wavelen
where the intensity of light incident on the cuvett
Since, generally, scattering suspensions were used, the
beam was incident on both photomultipliers
both beams (A and B) could be set such
both beams differed by wn/2 radians. Thus

of each beam were only converted into deflecti the recorder traces

The actinic light was provided by tungster
projector condensor sets (Leitz Pradolux, type 37
tube, as shown in Fig.2.2. Len
(both 37 mm x 37 mm) upon the
about 20 mm x 20 mm, After pas
upwards by a partially reflectin
mirror was focussed (by Lh) upon & calibrated vacuum
serving to measure continuously the intensity of the
of actinic light could be ed by use of neutral densit
F,) or by changing the
desired spectral co
light sources could 1 simultane o a half reflecting mirror
(MR). Close to each lamp a shutter (S Gi ) was mounted,
by electro-magnets (Ro
switched on and off by automa tim :se timers could also
trigger the‘ignition of the xenon } be e half times of opening and
closing of the shutters were 10 Y respectively.

were avoided by fastening the optics rigidly

Vibrations of the optics of t aratus due to chopper motors, lamp
nts

ventilators and shutter moveme
upon & heavy iron beam, which rested upon reinforcements ribs. These ribs were
mounted upon another beam, on which also the moving parts of the apparatus
were mounted.

For some purposes (e.g. fluorescence yield measurements, double beam
absorbance difference measurements) the beam splitter could be replaced by
mirror, which reflected the measuring light from the monochromator towards

N

concave mirror, H . Thus only the sample cuvette, s illuminated by

20
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sample
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EPR spectrometers.
ctron paramagnetic resonance measurements were recorded at the B.C.P.
Jansen Institute, Amsterdam, using a Varian E-3 or E-O spectrometer, operating
near 9 GHz. The microwave frequency was calibrated by use of a frequency
counter (Hewlett-Packard 5246 L) with frequency convertor (5255 A). The field
strength was calibrated using an AEG Magnetfield meter (GA 11-22.2). First
derivative EPR spectra were obtained by 100 kHz modulation of the magnetic
field. Samples in standard quartz tubes (3 mm inner diameter) were cooled to
ired temperature by a stream of nitrogen, provided by & variable tem-
accessory (Varian, E-257), for measurements at 90<T<200 K and by a
ium, provided by a liquid transfer system (Air Product Inc.,
LTD—3-100) with automatic temperature controller (0C-20) for measurements at
10<T<90 K. These lower temperatures could also be obtained using a helium
flow system as deseribed in ref. 8. The temperature was measured with a
or, previously calibrated against a calibrated germanium resistor.
illuminated in the cavity by a slide projector (Aldis,
The beam passed through a cuvette (5-mm pathway) filled with water
and through suitsble lenses to illuminate the slotted front side of the cavity.

cavity was determined by us calibrated Yellow

65) to be about 100 mW.cm ntin illumination

intensity generally caused an increase
- o o ! : ! .
amounted to 2 L near 80 K using the nitrogen gas device

helium gas stream, depending on the flow

Some experiments were recently performed using another Varian E-9 spectro-
meter (at our laboratory), the output of which could be fed into a signal
averager (Nuclear Chicago Model 7100) and which was equipped with an illumine-

tion set-up as described below. The light was provided
38

=

lamp fitted into a projector or by & xenon flash tube (

2.2.1). A lens focussed the image (20 mm x 20 mm) of the projector diafragm
upon the slotted front side of the cavity. Two projectors could be used si-
multeneously by means of a half reflecting mirror, similarly as can be seen
in Fig.2.2 for the actinic light device of the split-beam apparatus. Each
light beam could be filtered to obtain the desired spectral distribution,
The intensity of-each beam could be varied by use of neutral density filters
or by changing the lamp voltage. Shutters provided with electro-magnets were
used to turn the light on and off. The halftime of opening and closing was

4 and 15 ms, respectively. The electro-magnets were triggered by automatic
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2.3.2. Fluores ce measurements.
Me ements of fluorescence yield changes were generally performed with

beam spectrophotometer deseribed in Section 2.2.1. Flash-induced

changes were measured using the steady light pr

lamp and monochromator, to luorescence. The

f
was kept enti : ic (less than 1 uW.cm

light for two minutes at 77 K of spinach chloroplasts caused
scence yield which was smaller than 3 % of the maximally
Xenon flashes were used to duce changes of the fluorescence
amples were irradiated with actinic continuous light the power suppl
the multiplier was switched off in order to protect the phototube,
number of dyn d t ower supply were adjusted to measure the fluores-
ation.

es

i light
excited by this illumination was detecte
supplied with appropriate filters. The multi-
ent was converted via the demodulator into a recorder deflection as
for measurements of absorbance changes. Changes of the fluorescence yield were
induced by continuous light or by xenon and were detected by the
18). The £ 2 ted by the steady actinic
illumination did not cause 2 der deflection, except for transient distur-
bances as described in re 1 th 1 b apparatus the fluorescence

yield changes could be me ed using the non-modulated actinic illu-
mination as excitation lich that purpose the tungsten halogen lamps
providing the actinic light were powered with nilized power supplies and
the multiplier current was fed directly into the recorder (e.g.

Evidently it was also possible

and fluorescence yield change

Low temperatures.

o 3
C the cuvette

ical measurements below O
were used. Shortly before lowering the temperature
suspended in glycerol or ethylene glycol (final concentration
v/v) for measurements at temperatures below 200 K or between 200 and

EPR measurements were performed without these solver its,




unless stated otherwise. To minimize effects of the presence of glycerol or
glycol (e.g. refs. 20 and 21) the suspensions were, generally, prepared in
the dark within S minutes before the freezing was started. However, measure-
ments of the fluorescence of pigment system 2 with samples of Chlorells
vulgaris suspended in glycerol shortly before freezing indicated a decrea

0,

GBS A

of the fluorescence yield similarly as described by Frackowiak with

Chlorella pyrenoidosa suspended in glycol. With spinach chloroplasts the
fluorescence yield was found to be the same with and without glycerol or
glycol. These solvents were used — in spite of their possible effects on
the ph mena studied - in order to obtain highly transparent samples upon
freezing. Measurements of the transmission at 550 nm of a sample of spinach
chloroplasts (1 mg chlorophyll/ml in a 1-mm cuvette) suspended in glycero
indicated that the scattering of the measuring light was the same at room
temperature and at 80 K. Without glycerol or glycol the cuve

crystallized when the temperature was lowered, giving an inte

absorbance bands, as had also been cbserved by Keilin

effect is due to an increase of the optical pathl

intensification, however, was found to be dependent upon, first

perature of the sample, and, secondly, the rate of freezing the

probebly since shape and size of the crystals are also dependent on these
parameters. Therefore, only samples that remained transparent glasses,; due
to the presence of glycerol and glycol, were used for the measurements. The
effect of crystals on measurements of absorbance changes at low temperatures

will also be discussed in Chapter IV,

2.3.4. Oxidation-veduction potential measurements.
Potentiometric titration curves for optical and ESR signa
near 110 K were determined as follows. Dark-adapted spinach ch
(Section 2.1) were suspended in darkness in 2 ml isolation buffer, a mixture
of potassium ferri- and ferrocyanide (2 ml) and glycerol (5 ml). The sum of

the concentrations of ferri- and ferrocyanide was approximately the same in

every sample (molar ratio: FE(CN)6/chlorophyll = 300). If desired, aliquots

(<20 ul) of oxidant (0.5 M K, [ Fe (CN).]) or reductant (0.5 M K, [Fe (CN), D)
3 6

were added to adjust the potential slightly. The suspension was stirred in an
open beaker at 25 % in the dark. The redox potential of the medium was
measured with a combination of a platinum flag and a calomel (saturated KC1)
electrode (Radiometer type P 101 and K Lo1, respectively). The electrode was

calibrated against a saturated quinhydrone electrode at 25 “C and the

26




value was

hydro

minutes.

K in darkness. A

rement. The rate of cooling was

same for each sample to avoid differences between samples caused

ferri-ferrocyanide

ectrode we determined the midpc
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in various

that due to

temperature changes

the results may be used to compare the effect of 1tial on vari

na occurring at low
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Time course of fluorescer
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measurements
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each othe hen the absorbance of the mple tc » excitati
to the at - >+ he escen ss band (e.g. refs. 35

manating from a thin layer of thick-




ness dx a distance x from the front layer will be
dF = Ice ¢ {exp [—cef(d - x)] }ax, (2.10)

x is the intensity of the excitation light at X3 ¢ is the concentration

of the sample content: €q is the extinction coefficient of this content for
the exciting pass band; ¢ is the quantum yield of fluorescence o is the
extinction coefficient for the fluorescence pass band; and d is the optical
path length of the sample, o<x<d. Since, I, =TI ex (—ceax), where I is
the actinic intensity at the front surface of the sample, (2.10) becomes:

aF = Iocca¢[ exp (-csfd)] {exp [c(s8 - ef)x]}dx.

If £, =€ the dependence on sample depth is eliminated (ef. refs. 35

f’
and 36). Under this condition fluorescence represents a true average of

changes occurring through the sample. After the photoreactions have been com-
pleted (t + =), each thin layer, dx, contributes to the same extent to the
total amount of measured fluorescence. And, if the fluorescence yield is
lineairly proportional to the amount of charge separation or of closed reaction
centers (see previous section), the time course of the fluorescence change
measured at the onset of actinic illumination is dependent on Ix and therefore
on concentration and absorbance of the sample, in the same way as measuremen

of absorbance changes (eq. 2.9). Fig.2.8 compares the kinetics of the
fluorescence yield increase measured such that EarT Ep with a concentrated

(1 mg chlorophyll/ml) and a dilute (0.05 mg chlorophyll/ml) sample of dark
adapted spinach chloroplasts at 77 K. The half time for the fluorescence in-
crease is U times smaller with the dilute sample because of the greater

average intensity of the actinic light in the dilute sample. For the same
reason, due to selfabsorption, the total amount of the measured fluorescence
after one minute of illumination (t - =) was about 3 times higher in the

dilute than in the concentrated sample. It will be shown later that this time
course does not reflect a photoreaction, but presumsbly a dark reaction
following a light-induced reaction.

The theoretical considerations described sbove also indicate that
comparison of the kineties of light-induced changes of absorbance and of
fluorescence yield can only be performed accurately using an optical geometry
where the fluorescence is meesured which is emitted in the same direction
as the excitation light and where the direction of the actinic light makes the
same angle to that of the measuring beam for both changes (see also ref. 37).
Unless the absorbance of the sample at the wavelength of the excitation light

is low, the fluorescence signal measured from another direction originates
) g
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CHAPTER ITII
PHOTOSYSTEM 1 AT LOW TEMPERATURES

3.1. Introduction.
The available data concerning the reversibility of the photoconversion of
the primary electron donor of photosystem 1, P700 and of bound ferredoxin

(EPR signal at g = 2.05, 1.94 and 1.86) at low temperatures are contradictory.

1-4 3 ol A :
Some authors observed a partial reversibility of the photoconversion of

PT00, other55-9 reported a completely or nearly completely irreversible
photooxidation at temperatures near 80 K. If P700 is photooxidized reversibly,
one would expect a reversible photoreduction of the primary electron acceptor.
However, bound ferredoxin, which has been proposed to be the primary electron
acceptor of photosystem 1, has been reported to be photoreduced practically
irreversibly at 77 K (ref. 10).

The main purpose of the experiments reported in this chapter was a com-
parative study of the kinetics of P700 and ferredoxin, both by EPR and by
optical methods at temperatures between 10 and 200 K. The results are in
agreement with the hypothesis that ferredoxin is the primary electron acceptor
of photosystem 1. They showed a stoichiometry between P+TOO end reduced ferre-
doxin under various conditions and indicated that the only dark processes
that occurred were back reactions between these two compounds. At least three
different back reactions were observed with different time constants. Each
of these reactions takes place at a different type of reaction center. With
decreasing temperature in an increasing fraction of the reaction centers no
back reaction occurred at all.

We shall also discuss the results of measurements of the absorbance
difference spectrum of P700 oxidation at different temperatures. Analyses
of these spectra support the hypothesis that PT700 consists of a dimeric
chlorophyll molecule, as was also concluded from EPR11’ 12, ENDOR (ref. 13;
Hoff, A.J., personal communication) and CD1h measurements

An EPR signal was observed near g = 2.05 in the low temperature spectra
of intact cells of green, red and blue-green algae and of spinach chloroplasts.
The g-value and the shape of the signal were similar to that of purified,
soluble plastocyanin., Experiments with far-red and red illumination showed that
the site of the copper protein in vivo is in the electron transport pathway
between photosystems 1 and 2. Plastocyanin is not oxidized by illumination at
7T K, indicating that no electron transfer occurs between P700 and plastocyanin

at that temperature.
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3.2. Materials and methods.

Suspensions of spinach chloroplasts and algae were prepared as described
in Sections 2.1 and 2.3.3. For optical measurements at low temperatures gly-
cerol or glycol (final concentration 55 % v/v) was added to the suspension.

Absorbance changes induced by continuous light were measured with the
split-beam spectrophotometer desecribed in Section The apparatus to
measure flash-induced absorbance changes and light-induced fluorescence yield
changes is described in Section 2.2.1. The actinic light was filtered by a

combination, consisting of Schott BG 12 and BG 18 glass filters to give

with a maximum at 460 nm and bandwidth 80 nm. In some experiments a

combination consisting of a Schott RG 695 cut-off and AL 718 inter-
ference filter was used to provide photosystem 1 light. A Balzers heat re-
flecting Calfex C filter was added to each filter combination. Appropriate
combinations of Schott BG or RG filters and Balzers interference filters
(bandwidth 12 nm) were placed in front of the photomultiplier in order to
block straylight from the monochromator and to diminish artifacts due to
changes in the fluorescence yield of pigment system 2. For the same purpose
sbsorbance measurements in the red spectral region were performed in the
presence of dibromothymoguinone (DBMIB), which guenches chlorophyll fluores-
cence15. DBMIB was & kind gift of Dr.A.Trebst, Ruhr-Universitat, Bochum,

Measurements of fluorescence were performed with the photomultiplier
blocked by a filter combination which consisted of a Corning 4-T7 colored
glass filter with a Schott AL 692 interference filter or with a combination
of a Schott RG 715 and AL T30.

EPR measurements were recorded with the spectrometer at the B.C.P. Jansen
Institute, Amsterdam (Section 2.2.3), except for Figs.3.8 and 3.9. Unless
otherwise noted no glycerol and DBMIB were added to samples used for EPR ex-
periments.

Soluble oxidized plastocyanin, isolated from spinach1b, was a gift of
Dr.J.S.C.Wessels (Natuurkundig Leboratorium Philips N.V., Eindhoven). The

absorbance index, of the sample was 2.3. The concentration was cal-

Ror8/5072

culated with Esgp = 9.8 mM ‘em ' (ref. 17).

Results.

.1, Absorbance difference spectra.
Fig.3.1. shows absorbance difference spectra of spinach chloroplasts,

illuminated at low temperature. Fig.3.2 shows the kinetics of the changes at
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410 430 450 680 690 700 710
Wavelength, nm

Fig.3.1. Absorbanece difference spectra upon illumination of dark-adapted
spinach ch?oropZasts (0.22 mg chlorophyll/ml) at low temperature. Left
.and spectra at 90 K; actinie tllumination: circles, 718 nm, 60 nEinstein.

-2 -

1 ; :
em “.8 " ; squares, absorbance c es induced by 660 nm light (40 nEin-
- = =1
t 'a

stein.cm “.8 ) with far-red (718 nm) background illumination. Right hand

speetra at 110 K and in the presence of DBMIB (50 uM); actinic illumination:
-9 ._J
420 - 500 nm, 10 nEinstein.cm “.8 . A, spectrum obtained upon th

tllumination; B, spectrum of a 5 8 light - mn 4 1 eyele;

cYycC

~ 4 4

C, spectrum of the changes induced by system

a number of wavelengths. The chloroplasts were kept in the dark at 0 °c for
at least 10 min, frozen in the dark, and then illuminated. In the red region
the first illumination at 110 K induced absorbance increases at around 683 and
690 nm and decreases near 676, 686 and 702 nm (spectrum A). After several
light-dark periods, however, illumination caused a decrease in the region

680 - 687 nm and the band at 702 nm was about 35 % s er (spectrum B).
results show that at least two different reactions are responsible for the
absorbance changes in the spectral region between 670 and 715 nm. Chloroplasts
M)

shortly before freezin ave a light-induced difference spectrum similar to
Y g g

25 . =2
illuminated in the presence of DCMU (10 7 M) and hydroxylamine (10™°

spectrum B. Since photoreactions of system 2 are blocked by this treatment,

.‘1{]




Fig.3.2. Time courses of light—induced

absorbance changes at 703, 690 and

683 nm. a, ¢, d, see Fig.3.1; b, as
(a) without DBMIB, but in the pre-
5 A

M DCMU and 10 “ M

)

sence of 10 °

NH,0H, and with blue pre—illumination
o
(5 &) before freezing. Actinic

light on at wpward, off at dowmsard

pointing arrows.

= 18 TS
due to accumulation of the reduced electron acceptor , this indicates that

spectrum B is caused by system 1 only, and is apparently due to photo-
oxidation of PT00. The kinetics at 703 nm were the same with and without
hydroxylamine and DCMU (Fig.3.2). In both cases the first illumination at
110 K produced an absorbance decrease that was about 35 - 40 % larger than
that obtained upon subseguent illumination, even with an intervening dark
as long as U0 min. This indicates that about two-third of the availsble

PT00 was reversibly photooxidized; the remaining reaction centers were ir-
reversibly photoconverted.

On basis of these observations the contribution of photosystem-2
driven changes to spectrum A was calculated by subtracting spectrum B, nor-
malized at T03 nm. Spectrum C, thus obtained, could also be recorded directly,
if photosystem-1 activity was eliminated by far-red background illumination.
Recent measurements of Lozier and Sutlerh at 77T K and of van Gorkom19 at
room temperature in the presence of deoxycholate indicate that absorbance
changes in the region 680 - 690 nm are caused by reduction of the primary
acceptor of photosystem 2. The shape of the absorbance difference spectrum
obtained by Lozier and Butler, however is different from that shown here, and
was interpreted as a narrowing and increase of an absorption band at 683 nm.
According to our spectrum (C) however, the increase at 683 nm is mainly due

to a shift of an absorption band near 686 nm towards shorter wavelength. The




spectrum obtained by van Gorkom can be similarly interpreted as

of an absorption band. The small decrease at 677 nm in spectrum C

caused by fluorescence yield changes, that remained in the presence o
Ommission of this quencher enhanced both the variable fluorescence yield and
the 677 nm absorbance change by a factor of five, but had a smaller effect
upon the changes at 683 and 690 nm.

The absorbance changes induced by far red illumination (718 nm) were
rather small in the 430-nm region at low temperatures (Fig.3.1). At 90 K a
broad bleaching around 430 nm was observed, amounting to one-third of the
702 nm decrease. The changes were partly rever like those in the red
region. Since both P700 and ferredoxin ("PL30", re ) may contribute to
absorbance changes near 430 nm, and since their separate difference spectrsa
at low temperatures are 1 known, a precise analysis of the spectrum is no

It woted, hat the difference spe
absorbance changes at U435 and 703 nm are ed by factors of 3.5 and 1.0,

respectively, due to this flattening (ref. : M ersonal

580 690 700 70 72
Wavelength,nm

Fig.3.3. Difference spectra (light minus dark)of the reversible absovbance

changes at 105 X in the presence of DBMIB (150 uM) of intact celle of O,

C. vulgaris; O, P. aerugineum; O, A. nidulans. Actinie illumination: 420 -
A =5 A =i =g Y 4.2 ;
500 nm, 90 nEinstein.cm “.8 ~, in a 5§ 8 light - 1 min dark cycle. Absor—

bance per mm at 680 nm, corrected for seattering: O, 0.7;0, 0.3; A, 1.0




munication). Therefore, the ratio of the extents of the changes at 435 and
703 nm after correction for this effect is about one (Fig.3.1). A similar
ratio has been found by Kego with small photosystem-1 particles (almost no
flattening) at room temperature.

TIllumination with red light on a background of farred light (Fig.3.1)
caused additional absorbance changes apparently due to excitation of photo-
system 2. The band at 427 nm, which was not observed in the presence of 3 mM

ferricyanide (not shown), clearly reflects oxidation of cytochrome b (Cn.IV).

>
Relatively small absorbance changes around L4l nm suggest the red shift of a
band peaking at 4Lk nm,

Repeated illumination of intact cells of Chlorella wvulgaris, Porphyridium
aerugineum or Anacystis nidulans at 105 K induced absorbance difference spectra
similar to spectrum B (Fig.3.3). Just like with chloroplasts, only part of
PT00 could be reversibly oxidized. Apparently this phenomenon reflects a basic

property of the photosystem-1 reaction center.

ferredoxin

'a\.\,/\w\‘b\

b

oot

Fig.3.4. EPR spectra at 11 X of spinach chloroplasts (2 mg chlorophyll/ml) near
g = 2.00 and g = 1.94. a, sample frozen in the dark; b, sample frozen in
the dark and illuminated for about 30 & with white light at 77 K; e, samle
b during subsequent illumination with white light at 11 K. Instrument
settings: frequency: 9.080 GHz; power: 2 mil (P700) and 10 mi (ferredowxin);
modulation amplitude: § G (P700) and 10 G (ferredowin); time constant:

0.3 8; scan time: 1 G/s. The right hand spectra (ferredoxin) were recorded
with four times increased sensitivity. Control experiments showed the same

behaviowr for the ferredoxin bands at g = 2,05 and 1.86 as at g = 1.94.




3.3.2. EPR spectra of P700 and fervedoxin

The most obvious way to explain the partial irreversibility of PT00
oxidation would be by means of a dark reaction that stabilized the charge
separation (ef. ref. 4) in an analogous way as proposed for photosystem 2
(ref. 24). For system 2 a secondary electron donor was postulated in order
to explain the irreversibility of (550 reduction; for system 1 a secondary
electron acceptor might be involved, that oxidizes the reduced acceptor in
some of the reaction centers, thus preventing a back reaction with P+TOC. As

ferredoxin was reported to be reduced practically irreversibly at low tem-

100, .5 . s
peratures this compound could be the secondary acceptor in such a model.

Therefore, we studied the kinetics of the photosystem—1 reactions at low tem-
perature in more detail by means of EPR measurements of Signal I (P700) and

of the ferredoxin signal at g = 1.86, 1.94 and 2.05. Fig.3.4 shows spectra,
measured with a sample that was illuminated at 77 K and subsequently at 11 K.
The spectra of a dark-frozen sample are also given to show the extent of

Signal II (ref. 25). If we take the signal height in the spectra which were
measured during illumination at 11 K, to indicate 100 % reduction and oxidation

of ferredoxin and PT00 respectively, it is clear from Fig.3.4 that at 77 K

Fig.3.5. Time courses of light-induced
changes of the low field maxima of the
signale at g = 2.002 and 1.946 of spi-
nach chloroplasts (1 mg chlorophyll/ml)
at the temperatures indicated. White
light on at wpward, off at dowmvard
pointing arrowe. Left hand curves:
changes induced by the first illumi-
nation; right hand curves: changes
after several 5 & light — 1 min dark
cyeles. Instrument settings: at 170
and 100 K: frequency: 9.084 GHz;

power: 2 mW; modulation amplitude:

5 G; time constant: 0.1 8; at 11 K: as
in Fig.3.4. Receiver gain: at 170 and
100 X: 8 x 10°; at 11 K for P700:

5 x‘103, and for ferredoxin: 10%.




about 70 % of the total amount of P700 is irrveversibly photooxidized and
about 70 % of the ferredoxin photoreduced.

The spectra b of Fig.3.4 were obtained with a dark time of 3 min at 77 K
after the illumination. More PT00 and ferredoxin were found to be in the
oxidized and reduced state, respectively, when samples were cooled to 11 K
immediately after the illumination. The relative amount of P+TOO and reduced
ferredoxin were always equal in the same sample.

The reversibility of PT00 oxidation and ferredoxin reduction was found
to be temperature dependent (Fig.3.5). At 11 K only 20 % of the amount of P700
was photooxidized reversibly. Measurement of the EPR signal at g = 1.95 indi-
cated that similarly 20 % of the amount of ferredoxin was reversibly photo-
reduced.

Comparison of the kinetics at much lower intensities showed that also the
light-on signals of ferredoxin and PT00 were the same (Fig.3.6) with spinach

chloroplasts which were frozen in the dark and then illuminated at 11 K with

-t

00 mW.cm <) the

weak (2 mb.om—g} actinic illumination. At high intensities (1
rate of ferredoxin reduction may be slightly slower than that of P700 oxida-
tion; th ime resolution of our apparatus was not sufficient to compare these

into more detail. Fig.3.6 also shows biphasic kinetics at the onset of
illumination at 11 K. Comparison of Figs.3.5 and 3.6 indicates that the rela-
tive extents of both phases depends on the light intensity. This is

ment with the occurrence of a back reaction also at 11 K.

Fig.3.6. Time courses at 11 K of the light-induced changes of P?700 and ferre-

doxin measured as in Fig.3.5. Left hand curves: changes at the firet Zl1lu-

; % 5 2 . 5
menation pertod (I = 2miW.cm”). Right hand curves: changee at the second

.- s . s 2 = S s
tllumination period (I = 100 miW.em”) after a dark period of 1 min.
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If the intensities of the signals of reduced ferredoxin and of P T00 were

decreased at 11 K with respect to their extents at slightly higher temperatures
(e.g. due to power saturation) a partial reversibility as shown in Figs.3.5
and 3.6 could be caused by heating of the sample in the light. Therefore, we
measured the intensities of both signals at temperatures between 8 and 25 K
with chloroplasts which had been illuminated with strong continuous light at

8 K. The microwave power was the same as that used for Fig.3.5. The extent of
both signals was found to decrease rather than increase upon raising the tem-
perature. This indicates that the partial reversibility of the signals as

shown in Figs.3.5 and 3.6 is not due to heating of the sample,

The experiments described above show that both at 77 and 11 K there was
always a stoichiometric relation between the amount of P*700 and reduced
ferredoxin, both in the light and in the dark. This suggests, in contrast to
the above-mentioned model that ferredoxin is the only electron acceptor and
that secondary reactions do not occur at these temperatures. Apparently in
some reaction centers reduced ferredoxin and P+7OO are able to react back with
each other, in others they are not. Our data do not exclude the occurrence of
a primary electron acceptor which is not identical with ferredoxin if the
(secondary) reaction between that acceptor and ferredoxin is very rapid (us -
ms). Since in part of the reaction centers ferredoxin is reduced reversibly
(Figs.3.4 and 3.5), in such a model the charge separation in photosystem 1

in these reaction centers is not stabilized by secondary electron transport.

3.3.3. Temperature dependence.

The temperature dependence of the fraction of reversibly photooxidized
P700, measured from the EPR kinetics as in Fig.3.5, is depicted in Fig.3.T.
With increasing temperature gradually more P700 was reversibly photooxidized
between 40 and 170 K. Between 10 and 40 K this fraction remained constant at
20 %. Experiments at 90 and 180 K indicated the same temperature dependence
for intact cells of C. vulgaris, P, aerugineum and A. nidulans (Fig.3.7). The
same temperature dependence was also obtained with optical measurements. A
typical experiment with chloroplasts at 110 K is shown in Fig.3.2. These re-
sults demonstrate that the phenomenon is not affected by the presence of
glycerol. Remarksably, the fraction of irreversibly photoconverted PT00 and
ferredoxin seemed to be dependent on the temperature only and not on the pre-
ceding treatment of the sample. Chloroplasts illuminated at 10 K showed 80 %
irreversibly converted P700 and ferredoxin, but after subsequent warming to

7T K, this amount decreased to 70 %, the same number as given in Fig.3.7 for
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3.3.4. Rate constants of the back reaction.

At temperatures below 150 K the back reaction between P+TOO and reduced
ferredoxin was multiphasic (Fig.3.5). Fig.3.8 shows an example of the decay
of Signal I in the dark after continuous illumination of spinach chloroplasts
at 100 K. At least three phases could be distinguished in the decay kinetics;
the half times of these phases are 20 - 30 ms, 0.2 - 0.4 s and 20 - 40 s. The
20 - 30 ms decay phase is clearly seen in Fig.3.9A also. This phase was not
observed in earlier experiments31, because at that time we did not have an
apparatus with sufficient time resolution. The extent of the lowest phase was
30 - 50 % of the total reversible change. Between 10 and 150 K, this percen-
tage, as well as the half time was independent of temperature and of the
duration of the preceding illumination (up to 20 s). The extents of the
20 - 30 ms and 0.2 - 0.4 s decay components (Fig.3.8) were both about 30 % of
the total reversible change. These results show that different types of
reaction centers can be distinguished, which are different with respect to
the rate of the back reaction. Otherwise reaction centers with a low rate
constant would accumulate during prolonged illumination. For C. vulgaris,

P. aerugineum and A. nidulans, measurements of the dark reduction of P+TOO
at 100 K similarly indicated that 50 - T0 % of the reversibly oxidized
fraction decayed within 1 - 3 seconds, and the remaining part more slowly.

A fourth component, which was temperature-dependent, was observed in
the decay of the changes at temperatures between 150 and 200 K. The half
times of the reaction at 160 and 200 K were 5.5 and 0.3 s, respectively. The
activation energy of this back reaction was 4.7 keal. A calculation shows
that the half time of this reaction will be 20 ms at 300 K in reasonable
agreement with the rate of back reaction reported by Kezo for system-1 par-

ticles.

Warden et al?a have reported a similar activation emergy (6.3 kecal) for

a temperature-dependent component in the decay of Signal I, between 150 and
270 K. They, however, observed a monophasic dark decay of the signal at tem-
peratures below 150 K. Ke et alf6’ - reported a biphasic decay at tempera-

tures below 150 K similar to that shown in Fig.3.5.

3.3.5. Quantum yield.

The extent of Signal I induced by a T-us, saturating flash at 170 K was
about 90 % of that induced by strong,continuous illumination (Fig.3.9). This
was also found at 100 K for the first as well as for subsequent illumination
periods.
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If it is assumed that like in system 2 (Chapter IV) "double" (ref. 32) or
"multiple" hits do not ocecur, these data indicate that the quantum yield of
the oxidation of P700 is almost unity for reversible and for irreversible
charge separation, and also that the yield is temperature-independent. In
ref. 31 we have reported a value of 0.65 eg./hv for the quantum yield of the
charge separation. This value was obtained from the extent of the PT00 absor-
bance change induced by a short flash in comparison with that induced by con-
tinuous light. The time resolution of those measurements , however, was not
sufficient to observe the 20 - 30 ms component in the dark decay of the signal
(Fig.3.8). Therefore, that value of the quantum yield was determined 30 % too
low.

A high quantum efficiency for the photooxidation of P700 at low tempera-
ture is also indicated by analysis of the light intensity dependence of the
extent of the signal. The intensity dependence of the steady state deflection
of the reversible absorbance change at 703 nm upon illumination (10 s dark -
T s light cycles) of A. nidulans with 475-nm light at 105 K is plotted in
Fig.3.10. Similar data were obtained with spinach chloroplasts. It can be
calculated (see footnote) from Fig.3.10 that 40 % of the centers which are
reversible in a dark period of 10 s react back with a first-order rate con-
stant of 1.5 s~ and 60 % with 18 s~ . Experimentally from EPR kinetics we
obtained rate constants of 0.04, 1.7 and 20 P Since the data of Fig.3.10
were obtained with a dark time of 10 s between illumination periods, the
slowest phase (0.0L4 5-1) is not observed in Fig.3.10. For the measurements
of Fig.3.10, p was measured to be 75 % and ® was taken to be 0.8 eq./hv.

Goedheer33

has also reported a high quantum yield for photosystem-1 reactions
induced by 475-nm actinic irradiation in blue-green algae. Measurements with

spinach chloroplasts as for Fig.3.10 indicated a yield of about 0.3 eg./hv

1
The reaction system A «T B where k1 is linear with light intensity has an

equilibrium with: [A] /[B] = k_1/k1(I) = k_,/aI, where a = @p/[AJ , ® is
the quantum efficiency, p is the absorptancy, [AO] is the concentration of
A in the dark, and I is the number of photons incident on the sample. There-
fore, the following relation between [B] and I can be obtained:

1/[B] = 1/[Ao] +k_,/a [A] I. A plot of 1/ [B] versus 1/I then gives a

straight line with slope k-l/(a[Aol) which intersects the 1/[B] axis at the

value of 1/[Ao]. Therefore, if ¢ and p are known k_, can be calculated.
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for W75-nm light. With spinach chloroplasts most of this light is absorbed by
chlorophyll b (ref. 34), which transfers the absorbed energy mainly to photo-
system 2, Tt was assumed that no energy transfer between photosynthetic units
occurred and that the differential extinction coefficient of PT700 oxidation

at 703 nm is 70 m!-i_Tc:m—1 at 105 K. The latter value gave a ratio of 390
chlorophyll molecules per oxidized PT00 in spinach chloroplasts (see Fig.3.1).
The biphasic kinetics of the decay as concluded from Fig.3.10 agrees with

the results of direct measurements of the EPR kinetics for dark times shorter

than 10 s (Fig.3.8), except that the half times calculated from Fig.3.10 ar

o

slightly longer than those of Fig.3.8. This may be due to a difference between
nidulans.

|
the reaction centers of spinach chloroplasts and those of intact cells of A.
3.3.68. Plastocyanin oxidation.

The experiments reported in the previous section indicated that P+7OO
is not reduced by a secondary electron donor at low temperatures. This agrees
with direct measurements on cytochrome f, which show that cytochrome f is not
photooxidized in spinach chloroplasts below about 240 K (ref. 35). Here, we

shall describe experiments concerning the reactions of plastocyanin. Oxidized
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(refs. 36 and 37).

The upper spectrum of

the EPR spectrum of purifi

with similar g-value (gA/
190 Mcycles/s)as reported
only

chloroplasts,

at room temperature, then kept in the dark for

and frozen to 20 K. In this spectrum a sig:al (g = 2.05) can be seen

at the same pO

plastocyanin.

from plastocyanin,

occurrence of plasto-

) 2 A e 3 3
ults of Malkin and ﬁ&arde:“T and
chloroplasts as det ermined chemi-

for scatteri the spectra of Figs.3.11

680 nm, correct

and 3.12 the concentration of

the algae was calculated. On this basis the amounts of plastocyanin oxidized

before and during freezing were found to be the same (within
r

cells of C. vulgaris, S. obliquus, P, aerugineum and A.
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obtained
gracilis did not show the presence of oxidized plastocyanin. This suggests

that the copper protein is absent in E. gracilis and that the electron trans-

port chain of this alga is different from that of other algae. Th 1

supported by optical measurements reported in refs. 39-41.
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of action.of plastoeyanin in vivo.

n Figs.3.11 and 3.12 it is shown that plastocyanin was in the oxidized

]
C

state when spinach chloroplasts and cells of S. obliquus, P. aerugineum, (

A. nidulans, and C. vulgaris had been illuminated with photosystem-1 light at

5




room temperature and during freezing. Plastocyanin was found to be reduced in
the dark (Fig.3.12D) as well as after photosystem-2 illumination. The latter

N

reduction.was inhibited &t as can be seen in Fig.3.12 for C. vulgaris.

Tt is clear that plastocyanin was oxidized after far-red illumination (spec-
trum B), but that it was partially in the reduced state in the absence of

DCMU after 643-nm illumination (spectrum A). In the presence of DCMU, however,

plastocyanin was found to be oxidized after red illumination (spectrum C).
Similar results were obtained with spinach chloroplasts (see also ref. 37)
and with P. aerugineum. These results indicate that plastocyanin is a com-
ponent of the electron transport chain between photosystems 1 and 2 in vivo,
and that it is located at the photosystem-1 side of the DCMU block. In order
to obtain more definite proof about this site of action of plastocyanin it
will be necessary to measure rates of reduction and oxidaetion, as has been
done for other components by optical methodshg. Measurements of flash-induced
Ll

43,

bsorbance changes at 703, 584 and 553 nm with spinach chloroplasts

suggested that at room temperature 85 % of photooxidized P700 is reduced by
plastocyanin and only 15 % by cytochrome f.

As is shown in Fig.3.12E plastocyanin is not oxidized upon illumination
at 77 K in C. vulgaris. P700 is oxidized in these conditions (Sections 3.3.1
and 3.3.2), as is also indicated by the line at g = 1.94 of reduced ferre-

doxin in the same EPR spectrum. This shows that P700 does not oxidize

plasto-

cyanin at 77 K. The same results, but not shown, were obtained with spinach

b

chloroplasts and with A. nidulans. This agrees with the conclusion obtained
in Sections 3.3.1 - 3.3.4, that P700 is the only reactant of photosystem 1

which is photooxidized at TT K.
3.4. Discussion.

3.4.1. The back reaction.

The results described above support the hypothesis of Malkin and Bearden
(refs. 45 and 46) that the primary electron acceptor of photosystem 1 is a
ferredoxin with EPR signals at g = 2.05, 1.94 and 1.86. Below 150 K, the only
dark reaction that was observed in our preparation was a back reaction of
P*700 and reduced ferredoxin: even though we observed that the reaction
centers of photosystem 1 are heterogeneous with respect to this back
reaction, in all types of centers the redox state of ferredoxin was stoichio-

) 5
metrically related to that of PT700. Yang and Blumbergl7, by comparison of
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the rate of P+TOO decay with that reported for ferredoxin by Malkin and
Beardenh5 arrived at a different conclusion, and suggested that ferredoxin
might not be the primary acceptor of system 1. Our results, however, show
& clear stoichiometry for dark times of up to several minutes. Yang and
Blumbergh7 arrived at an erroneous conclusion because they assumed that the
reversibility of the photoreaction was the same at 10 - 20 K as at 77 K.

As was shown in Section 3.3.3 the fraction of reversible reaction center is
temperature dependent. Yang and Blumbergh7 observed that the initial decay
of PT700 at 77 K is not of first order. In Section 3.3.4 it was discussed that
there are three different types of reaction centers; in each type a first-
order reaction occurs between P+TOO and reduced ferredoxin, the half times
are 20 - 30 ms, 0.2 - 0.4 s and 20 - 40 s.

A possible explanation for these different time constants might be based
on the assumption that the distances between ferrvedoxin and PT00 are not the
same in all reaction centers. The temperature independence of the rate con-
stants suggests that the back reaction occurs by way of a tunnelling process.
The tunnelling rate is known to depend exponentially on the distance between

the reacting species (e.g. ref. 48):

L
L V_exp 2e (2 m AE)
T o

h

where t is the half time of the reaction, Vo is the frequency of the electron
approaching the barrier, h is Planck's constant, d and AE are the width and
height of the barrier, respectively, and m is the mass of an electron. Sub-
stituting for AE the estimated excess energy of the absorbed photon, 0.8 eV
and for Voo 1015 s-1 (this number is not very critical as the exponential
term dominates the expression), distances of 35, 37 and 41 R, respectively
are obtained for P700 and ferredoxin for t = 0.03, 0.3 and 25 s, respectively.
Because of the assumptions involved in the derivation of the equation used,
the distances are only rough approximations, Nevertheless, they are guite
compatible with present theories about the structure of the thylakoid mem-
brane. The difference in distance, 2 - 6 3, is more reliable than the
distance itself. On the other hand the different half times might also be due
to a difference in height (AE) or in both height and width of the barrier.
Differences of 0.2 eV or less would account for the differences of the half
times for 4 = 40 R. Such differences might be due to different surroundings
or orientations of the primary reactants.

For spinach chloroplasts it is known that two types of system-1 reaction




centers can be distinguished, viz. those located in the grana and in the

49, 5¢ : :
a2 50. However, we observed aebout the same three half times

stroma lamellae
for the back reactions in spinach chloroplasts and in A. nidulans, which
have different structures of the thylekoid systems.

Ke et al?b’ =4 have reported biphasic kinetics for the reduction of
P+TOO in the dark at temperatures below 225 K measured with photosystem-1
subchloroplasts particles. The extents of both phases were approximately
equal, and the half times of the phases were about 3 and 75 s, respectively.
The difference between these half times and those given in Section 3.3.4 may
be due to structural changes in the ferredoxin-chlorophyll complex caused
by the detergent, Triton X-100, which was used by Ke to obtain subchloro-
plast particles. It will be clear from the calculation above that a slight
distortion of the structure may cause large differences in half times. McElroy
et 31?1 and Romijn (to be published) similarly showed that the half time of
the back reaction in whole cells and reaction centers of the purple bacterium
Rhodopseudomonas spheroides may be different depending on the detergent
treatment used for the isolation of the reaction centers.

Floyd et al?? reported that, after a short laser flash, about two-third
of P700 decayed very rapidly at liquid nitrogen temperature, with a half
time of 30 ps. Whatever the cause of this rapid reaction, it seemed to be
absent in our conditions, judging from the fact that the total amount of
oxidizable PT00 we observed was the same as that observed by Floyd et al.,
relative to that of cytochrome bSSC'
3.4.2. The primary acceptor.

The heterogeneity of the reaction centers with respect to the irrever-
sibility of the photoconversion has been discussed above (Section 3.3.2) in
terms of a model involving a secondary reaction in part of the centers. It
was concluded that such a model does not explain our results, since the
redox state of ferredoxin was stoichiometrically related to that of PT00.

A similar stoichiometry between these redox states at temperatures between
13 and 225 K with photosystem-1 subchloroplast particles has been reported
recently be Ke et a1?6’ 27. Our results as well as those of Ke are in agree-

ment with the following model for the reaction centers of photosystem 1 at

temperatures below 150 K: (nv)
1

— + -
P700.Fd +5 P 700.Fd (1)

where Fd is "bound" ferredoxin (g = 1.94). Our results indicate that at least

2T



four kinds of reaction centers can be distinguished with

times of the back reaction: Ty =20 - 30 ms, 0.2 - 0,4
1).

> 30 min (Sections 3.3.4 and 3.14. The efficiency of the charge separation

(reaction 1) was found to be close to unity (Section 3.3.5).

Contrary to our results McIntosh et 31?3 and Evans and Cammacksh,
recently reported that Signal I was partially reversible at temperatures
below 30 K without a concomitant reversibility of the signal of ferredoxin
(g = 1.94). McIntosh et al’3 observed this in photosystem-1 subchloroplast
particles which were frozen during illumination. At 6 K they observed two
reversible components at g-values of 1.75 and 2.0T which they attributed to
the primary electron acceptor of system 1. Evans and CammackEh observed an
almost completely reversible Signal I at temperatures below 30 K in photo-
system-1 particles which had been exposed to dithionite for 45 - 60 min at
pPH 10 in order to reduce the ferredoxins chemically prior to freezing. No
reversibility of the ferredoxing was observed with these samples. Irrever-
sible photoreduction of a ferredoxin molecule with g-values of 2.05, 1.92
and 1.89 was observed by Evans and Cammack with subchloroplasts which were
poised at -560 mV before freezing. At this redox potential most of the
ferredoxin with a g-value of 1.94 is reduced; the ferredoxin with g = 1.92,
however, is only partially reduced, since its midpoint potential is about
-590 mV at pH 10 (refs. 55 and 56). Under similar conditi ns , however, Ke
et 61.1.2'7 did not observe photoreduction of the latter ferredoxin (g =

Although it has to be confirmed by optical measurements of sbsorbance
changes near 700 nm that the reversible signals near g = 2.00 observed by
McIntosh et a153 and by Evans and Cammacksh are due to P700 oxidation, these
data suggest that the ferredoxin with g = 1.94 may not be the only electron
acceptor of system 1 at cryogenic temperatures. The results may also suggest
that this ferredoxin is not the primary electron acceptor of photosystem 1.

1%
McIntosh et al’> proposed the following model for the reaction centers of

photosystem 1:

(h1\> )
ol — 4 = 2 & = 5 WK - -
PTO0 X !1{9 f? P T00 X Y1Y? — P TO0 X Y1YP — P TOO X Y1Y2 (11)
where X is an unknown molecule which funections as primary electron acceptor;
Y, is a ferredoxin with EPR lines at g = 2.05, 1.92 and 1.89; and Y. is a

ferredoxin with lines at g = 2.05, 1.94 and 1.86. The midpoint potentials of
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these ferredoxins are -590 and -550 mV, respectively, at pH 10. According to
this model the charge separation in photosystem 1 is stabilized by reduction
of Y1 and Y2' As shown in Section 3.3.2 this model does not agree with our
results and those of Ke et al?6’ 27; with our preparations the charge
separation is not stabilized if the ferredoxin with g = 1.94 is photoreduced.

In support of their model, McIntosh et al.s3 also reported that the
quantum yield of P700 oxidation at 6 K is about 2.5 times higher than that
of ferredoxin reduction. Again, this observation does not agree with our
results and those of Ke26 obtained at somewhat higher temperatures: the rise
of the ferredoxin signal at 11 - 13 K was found to have the same time course
as that of Signal I at high and at low intensities. These data indicate that
the quantum yield is about the same for photoconversion of P700 and of ferre-
doxin (g = 1.94). This is supported by the cbservation of Bearden and Malkin
(ref. 46) that a short, saturating flash converts equal amounts of PT00 and
of ferredoxin at 20 K. In analogy with the model of system 2 (Section 4.k4.3)
the discrepancy between the values of the quantum yield may be explained by a
temperature dependence of the rate constants k2 or k3, which may be larger
at 11 = 13 K than at 6 K. We did not find evidence for a temperature depen-
dence between 10 and 200 K,

If it is assumed that the primary electron acceptor is not one of the
ferredoxins with g-values of 1.92 and 1.94, respectively, the stoichiometry
of the amounts of P+TOO and reduced ferredoxin (g = 1.94) at temperatures

between 10 and 225 K (Section 3.3.2 and refs. 26, 27 and 46) may be ex-

plained by the hypothesis, that firstly, k2 and k3 (see model II) are re-

latively large; secondly, that there are also back reactions -2 and -3, or
that there occurs a direct back reaction 4 between P+TOO and reduced ferre-
doxin (Yg).

In neither of the two models we have a ready explanation for the tem-
perature dependence of the heterogeneity with respect to the rate constants
for the back reaction (Fig.3.6), especially in view of the observation that
the effect is independent of the preceding treatment. One might speculate
that the effect is related to the temperature dependence of the magnetic
5T

susceptibility of ferredoxin’', which is due to antiferromagnetic coupling

between the two (high spin) iron atoms. Since it is known that the EPR signal
of ferredoxin (g = 1.94) may reflect both iron atoms of the moleculesg, it
might be postulated that a different iron atom is reduced in the reaction

centers that are irreversibly photoconverted than in those in which a back




reaction between p*700 and reduced ferredoxin occurs. This may be supported
by the conclusion from NMR spectroscopysg that the two iron atoms of ferre-
doxin are not identical with respect to their electron accepting properties.

Furthermore, the existence of two different acceptor sites on the ferre-
doxin molecule may cause the differences in the rates of the back reaction
between P+TOO and reduced ferredoxin if the orientation of the latter molecule
with respect to P700 is different in different reaction centers. The distance
between the iron atoms of the iron-sulfur protein of Chromatium vinosum is
3.0 - 3.1 & (ref. 60). As was discussed in the previous section a similar
difference in the distances between P700 and ferredoxin may explain the obser-
ved differences of the rate of the back reaction at temperatures below 150 K,
The occurrence of a temperature dependent back reaction at higher temperatures
then may be due to thermal population of the rotational or vibrational energy
levels (Geldof, P.A., personal communication; cf. ref. 61).

Conflicting values have been reported for the fraction of irreversibly
photoconverted reaction centers in chloroplasts at low temperatureT_g. Since
most authors did not specify the experimental conditions into sufficient
detail, it is impossible to explain these differences with certainty. However,
it should be pointed out that the use of low actinic intensities and of strong
measuring light will affect the (apparent) fraction of irreversibly converted

reaction centers.

3.4.3. The absorbance difference spectrum of P700.
A final point discussed here is the shape of the difference spectrum of

P700 at low temperature. Negative bands at 700 - 705 nm have been observed

1,25 5,7

repeatedly . More recently, bands at shorter wavelengths were also

= toon : 5 3 L
observed. Our spectrum B is similar to that obtained by Lozier and Butler

with a scanning method. This also applies to the spectrum reported by Floyd
et al?2 except that they noted a negative band at 680 - 682 nm instead of

685 nm, which they attributed to P680, the primary electron donor of system 2.
Witt9 recently reported an irreversible increase at 695 nm, instead of 690 nm,
and a decrease at 710 instead of 703 nm. The reason for this discrepancy is
not clear. He proposed that the increase would reflect the reduction of a
chlorophyll molecule. This hypothesis is made unplausible by at least two ob-
servations: firstly that there is a stoichiometry between PT700 and reduced
ferredoxin, as measured by EPR, and secondly that the increase in absorption

at 690 nm is also present in the difference spectrum of chemically oxidized




narrover

to longer

and

otively. T

wavel

LOW

erin

2 P P7O
A 3, of PTOC
105 K.
Al T T T T T T T
A B
n i G J
il ) \
/’ |
), \
I’ M
/ \ T
4 \
. '
/. !
. )
5 P 4

686 .
695

1
680

690

- A
700 710

Wavelength,

L L
680 690

nm

700

70




5 : 3 65, 66 : 65, 67, 68
absorption bands of bulk 2» 6 and reaction center 25 6T, bacteriochloro-

: : oL .
phyll, and of chlorophyll in solution ” upon cooling have been observed ear-

A1

lier. Tt thus appears that the hypothesis of van Gorkom et al '@ fits not only
ta obtained at room temperature but also those obtained at low tem-
if allowance is made for the red shifts and narrowing of bands.

{522

L2 < .
If a co 2 the absorbance

orrection’is made for particle flattening?

686 and 695 nm (Fig.3.13B) both have the

measured at T03 nm. Flattening factors of 2.0,
a

690 and 703 nm, respectively.
Various investigators have presented models of chlorophyll complexes
t to elucidate the struc-

11

which absorb at 700 nm (refs. 11, 0, T1) in an effor
ture of PT00. Norris et al. proposed a model where P

700 consist
33 ; 5 i 3 - AR
chlorophyll molecules complexed by a water molecule, Tu

: R . s T1 .

is a complex of chlorophyll and flavin. Fong( assumed that

chlorophyll dimer containing two water molecules. Our analysis of the absorp-
Z
6l

tion difference spectra at 110 K and that of van Gorkom et al at room tem-
perature indicate that the photoreactive chlorophyll absorbs at significantly
shorter wavelength than 700 nm, especially at room temperature. This indicates
that an absorption band near 700 nm is not a proper criterion for a model o

a special PT700 dimer.
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CHAPTER IV
PHOTOSYSTEM 2 AT LOW TEMPERATURES

4.1. Introduction.

The measurements of light-induced reactions of photosystem 2 at low tem-
perature which had been reported in the literature, concerned mainly the ex-
tent of the absorbance, fluorescence and EPR changes caused by the reactants
(refs. 1-8). Although several properties of photosystem 2 were elucidated by

these measurements (see Ch. I), the first study of the kinetics of several

g Q' « -
flash-induced absorbance changes at low temperatures by Floyd et al! indicated

that measurements of the kinetics may provide useful additional information
about the photosystem.

In the present chapter results of kinetic measurements with spinach
chloroplasts at 10 - 180 K by optical and EPR methods will be reported. The
data indicate that the reaction centers of photosystem 2 are heterogeneous
with respect to the ultimate electron donor at low temperature. Furthermore,
the quantum yield for the oxidation of these donors was found to be tempera-
ture dependent and relatively low at low temperatures. This phenomenon will
be explained by the occurrence of a back reaction between the oxidized pri-
mary electron donor, P+680, and the reduced primary acceptor, @ . The role of
an intermediary electron donor to PT680 will also be discussed.

Under strongly oxidizing conditions irreversible photooxidation of
chlorophyll was detected by optical and EPR methods. This reaction was attri-
buted to photooxidation of chlorophyll molecules, which functioned as ulti-
mate electron donors to photosystem 2 under conditions where no other donor
was available. New transient EPR signals near g = 2 were observed at 15, 100
and 180 K. These signals are attributed to P+680, which was photooxidized
reversibly.

Finally, a model for the electron transport in and near the reaction

center of photosystem 2 will be presented.

4.2. Materials and methods.

Chloroplasts were obtained from market spinach as described earlier
(Section 2.1). Oxidation-reduction potentials of the suspensions were deter-
mined as described in Section 2,.3.4. With optical measurements and also with
EPR measurements glycerol was added to the suspensions in order to obtain

samples which remained clear glasses upon freezing (Section 2.3.3).
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Absorbance changes in the red spectral region were measured (see Section
2.3.1) with the split-beam spectrophotometer described in Section 2.2.2. The
actinic light was filtered by a blue-green filter combination, consisting of
a Corning 4-96 glass filter, a 585-nm short pass interference filter, and a
Calflex C heat reflecting filter. For reasons given in Section 3.2 appropriate
combinations of Schott RG and Balzers interference filters were placed in front
of the photomultiplier. Absorbance changes between 500 and 570 nm were measured
with the apparatus described in Section 2.2.1. The continuous actinic light
was filtered by a red combination consisting of two 630 -nm interference fil-
ters, a 644 -nm short pass interference filter and a Calflex C heat reflecting
filter. In some experiments we used another red filter combination, which
transmitted a higher light intensity centered near 645 nm: Balzers K6 broad
band interference filter, two Schott RG 630 cut-off and a Calflex C filter.
The photomultiplier was blocked by a broad band blue-green filter combination
(two Corning 4-96 glass filters and a 583 -nm short pass interference filter).

Fluorescence was measured by use of the single beam apparatus (Section
2.2.1) as described in Section 2.3.2. The photomultiplier was provided with
a Corning 4-TT7 colored glass filter and a Schott 692-nm interference filter.

EPR measurements were performed as described in Section 2.2.3. The
measurements described in Sections L4.3.6 and 4.3.7 were all performed at the
B.C.P. Jansen Institute, Amsterdam; those given in Section 4.3.5 were mainly

done at our laboratory.

4.3. Results.

4.3.1. C550, eytochrome b559 and fluorescence yield changes at 90 K.

€550 and eytochrome b559.

The difference spectrum of absorbance changes near 550 nm produced by
irradiating a sample of dark-adapted spinach chloroplasts at 90 K is shown in
Fig.h.1 (spectrum A). The spectrum obtained in the presence of 0.1 M potassium

ferricyanide is also given (spectrum B). We shall first discuss spectrum A.

The bleaching at 556 nm is due to the photooxidation of cytochrome b559

(ref. 1) while the bleaching at 54T and the absorbance increase at 543 nm indi-
cate the photoreduction of Q (refs. 2, 10, 11); the substance responsible for
the latter changes is generally called CS550 (ref. 2). At the short wavelength
side of the spectrum rather large absorbance changes occurred upon illumina-

tion. These are due to local field effects (near 518 nm) and to absorbance
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Fig.4.1. Spectra of light-induced absorbance changes of dark-adapted chloro-
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changes, which are caused by photosystem-1 activity (around 530 nm) <, probab-
ly by photooxidation of P700 (cf. refs. 13, 14). The extent of these changes

1 ]

. s . Fe B LR x ~
is relatively small in the 540 - 560 nm region ©. Since the total change ob-

served at 543 nm is about 20 % greater than that at S47 nm (Fig.L.1) we assume

3 S e + Tt &
that the changes due to P 700 enlarged the change at 543 and diminished that

at ST nm by about 10 %.

With higher intensities of actinic illumination the
effect of the changes due to photooxidation of PT00 on the spectrum between
540 and 560 nm may be somewhat greater (cf. Section 3.3.L).

In the presence of ferricyanide (Fig.4.1, spectrum B) the bleaching at
556 nm was absent; cytochrome bSSQ (Em = 365 mV, ref. 15) was oxidized prior
to freezing. The extent of the éSSO changes, however, was the same. The
ferricyanide kept the redox potential of the chloroplast suspension (in gly-
cerol) at 20 °c at +540 mV. Okayama and Butler15 have reported that the ex-

tent of C550 changes did not depend on the redox potential up to 440 mV.

h 16 : TR oA
Lozier and Butler have observed a significant decrease of this extent at

potentials near 800 mV. Curve B shows that such a decrease does not occur at
540 mV. This indicates that at this potential Q is photoreduced irreversibly

to the same extent as without ferricyanide.
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From the extent of the changes one may calculate the amounts of @ and

cytochrome b which are photoconverted by the illumination at 90 K if the

559
specific differential extinction coefficients are known. According to refs.

17-19 the value of this coefficient for cytochrome b at room temperature

(o]
is 16 mM_lcm_T; we assume this value increases to QOsih—Icm—1 due to band
sharpening on cooling to 90 K. The extinction coefficient for the difference
540-minus-550 nm of C550 absorbance changes at room temperature was calcu-
lated to be 2.2 mM_lcm_1(ref. 13). At 90 K the C550 changes show & maximum
at 543 and a minimum at 547 nm (Fig.4.1); at room temperature the maximum and
minimum are located at SLO and 550 nm, respectively13. This indicates that

the absorbance band which, by a small shift to shorter wavelength, causes the

. 6 : .
C550 absorbance changes , narrows 2.5 times upon cooling from room temperature

to 90 K. If the band shape is Gaussian or Lorentzian, and if the area under

the curve of the absorbance band and the band shift are the same at room tem-
perature and at 90 K, this implicates that the extent of the C550 sbsorbance
change increases (2.5)2 times upon cooling. Thus, the extinction coefficient
for the difference 543-minus-547 nm will be 13 rz‘.l~4.1-cm_1 at 90 K. Using this
value and the data of Fig.4.1 we determined the amount of photoreduced Q at
90 K to be one per 400 chlorophyll molecules. From the same figure we like-

wise determined the amount of photooxidized cytochrome b te be one per

599
815 chlorophyll molecules. Therefore the molar ratio of photoconverted Q and

cytochrome b appears to be 23 and, if the concentration of photosystem-2

559

reaction centers is equal to that of Q, then cytochrome b is photooxidized

in only half of the total amount of reaction centers. As EZZ be seen in
Table 4.1 this ratio may also be calculated from the results of measurements
reported by several other investigators, using the extinction coefficients
given above.

The values of the ratios chlorophyll per Q and chlorophyll per cytochrome
b559 were found to be widely different for data obtained at low temperatures
at various laboratories (Table 4.1)., This is probably due to different freezing
techniques giving different amounts of crystallization of the samples. As has
31

been discussed by Butler~ the optical pathlength is strongly dependent on

the amount of scattering (see also Section 2.4.2). We have measured the ab-

sorbance at 550 nm with samples containing spinach chloroplasts with and

without glycerol, which were frozen slowly or rapidly. The absorbance was

found to vary between 0.1 and 1.5 for the same concentration of chloroplasts

(0.1 mg chlorophyll/ml) in a 1-mm cuvette. The first number was obtained after
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Table 4.1. MOLAR RATIO OF @ TO CYTOCHROME 8549.

Amounts of @ and eytochrome b559 per chlorophyll were calculated from
meagurements of light-induced absorbance changes between 540 and 560 wm
with (spinach) chloroplasts as reporvted in the litevature. Extinetion

0 e ==
coefficients used were: C550 at room temperatuve: 2.2 mM -cm for the
v J J

difference 540-minus-550 nm; €550 at 77 - 100 K: 7 and 13 mM Lom 2 for

543 nm and for the difference 543 minus 547 wm, respectively; 20

at 77 = 100 K.

=1 -1
mM “em = at 556 wm for eytochrome bcga
559

A, room temperature

-k
remarks refs.

a

B, 77 - 100 K

Chl/eyt | cyt/Q remarks™ refs.

0.4 ) this thesis
25, 26
27, 28

16

a, + ferricyanide
suspended in glycerol
with estimated baseline
intact spinach leaves
pea chloroplasts

f, + DCMU preilluminated




slow cooling in the presence of glycerol, the second one after rapid freezing
without glycerol. This indicates that an increase of the optical pathlength

by a factor of up to 15 may be obtained by crystallization. As in our samples
the pathlength was the same at room temperature and at 77 K (Section 2.3.3),

we may assume that our values of the ratios chlorophyll per Q and per cytochrome
559 are not affected by this phenomenon. It has been not.ed1 that the presence
of glycerol converts about one half of the cytochrome b559 from the high

potential (Em = 365 mV) to a lower-potential form. The presence of glycerol,

however, does not influence the ratio of oxidized cytochrome b559 per Q-, as

can be seen in Table 4.1. From the data given in some reports a ratio of about
one can be calculated for the amounts of photoconverted @ and cytochrome b559
at T7 - 100 K. The reason for this is not clear.

Several investigators have reported data, obtained at room temperature,
from which a ratio of about 200 chlorophyll molecules per Q can be calculated
(with €540-550 = 2.2 mM 'em ). For chloroplasts which were not treated with
detergent the difference spectra are not as clear as at low temperatures, soO
the contribution of other components to the absorbance changes cannot be ex-
cluded. The spectrum observed by van Gorkom et al13 with deoxycholate-treated
chloroplasts at room temperature is clearly due to C550 only. Furthermore,
theyobtained ratios of one to one for the amounts of Q (C550) per reduced
plastosemiquinone and per oxidized reaction center chlorophyll with €5140-550
equal to 2.2 mM_1cm_1. Therefore, this value for the extinction coefficient

of C550 at room temperature was taken.

Changes in fluorescence yield; kinetics.

Time courses of the absorbance changes at 543 and 556 nm and of the
fluorescence yield change at 692 nm during irradiation of samples of chloro-
plasts (without ferricyanide) with (630 nm) actinic light at 90 K are shown
in Fig.l.2. The absorbance decrease of C550 at S4T nm occurred with exactly
the same kinetics as the sbsorbance increase at 543 nm (not shown). The rate
of bleaching at 556 nm was appreciably slower than the rate of absorbance
increase at 543 nm. The kinetics of the fluorescence yield change were
essentially the same as the kinetics of the 556-nm absorbance change. The
photoreduction of Q appears to be faster than the photooxidation of cytochrome
at 90 K, and the fluorescence yield increase appears to follow the

559
photooxidation of cytochrome b559’ not the photoreduction of Q.

15

This is in agreement with the observation of Okayama and Butler - that

the fluorescence yield of spinach chloroplasts at temperatures near 80 K is




Fig.4.2. Time course of absorbances at 543 and 556 nm and of fluorescence at

692 nm during irradiation of chloroplasts (1 mg chlorophyll/ml) with 630

-9
nm actinie light (165 wW.cm ©) at 90 K. Actinie irvrvadiation on at wpward

arrows. Vertical lines indicate half times. Dowmmard changes reflect ab-

sorbance ineregses.

not only determined by the redox state of Q, but also by the state of the donor
side of photosystem 2.

The measurements of the absorbance and fluorescence presented in Fig.4.2
were all made with identical samples, actinic light and optical geometry so
that the rate of change of absorbance and fluorescence could be compared (see
Section 2.4.3). In our experiments the 630-nm actinic light was absorbed some-
what more strongly than the 692-nm fluorescence band, so that fluorescence
measurements might favour regions of the sample that had a slightly higher
than average light intensity (and therefore slightly faster kinetics). Thus,
if there is a discrepancy in the comparison of the absorbance and fluorescence
kinetics, fluorescence changes will appear faster than the corresponding ab-
sorbance changes. Experimental tests comparing the kinetics at different
fluorescence wavelengths, however, indicated that this discrepancy is negli-
gible with the actinic and fluorescence passbands used.

The effect of ferricyanide (Eh = 540 mV) on the kinetics of the changes
of the absorbance at 543 nm and of the fluorescence yield upon illumination
with continuous 630-nm light at 90 K are shown in Fig.h.3. The upper curves

demonstrate that the reduction of Q was not significantly affected by the

~
>
<
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Fig.4.3. Time course of absorbance at 543 vm and of relative fluorescence

yield at 692 nm measured at 90 K with samples with and without 80 mM

==
KzFe(CN)S present. Actinic irradiation: 630 wm, 150 wW-cm ©. The ampli-

fication for the lower fluorescence curve was twice that of the upper

curve. Note also the differences in time scales.

presence of the oxidant. The average of several experiments indicated that,
generally, the half time of the absorbance change was slightly longer (20 %)
with than without ferricyanide. The fluorescence yield change was smaller and
faster with than without ferricyanide (note the different amplification for
the two lower curves). The initial fluorescence level, Fo’ however, was not
affected. A decrease by a factor of two for the extent of the fluorescence
yield change due to the presence of ferricyanide has also been reported by

155 30, 32 15

other investigators . Okayama and Butler ~ explained the phenomernon

by the assumption that the fluorescence yield may also be determined by the
redox state of the donor side of photosystem 2.

The observation of a shorter half time with than without ferricyanide is
in contrast with measurements reported by Murata et al?g. The absence of an
effect of ferricyanide on FO is in agreement with measurements of Okayama and
Butler15 33

. Malkin et al’~, however, reported a decrease of the FO level in the

73




presence of ferricyanide, which was explained by the hypothesis that a secon-
dary donor with a midpoint oxidation-reduction potential of 475 mV (refs. 7
and 8) guenches fluorescence in its oxidized state. We have also observed a
decrease of the Fo level (see Fig.5 in ref. 34) upon addition of ferricyanide
if we used 460-nm light to excite the fluorescence. About the same wavelength
of excitation (475 - 480 nm) was used in refs. 32 and 33; Okayama and Butler
(ref. 15), however, used 630-nm light like we did for Fig.l.3. This would
suggest that the effect is due to light absorption by ferricyanide. Malkin,
however, observed also a lowering of fluorescence by ferricyanide upon exci-
tation with light of longer wavelengths (personal communication).

Absorption by ferricyanide may also explain the discrepancy between the half

times given by Murata et al? and those in Fig.4.3. In accordance with thi

S

the Fo level in ref. 32 was reported to be slightly depressed.

Intensity dependence.
The intensity dependence for the rate of the changes of the absorbance at
518, 543, 547 and 556 nm and of the fluorescence yield are shown in Fig.h.k,

lhe changes at 543 and S4T nm had the same half times over this range of in-

60+ 90K

cyt bssg
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Fig.4.4. Intensity dependence of the rates (reciprocal half times) of the
changes of the absorbance at 518 (), 543 (o), 547 (b) and 556 nm (o)
and of the fluorescence at 692 nm (V). Irradiation with the broad band

red actiniec source or with 630-nm light.




tensities, which demonstrated that these changes were not significantly in-
fluenced by other photoreactions than those of @ (C550). Furthermore, the
changes of the absorbance at 556 nm and of the fluorescence yield were also
found to have the same half times at these intensities. At intensities below
0.5 mw-cm_2 the changes at 518 and 543 nm had similar half times. Vermeglio
and Mathis'® have reported that the kinetics of the change at 518 nm are near-
ly identical to those at 542 nm. Fig.4.4, however, shows that the 518 nm
change mey be twice as fast as that at 543 nm at higher intensities. At the
lower intensities, below 0.2 mw—cm_g, the quasi rate constants (reciprocals

of the half times) of the photoconversion of both Q and cytochrome b were

559
proportional to light intensity. It can be seen that the photoreactions had

different rate constants even at the lowest intensities. According to Mathis

et &1?8 this type of result is not consistent with models of photosystem 2

with only one light reaction; the data were taken to indicate28 that the
conversion of Q and of cytochrome b559 upon irradiation of spinach chloro-

5

plasts at 90 K involves two different photoreactions. Erixon and Butler” have

demonstrated that the ability to photooxidize cytochrome b at TT K is cor-

I
related with the extent of the C550 change in the dark upoz)ihemical reduction
of Q prior to freezing. This may indicate that the two light reactions have a
common primary electron acceptor. We will show later that the primary electron
donor is also the same in all centers. Therefore, in contradistinction to
Mathis et 31?8 we conclude that there is one light reaction, but that there
are two different types of reaction centers with different secondary electron
donors. A model of photosystem 2 to account for these and other results will

be discussed in Section 4.k4.3.

At intensities above 0.3 oo™ 2 (Fig.4.4) the photoreactions appeared to

be less efficient. One would expect that the rate of photoreduction of @ should
be linearly proportional to light intensity and that the rate of oxidation of
cytochrome b559 should level off at a maximal rate determined by the rate
constant of this reaction. The decrease of the slope of the rate-versus-inten-
sity curve of (€550 at higher intensities would be explained by a back reaction
between the photoproducts which is stimulated at higher light intensities. We
have no direct evidence for such a photochemical process. The slope of the
rate-versus-intensity curve of the absorbance change at 518 nm decreases less
with increasing intensity. This may be explained by a contribution to that
change of a photosystem-1 reaction. In agreement with this (see Section 3.3.1),

it was observed that the change was partly reversible.




Mathis et al?8 have also reported measurements of the intensity depen-

dence of the rate of photoconversion of €550 and cytochrome b559 at 100 K.
They did not observe a departure from linearity for the reduction of C550

at the higher intensities. Since the average light intensity through a
sample is strongly affected by light scattering (Section 2.4.2), this dif-
ference may partly be due to the use of crystallized samples by Mathis et al.,
whereas clear glass samples were used for Fig.h.h, This is supported by a
comparison of the half times shown in Fig.h.l4 and in ref. 28 at a given

light intensity: the half times with the crystallized samples are 3 - U times

longer than those of the transparent samples.

4.3.2. Secondary electron donors at 170 K.

The effect of temperature on the low temperature photoreactions in the
range from 90 - 170 K is indicated in Figs.4.5 and 4.6. The photoreduction of
Q (Fig.k.5, C550) showed little temperature dependence over this range. The
absorbance change may be somewhat larger at 90 K because the absorption band
of C550 is sharper and narrower at the lower temperature. The average of a
number of experiments indicated that the rate at 170 K was approximately 30 %
faster than the rate at 90 K. The temperature dependence of the photooxi-
dation of cytochrome b559 is also shown in Fig.h4.5 (note the different time

scales ), The maximal absorbance change at 556 nm was generally found at tem-

Fig.4.5. Time course of absorbance
at 543 and 556 nm during irra-

diation with 630-nm actinic light

at the temperatures indicated.
Vertical lines indicate half
times. Downward changes reflect

absorbance inereases.




peratures below 110 K. Less cytochrome b55Q was observed above 110 K and litt-

e or no oxidation of cytochrome occurred at 170 K. At a given light inten-

=

sity, the half time of the photooxidation reaction was essentially independent

f temperature between 80 and 170 K.

o]

In agreement with results obtained by others at 220 K (refs. 27, 35) we
observed photooxidation of the "normal" amount of cytochrome b559 at 170 K
with chloroplasts that had been preilluminated with two flashes just before
cooling.

The effect of temperature on the light-induced fluorescence yield change
is shown in Fig.4.6. The rate of the fluorescence increase showed an appre-
ciable temperature dependence being about 3 - 4 times faster at 170 K than at
90 K. The approach to the final level Fm was also much slower at the lower
temperatures. It has been reported by Joliot and Joliot36’ 37 and by Amesz
et al.35 that the half time of the fluorescence yield changes at 230 K was
3 - 4 times shorter with dark-adapted chloroplasts than with chloroplasts
which had been preilluminated with two satwrating flashes prior to freezing.
Amesz et a13S showed that this also occurs at 170 K. Comparison of Fig.4.5
and 4.6 shows that at 170 K with dark-adapted spinach chloroplasts the time
course of the fluorescence yield increase is very similar to the time course
of the photoreduction of Q.

Fig.L.7 shows the dependence of the fluorescence rise curve on the tem-
perature. A rather large change in the rate of fluorescence increase occurred

between 110 and 170 K. A similar temperature dependence of the fluorescence

e
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Fig.4.6. Time course of fluorescence of chloroplasts (1.0 mg chlorophyll/ml in
1-mm cuvette) at 692 nm during irradiation with 630-nm actinie light (0.1

mil -om %) at the temperatures indicated.
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Fig.4.7. Half times of light-induced fluorescence increase as a function of
temperature. The fluorescence was measured with dilute (0.05 mg chloro-
phyll/ml in 1-mm cuvette) samples, therefore the half times ave about 4
times faster than those shown in Fig.4.6. Actinic light: 630 nm, 0.1

mW—am-Z.

38-L1

induction curve has been reported previously Our results show that con-

: 38-41 . ,
trary to the earlier hypotheses 8 the effect is not related to the effi-

ciency of the primary photoreaction, since the photoreduction of the primary
acceptor has no such temperature dependence but, that it is correlated with
the oxidation of a secondary electron donor to photosystem 2. At temperatures

below 110 K cytochrome b is the electron donor, the rate of its donation

559
is temperature independent. Our data indicate that as the temperature is in-
creased in the range from 110 to 170 K another electron donor, D2, which has
a temperature dependent rate of donating electrons to photosystem 2, takes

over from cytochrome b Above 170 K the charge separation in the photo-

o
system 2 reaction centzggis stabilized by D2 only. At 170 K, the rate con-
stant for D2 oxidation is 3 - 4 times higher than that for the oxidation of
cytochrome b559. It should be noted that the observation of a temperature in-
dependent rate for the oxidation of cytochrome b559 and of a temperature
dependent electron donation to photosystem 2 indicates that D2 does not react
with the same oxidized species as cytochrome b559 does at 90 K. Therefore, one
might assume that the photooxidation of cytochrome b559 occurs via an inter-

mediate secondary donor which competes with D?. From the data of Fig.4.7 an
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Time course of fluorescence increase of chloroplasts (0.05 mg ch

at 170 K frozen without (N.A.) and with (FeCN) 2 mM potassium

activation energy of about

The above results on the temperature dependence of cytochrome

oxidation could be taken to suggest that the donor which functions above 170 K
is the normal physiological donor to photosystem 2 and that electron donation

by cytochrome b.., at lower temperature is an artificial reacti
277

on. If so, we
would expect ferricyanide (2mM) to have no effect on fluorescence induction

at 170 K, as such a low concentration was also found to have no effect on the

F /F is decreased from sbout 4.0 to 2.0. The basis of the ferric;

on fluorescence is thus subject to the same speculations that were given pre-

.3. 4 slow recovery of photosystem—2 reactions at 90 K.

A dark decay of the high fluorescence yield condition at low temperatures
was shown in Fig.h4.6. There was a slow decrease of the fluorescence yield even
at T7 K as shown by the effect of a 30-s dark period. A slow dark oxidation of

the photoreduced @, concomitant with the decrease of fluorescence yield
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Fig.4.9. Kinetics upon darkening of absorbance at 543 and 547 nm (0, €550)

and of the fluorescence yield at 692 nm (O, F692) after illumination

(630 nm, 1 mw-cm_g, 30 8) at 90 K with spinach chloroplasts. Extents are

given as percentages of the change in signal obtained at the firet light
period at 90 K.

(Fig.4.9), also oceurred under these conditions. The decay seemed to be first-
order, the half time was found to be 1.5 min. The extent of the decay was sabout
50 % of the extent of the total change at the first illumination period at

90 K. Murata et al.a'2 have reported a similar time course of dark recovery of
fluorescence induction at 77 K. No recovery of cytochrome b559 reactions was
observed. The decay was not affected by DCMU or ferricyanide.

The time course of the fluorescence yield upon a second illumination at
90 K (Fig.4.6) was much faster than that upon the first illumination period.
The half time of the rise was found to be similar to that of the absorbance
changes at 543 and S4T nm. Therefore, at the second light period the flu-
orescence yield seemed to be quenched by the acceptor side of photosystem 2
only.

The observation that only half of the changes of €550 and of the flu-
orescence yield recover in the dark at low temperatures, supports the hypo-
thesis that there are two types of photosystem-2 reaction centers at low tem-
peratures, which are present in equal amounts, and which are different with
respect to their donor sides only. This is also supported by the absence of

a recovery of the photooxidation of cytochrome b559.
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at 90 K as given in Table 4.2, The dif-

170 X

90 and 170 K and of cytochrome b5ﬁﬁ

ferential extinction coefficient for C550 at 543

4.5 mM tem™ !

nm at was taken to be

mM . This value was calculated from measurements as in Fig.4.5, with

the assumption that the amount of C550 converted in the light was the same

at 90 and at 170 K. It is clear from this table that also at 170 K the rate

of the photoreduction of Q@ is not linearly dependent

tinic irradiation.

As shown inFigs.4.5and 4.6 the kinetics of the

cence yield increase follows closely
Q at 170 K. According to Duysens and
temperature indicates the redox state of Q.
the fluorescence yield increase measured at

the presence of DCMU. The half time for the

on the intensity of ac-

light-induced fluores-
of the photoreduction of
the fluorescence yield at room
Fig.l4.10 shows the kinetics of

room tempereture and at 170 K in

light-induced fluorescence yield

as an index of the gquantum requirement for the

increase, which is tak

photoreduction of electron acceptor, is 2 times longer at 170 K

emperature. If we assume that the guantum yield is unity at

be 0.40 (from Fig.4.10).

temperature, the quantum yield at 170 K would
is consistent with our measurements (Table 4.2).

uvantum efficiency of the charge separation in the photosystem-2

Fe92

20°C

Pig.4.10. Time course of fluorescence at 6392 nm of chloroplasts (0.1 mg
g ) J T g

-5 g . .
chlorophyll/ml) in the presence of 10 °M DCMU during irradiation with

g8 » -2 . s
630-nm actinie light (120 wW.em ©) at the temperatures indicated. Ver—

tieal lines on curves indicate half times.
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Fig.4.11. Time course of the fluorescence at 77 and 190 K of spinach chloro-
plasts (0.1 mg chlorophyll/ml) upon illumination with a series of flashes.
Fluorescence exciting light (460 nm) on at upward arrows, off at dowward
arrows. A 7-us flash was given at every upward transient in the curves.

At the intersections, the sample was irradiated with strong, actinic, white
light for 30 s. Broken lines represent the time course if only one flash
was given. Transient spikes are artifacts caused by the fluorescence

excited by the flashes.

reaction center may also be studied by measurements of the changes of absor-

559 and of the fluorescence yield induced by

short, saturating flashes. It has been reported‘

bances of C550 and cytochrome b
that at low temperature a
saturating flash caused an increase in fluorescence yield which was much
smaller than that caused by either continuous light at 7T K or by a flash at
room temperature. Fig.4.11 shows the effect of saturating flashes on the flu-
orescence yield at 77 and 190 K. The increase of the fluorescence yield as
measured 1 s after the first flash was 27 % of the total varigble yield at

77 K, it was 40 % at 170 K. If the intensity of the flash was lowered by a
factor of 2 by the use of neutral density filters, these percentages were al-
most the same (25 and 38 %), which indicates that the flash was closely sa-
turating. The broken lines represent the slow part of the decay of the flu-
orescence yield after the first flash. At 77 K the half time of the decay was
about 1 min, the extent was about half that of the increase brought gbout by

the first flash. At 190 K this decay could not be observed.



Fig.lh.12 shows the effect of one flash on the reduction of Q (543 and
547 nm) and on the oxidation of cytochrome b559 (556 nm) at low temperatures.
Some seconds after the flash the sample was illuminated with continuous
light, which caused an additional absorbance change at these wavelengths. The
total absorbance change, induced by the flash plus the continuocus light, had
the same size as the change induced by continuous light only. The
shows that only part of Q and cytochrome b559 were photoconverted
flash. Compared to the change induced by continuous illumination at 90 K
30 % of Q was reduced by the flash at 90 K and 43 % at 170 K. Only 15 % of

the total amount of photooxidizable cytochrome b was oxidized by the

559
flash at 90 K. In accordance with our earlier findings (Fig.4.5) cytochrome
bth was not photooxidized at 170 K neither by the flash nor by continuous
light.

The difference spectrum of the flash-induced absorbance changes at 90 K
(not shown) was found to be similar to that of the changes induced by con-
tinuous irradation (Fig.4.1). The only difference between the spectra was the
relative extent of the (550 changes in comparison with those of cytochrome
b559 and also with those near 520 nm. The extent of the asbsorbance change at

520 nm induced by the first flash was about 50 % of that induced by con-

!
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Fig.4.12. Time course of absorbance at 556, 547 and 543 nm at 90 K and at
543 mm at 170 K during irradiation of spinach chloroplasts (1 mg chloro-
phyll/ml) with a 7-us, saturating flash, followed by €45-nm continuous
light (2.5 mit.om™2). Continuous light on at upward arrows; flash at

dowrward arrows.




tinuous irradiation (not shown). This is in agreement with the results given
in Fig.U.4, which indicated that the 520 nm change induced by continuous
light may be at least twice as fast as the change at 543 nm. As was shown in
Section 3.3.5 the efficiency of a flash to induce a charge separation in
photosystem 1 was found to approach unity. Therefore, the observation that a
flash is relatively more efficient at 90 K to induce a change at 520 nm than
at 543 nm, suggests that at least part of the 520 nm change is caused
photosystem-1 activity at this temperature. This is not in agreement wi
hypothesis of Vermeglio and Mathis12, who reported that the 520 nm change &
100 X is due to photosystem-2 activity only.

The relatively low efficiency for the charge separation reported here
can be explained by the assumption of a back reaction between the photopro-
ducts, which competes with a "stabilizing" reaction with secondary donors
mentioned in Section 4.3.2. Direct evidence for such a back reaction will b

discussed in the next section.
4.3.5. The back reaction.

: , ot
EPR signal of P 680,

Fig.4.13 shows kinetic traces of flash-induced EPR signals observed at
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the field position (3249 G) of the low-field maximum of the P 700 signal.
Each trace (except curve D) is the average of the signals induced by the
first three flashes at 100 K. Curve A was measured with dark-adapted chloro-
plasts. The signal rose within the 100-us time constant of the apparatus.
The decay was multiphasic. About 20 % of the signal was irreversible on this
time scale and partly reversible at longer times. These 20 % are supposed
to be due to P+TOO, which is oxidized practically irreversibly on this time
scale. The half time of the decay of the reversible part was 2.0 + 0.1 ms
(average of 35 measurements). Curve B was measured with samples containing
additionally 0.1 M potassium ferricyanide. In such samples photosystem-1
activity is blocked due to chemical oxidation of P700 before freezing. It
can be seen that the kinetics of curves A and B were similar, except that
the extent of the irreversible change was smaller in the presence of ferri-
cyanide. In samples of spinach chloroplasts containing DCMU and hydroxylamine,
which were preilluminated before freezing, the reversible EPR signal was
observed to the abolished (curve C). This treatment with DCMU and hydro-
Xylamine blocks reactions of photosystem 2 (ref. 46). The irreversible change
in curve C was the same as that in curve A, which indicates that the ir-
reversible change reflects P700 oxidation. Curve D shows the average of the
signals induced by 40 subsequent flashes after the tenth flash in samples
of chloroplasts without addtitions. The extent of the reversible signal was
about 30 % of that in curve A; the half time of the decay was similar. The
same result was obtained in the presence of ferricyanide. This reversible
change was not observed in samples which had been illuminated with strong
continuous light (20 s) at 77 K (not shown).

It is clear from these measurements that the reversible signals are
due to photosystem-2 reactions at 100 K. Since Q is reduced irreversibly
after continuous illumination (Fig.4.1) without causing an EPR signal near
g = 2 (cf. Section 3.3.2), the signals are not due to Q. Therefore, we as-
sume that the transients are due to P+680, the oxidized primary electron
donor of system 2. The rapid decay of the EPR signal after the flash might
be conceivably due to a back reaction with Q. This is supported by measure-

4T, 48 of absorbance changes of €550 (Q) which

ments of Mathis and Vermeglio
indicated a rapid decay (half time 3 - 5 ms) after a flash. The correspondence

between the EPR signal and the absorbance changes of (550 also emerges from

Rt - Y
the observation that the extents decreased within a series of flashes T

(curve D). Photooxidation of eytochrome b559 with a half time of 4 - 6 ms has

86




i 3
s 7. The extent of the flash-induced absorbance change

also been reported
at 556 nm was 15 - 25 % of that induced by continuous light. These data sup-
port the notion that the cytochrome is oxidized in a secondary reaction with
the oxidized primary donor and that the rate of this reaction is L4 - T times
slower than that of the back reaction.

The kinetics shown in curve B (Fig.4.13) indicate that also in the pre-
sence of ferricyanide (Eh = 540 mV) a back reaction occurs at 100 K. This
observation, which is not in agreement with models of photosystem 2 proposed
by Knaff et al?o, will be discussed in the next section.

Fig.4.14 compares the EPR spectrum of the reversible changes measured
with samples as used for Fig.4.13 with the light-minus-dark spectrum due to
P+YOO. The spectra were found to be slightly different. The g-values were
the same; AHDD, however, was somewhat smaller for the 2.0-ms component (6 G)
than for P7700 (8 G). From the EPR signal height at non-saturating microwave
power levels, the extent of the 2.0-ms changes was determined to be larger
(1.3 times) than that of the P+YOO signal. The 2.0-ms component saturated
at & microwave power of 8 mW, the PT700 signal at 2 mW at 100 K. From these
data the ratio of the number of spins causing the reversible 2.0-ms signal
and Signal I, respectively, was calculated to be 0.7 + 0.3. This figure is
in agreement with the occurrence of & back reaction in only 70 % of the

reaction centers and of stabilizing secondary reactions in the other centers.

H (Gauss)
—i—

Fig.4.14. Spectrum of light—induced EPR signal shown in Fig.4.13 A, and light-
minus—dark spectrum due to P'700 (solid 1ine). Instrument gettings:power:

8 mW; modulation amplitude: 5 G. Spectra are novmalized at 3249 G.

81



From the AHDp-value of Signal I it has been concluded that P700 is a
dimeric chloroph&ll moleculeso. Similarly, the slightly smaller AHDD—value
of the 2.0-ms signal with respect to that of Signal I may be taken to in-
dicate that P680 is a trimeric chlorophyll molecule or & complex of a
(dimeric) chlorophyll molecule with another compound. It may be speculated
that this other compound is Z, the electron donor to P+680 at room tempera-
ture, which then functions also at cryogenic temperatures. This will be

discussed in Section 4.4.2.

EPR measurements in continuous light.

Fig.k.15 shows the EPR kinetics near g = 2,00 upon illumination with
strong,continuous light of dark-adapted spinach chloroplasts (as used for
Fig.4.13A) at 100 K. A transient signal can be seen which is superimposed
on the steady EPR change due to P700 photooxidation. The spectrum of the
transient was similar to that of Fig.h.14. The signal decayed in the light
with a half time of 30 ms (Fig.4.15). It was observed only at the first il-
lumination period at 100 K. The signal observed in subsequent light periods
can be attributed to P700 (Section 3.3.2). Fig.lL.15B shows that the
transient is absent in spinach chloroplasts in the presence of ferricyanide.
This experiment will be discussed in the next section. Fig.l4.15C shows that

the transient is absent in spinach chloroplasts which were illuminated in

Fig.4.15. Time course of EPR signals
at 100 K of chloroplasts 7llu—
minated with strong (200 mW-cm_E)
eontinuous light. Light on at up-

{ ward arrows. Left hand curves:

\
+K3Fe(CN)g - : : : : =
V“wN“ﬂMw¢fV‘ uwﬁ“&ﬁow%ﬂ& N first illumination period; right

8 ’ T hand curves: subsequent ©1lumi-

natton after 20 s dark. A, B and
C as for Fig.4.13 A, B and C

respectively. Instrument settings

MﬂN\V\A—V\M +0CMU
A +NH,0H

' > .
\ a8 for Fig.4.13, except for am—

plification.




the presence of DCMU and hydroxylamine prior to freezing in order to block

- SR a : :
photosystem-2 activity 6. This indicates that the transient is due to photo-

system 2. The change which can be seen in Fig.4.15C is apparently due to
photooxidation of P700. In Chapter III, the transient signal was not observed,
since the opening time of the light shutter used with those experiments was
too slow and the intensity of actinic irratiation was too low to obtain the
signal. The extent of the transient signal was found to be strongly dependent
on the intensity of actinic irradiation. With the maximal intensity of illu-
mination (300 mw-cm_e) in the present experiments the extent of the 30-ms
transient was found to be only 30 % of that of the 2.0-ms change. This
suggests that also the maximal intensity of continuous light is not
saturating.

Reactions: of photosystem 2 with a half time of 20 - 40 ms have been at-
tributed previously to secondary electron donation to P'680 at 77 - 110 K
(refs. 26, 32). Murata et al?e has also observed a 35-ms reaction in measure-
ments of the fluorescence induction at 77 K. Our results provide independent
evidence for a secondary reaction which occurs with a half time of 28 + 8 ms

(average of 22 measurements) at 100 K.

Kineties at 170 K.

The 2.0 and 30-ms EPR signals shown in Figs.4.13 and 4.15, were not ob-
served in dark-adapted spinach chloroplasts at 180 K (Fig.4.16). With chloro-
plasts, which were illuminated with two T-us, saturating flashes shortly
before freezing, both transients could be observed again. This indicates that
at 180 K with dark-adapted chloroplasts either the back reaction as well as
the secondary reaction occurred too fast or that no EPR signals were generated
by the reactions. The half times of the back reaction and of the secondary
resctions then have to be shorter than 0.5 and 5 ms, respectively. From the
data of Fig.4.7 and from ref. 51 the half time of the secondary reaction at
170 K may be calculated to be 1 - 3 ms. This is too fast to be observed with
our apparatus due to the opening time (4 ms) of our light shutter. The effect
of preillumination at room temperature on the EPR kinetics (Fig.4.16) is

similar to that on the kinetics of the variable fluorescence yield35-3T at

170 X and on those of the cytochrome b oxidation27 at about 210 K.
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Fig.4.16. Time course of EPR signals at 180 K with samples (curves A and B)
as for Fig.4.134, and with similar samples preilluminated with two

”

flashes 10 s before freezing (curves C and D). Curves A and C were
measured as curve A in Fig.4.13; B and D as curve A in Fig.4.15. Ampli-
fiecation for curve A was twice that for curve C. Closed arrows: flashes;

open arrows: continuous light.

Fig.4.17. EPR spectra at 110 K with
spinach chloroplasts (0.5 mg
chlorophyll/ml). A, sample frozen
in the dark; B, sample A during
tllumination; C, sample frozen in
the dark in the presence of

(0.17 M K Fe(CN)z; D, sample C

after tllumnation fbr 7 8 with

-2
white light (100 mW.em °). In—

strument settings: power: 2 mW;

modulation amplitude: 5 G; fre-

quency: 9.080 GHz.




4.3.6. Photooxidation of chlorophyll at 110 K.

EPR measurements.

In the previous section it was shown (Figs.4.13B and 4.15B) that also
with chloroplasts in the presence of ferricyanide at 100 X, which show no
photosystem-1 activity due to chemical oxidation of PT00, light-induced EPR
signals near g = 2 are present. Fig.4.17 shows EPR spectra near g = 2 of
spinach chloroplasts, frozen in the dark and subsequently illuminated at
110 K. Without ferricyanide (A and B) the spectra were similar to those at
11 K (Fig.3.4) of Signal II and P'700. As discussed in Chapter IIT (Section
3.3.3) the signal height in spectrum B (minus A) indicates 100 % photooxi-
dation of P700. Comparison of spectra B and C indicates that in the presence
of ferricyanide PT00 is completely oxidized in the dark. In agreement with
this, EPR measurements at 15 K indicated that in the presence of ferricyanide
(0.17 M) photoreduction of ferredoxin (at g = 2.05, 1.94 and 1.86) did not
occur (not shown). Spectrs C and D show that at 110 K in the presence of
ferricyanide continuous illumination caused also an irreversible increase in
the extent of the signal near g = 2.00. The extent of the light-induced
signal (spectrum D minus C) was about equal to that of the signal of P 700.
Values of g and Apr were also the same. These results confirm the EPR

7, 8, 49 and also of Ke et al?3 con-

measurements of Malkin and coworkers
cerning the irreversible light-induced signal near g = 2.00 with samples

at high redox potentials. These authors, however, attributed the signal to

p*680 which was photooxidized irreversibly at 77 K. Knaff et all.‘9 have re-

ported that the signal is reversible at temperatures above 170 K. Since Q

is known to be photoreduced irreversibly at 90 K (Fig.4.1) also in the pre-
sence of ferricyanide, it will be clear, that the occurrence of irreversibly
oxidized P680 does not agree with models involving a back reaction between
p'680 and q”.

The ratio between the number of spins causing this EPR signal and that
of P+7OO was calculated to be 1.1 + 0.2, Since the amount of P+700 was found
to be one per 390 chlorophyll molecules in spinach chloroplasts (Section
3.3.5) the amount of oxidized chlorophyll causing the EPR signal in the pre-
sence of ferricyanide was about one per 350 chlorophyll molecules.

Fig.4.18 shows the kinetics of the change of the EPR signal upon illu-
mination at 110 K in the presence of ferricyanide, measured with the magnetic

field fixed at the maximum of the low field line. At the onset of irradiation

a1




Fig.4.18. Time course of the light—induced EPR signal at g = 2.00 in the
presence of potassium ferricyanide (0.17 M) at 110 K. Light on at upward,

off at dowmsard pointing arrows. Conditions ag for Fig.4.17C.

a fast and a slow rise component can be distinguished. Only part (15 %) of
the signal was found to be reversible after prolonged illumination
(Fig.4.18A); the halftime of the decay was about three seconds. However, as

can be seen in Fig.4.18B, about 30 % of the signal decayed rapidly

(T; < 100 ms) in the dark after a short (0.5 s) illumination period. If the

sample was illuminated again after a dark period of three seconds (Fig.l4.18B)
the signal increased until the level obtained during the first, short il-
lumination period, and subsequently more slowly as in Fig.4.18A. The decay

in the dark after a light period of 6.5 s was also equal to that in Fig.lt.18.
The rapid decay of part of the signal after a short light period (Fig.l.18B)
indicates that also at 110 K a back reaction occurs at least in part of the
reaction centers in the presence of ferricyanide. This was also conecluded
from Fig.lL.13B.

We interpret the EPR kinetics shown in Fig.4.18 as being due to the
formation of two different radicals, which have slightly different EPR spectra
(Figs.h.14 and 4.17). At the onset of irradiation the change is due to p*680
which can react back rapidly with Q . During prolonged irradiation P+680 is
reduced by another chlorophyll molecule in a dark reaction which stabilizes

the charge separation.




Absorbance changes.

Spectra between 655 and 705 nm of irreversible absorbance changes in-
duced by continuous illumination at 110 K with chloroplasts in the presence
of ferricyanide and DBEMIB are shown in Fig.k.19. The spectrum of the band
shift due to reduction of Q (spectrum A, without ferricyanide) was taken
from Fig.3.1. With ferricyanide present, the shape of the spectrum was found
to depend on the intensity and duration of actinic irradiation. Generally,
at high light intensities (above 5 mW-cm-z) a fast and a slow phase could
be observed between 668 and 695 nm (Fig.4.20). The shape of the spectrum of
the fast phase was different from that of the slow phase (spectra B and C).

The extent of the 676-nm decrease was greater with than without ferri-

cyanide. Therefore, this change was not due to Tluorescence yield changes,

which were smaller with than without ferricyanide (e.g. Fig.l4.3). Lozier and

-

Butler10 have reported spectra of irreversible light-induced absorbance

changes near 680 nm at low temperature measured with a scanning method.
These spectra are significantly different from Fig.4.19 (B and C) in the
676-nm region due to an important contribution of the fluorescence excited
by the measuring beam. Probably for this reason they did not observe an
additional absorbance decrease near 676 nm in the presence of ferricyanide
at TT K,

The extent of the absorbance increase at 683 nm was smaller with ferri-
cyanide present than without. It was shown in Fig.lW.1 that the absorbance
changes of C550 in the green region are not affected by the presence of the
oxidant. Therefore, we assume that the band shift around 686 nm, which is
also due to €550 (refs., 13, 16), occurred to the same extent with and without
ferricyanide. The difference between spectra measured with and without ferri-
cyanide is shown at the right hand side of Fig.4.19 (B minus A). This dif-
ference spectrum resembles that of P+700 as obtained by the analysis given
in Fig.3.13 at 110 K except for the position and for the absence of the band
shift. Therefore, the difference spectrum (B minus A) in Fig.h.19 may be
interpreted in a similar way as the spectrum of P+TOO as being due to the
oxidation of a chlorophyll dimer at 110 K (see also ref. 13). Since the ab-
sorbance changes were irreversible, they cannot be attributed to P+680,
which is supposed to react back with @ also at 110 K. We interpret this
chlorophyll bleaching as being due to secondary electron donation by a
chlorophyll dimer to p'680.

EPR measurements indicated that the presence of DBMIB in the samples
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Fig.4.19. Spectra of light-induced absorbance changes at 110 K with chloro-
plasts (0.2 mg chlorophyll/ml) in the we of 10 °M DBMIB and with
(B and C) or without (A) 85 mM K, Fe(CN From

Fig.3.1. Aetinie irradiation: 440— 57 mil -cm 2. Curves B and C

are the spectra of the changes after 1 and 10 s of illumination,

respectively.
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affects the kinetics of the chlorophyll oxidation. Fig.l4.21 shows a biphasic
time course for this reaction in the presence of DBMIB. The fast phase oc-
curred to a smaller extent with DBMIB than without. Since the extent of the

fast phase was strongly dependent on the light intensity, this may be ex-

: .Sk : - :
plained by the assumption” that with DBMIB the amount of light available for

photosystem-2 reactions is less than without DBMIB. The rate of the slow

phase was linearly dependent on the light intensity (not shown). This was

also observed for the slow phase of the absorbance changes shown in Fig.4.19.

The slow phase also went on for at least several minutes during continuous
illumination. The reaction proceeded after closure of all photosystem-2
traps, as indicated by the absorbance changes due to reduction of Q (683-nm
increase). This suggests that the reaction occurs directly between (bulk-)
chlorophyll and (oxidized) DBMIB molecules. Photoreactions between guinone

and chlorophyll molecules in vitro at low temperature have been reported in

55

the literature’”. One might also speculate that oxidized DBMIB is a potent
. A 56 : i

quencher of the fluorescence yleld5 due to its ability to accept electrons
from excited chlorophyll molecules. As can be seen in Fig.L4.19 a slow

bleaching occurred also at the absorbance band of monomeric chlorophyll
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Fig.4.21. Time course of EPR change upon illumination at 110 K with samples
as for Fig.4.17C with and without 10_4M DBMIB. The magnetic field was
set at the maximum of the signal of p'700 (3248 G). Light on at upward

arrows. Instrument settings as for Fig.4.17.
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(664 nm; refs. 57, 58). We interpret this slow change at 664 nm and at other
wavelengths as being due to oxidation of chlorophyll by DBMIB. The fast rise
phase at 676 nm then is attributed to chlorophyll molecules donating elec-
trons to photosystem 2.

The extent of the fast chlorophyll bleaching in Fig.%.19 (B minus 4) is
about 40 % of that due to photooxidation of P700 at 703 nm in Fig.3.1. The
extents of the fast EPR changes due to chlorophyll oxidation in the presence
of ferricyanide and to PT00 oxidation without ferricyanide were found to be

59, 60

the same. This indicates that the flattening factor at 676 nm is about

2.5 times greater than at T03 nm. Since the flattening factor is essentially

equal to unity at 703 nm, the value of this factor is about 2.5 at 676 nm at

110 K. A similar value has been calculated (Pulles, M.P.J., personal communi-
cation; ref. 61) for spinach chloroplasts at room temperature at the maximum

of chlorophyll absorption (683 nm). This indicates that the pigmented par-

ticles in our suspension did not aggregate or change size upon cooling.
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Fig.4.22. Effect of oxidation-reduction potential on change of absovbance at
556 (O) and 676 nm (o), of the fluorescence (p) and of the irvrveversible
EPR signal near g = 2 (n) of dark-adapted chloroplasts at 110 K. Con-
tribution of changes due to P700 oxidation are subtracted from the results
of EPR measurements and of optical measurements at 676 wm. The fluorescen-

ce at Eh = 450 mV was subtracted from the fluorescence yield measured at

lower By The solid and broken lines are one-electron Nermst curves.




Oxidation-reduction titration.

Fig.4.22 shows redox titration curves for the extents of the light-in-
duced changes at 110 K of the sbsorbance at 556 and 676 nm, of the fluorescence
yield, and of the irreversible photosystem-2 EPR signal near g = 2.00. The
figure shows, firstly, that the extent of the variable fluorescence yield
follows closely that of the amount of photooxidizable cytochrome b This

15 559°
who demonstrated

is in agreement with measurements of Okayama and Butler
that these curves are one-electron Nernst curves with Em = 365 mV. Our Em
value is lower due to the presence of glycerol (Section 2.3.4). Furthermore,
Fig.4.22 shows that the change of the absorbance at 676 nm and of the EPR
signal at g = 2.00 are similar with respect to their extents at various redox
potentials (n = 1, Em = 430 mV). This provides strong evidence that these two
changes reflect the photoconversion of the same compound. On the basis of the
position of the optical bleaching as well as of the shape and g-value of the

EPR signalso this compound is probably a dimeric chlorophyll-a molecule, which

is photooxidized irreversibly at TT7 - 110 K in spinach chloroplasts in the

4 3 7 . b A
presence of ferricyanide. Recently, Mathis and Vermeglio 8 have observed 1ir-

reversible light-induced absorbance increases near 820 nm with chloroplasts in
the presence of ferricyanide at 100 K. Since chlorophyll cations are known

to absorb near 820 nm (ref. 57, 58) these changes may be due to the photo-
oxidation of the same chlorophyll which causes the 676-nm change and the

EPR signal.

4.3.7. Transient light—induced EPR signals near g = 2 at 10 - 50 K.

At the onset of strong,continuous actinic light at temperatures below
77 K with dark-adapted spinach chloroplasts EPR kinetics as shown in Fig.4.23
were observed near g = 2.00. Superimposed on the EPR signal of P+TOO a tran-
sient signal can be seen at 14 K (curve A), which decays during illumination
with a half time of 500 + 30 ms (average of 13 measurements). The transient
occurred only at the first illumination period. Therefore, these kinetics can
not be attributed to a signal decrease due to heating by light absorption.
Curve B was measured with spinach chloroplasts, which were illuminated in the
presence of DCMU and hydroxylamine prior to freezing. The transient signal
is abolished by this treatment; the kinetics shown in curve B are due to
photooxidation of PT00 only (Ch. III). This demonstrates that the transient
is due to photosystem-2 activity. Curve C shows the kinetics of the EPR signal
upon a short light period (about 0.1 s). As can be seen most of the signal




'g.4.23. Time course of EPR signals at 3230 G of chloroplasts at 14 K. A and
C, no additions; with DCMU and hydroxylamine as for curve C of Fig.4.13.
Left and right hand curves: firvst and subsequent light periods, respec—
tively. For recording C the first light period was 0.1 s. Continuous
light on at wpward arrows, off at dowmward pointing arrows. Instrument

settings:power 2 mW; modulation amplitude: 5 G; frequency: 9.077 GHz.

decays rapidly upon darkening (T; < 0.1 s). In a subsequent light period the

kinetics of the signal are similar to those shown in curve A. This suggests
that a back reaction between the primary reactants of photosystem 2 may also
occur at 14 K. Furthermore, the rate of the back reaction seems to be high

in comparison with that of the secondary dark reaction which stabilizes the
charge separation. If it is assumed that the back reaction has the same rate
as at 90 K, comparison of Figs.4.15 and 4.23 indicated that the gquantum yield
for irreversible photoreactions of system 2 at 14 K is about 0.02 eq. per
quantum.

The spectrum of the transient and of the P+YOO EPR changes are shown in
Fig.h.2L, The transient signal appeared to be somewhat asymmetrical, but its
g-value was the same as of P+700. It is not clear which compound caused the
transient signal. Since the shape of the spectra was not the same, the method
described in ref. 62 was used to calculate the number of spins of the tran-

2 . : : +
sient signal: a ratio of 0.8 + 0.2 was found relative to that of P T00.
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extent of the transient was maximal at 10 - 20 K. Above 60 K the transient
was not observed. Unfortunately, the time resolution with the EPR measure-
ments at temperatures below 80 K was too poor to detect possibly faster de-
caying transients. The data available suggest that on lowering the tempera-
ture in an increasing number of reaction centers of photosystem 2 the 30-ms
secondary electron donation (Section 4.3.5) is replaced by one with a half
time of 500 ms. This secondary reaction is not temperature dependent. As was
discussed in Section 4.3.2 this may be explained by a temperature dependent
oxidation of an intermediary donor.
Since the half time of oxidation of cytochrome b found to be

independent of the temperature between 90 and 180 K ( i 3.3.2, and ref.

S

g) our data also suggest that at 14 K cytochrome b... is not photooxidized.
27
i

9
This has not been demonstrated directly sofar, but it

might explain
G

failure to observe an EPR spectrum of an oxidized cytochrome at
chloroplasts which were illuminated at low temperatures (Visser and Rijgers-

berg, unpublished observations).

1. Two different types of reaction centers in photosystem 2 at low
temperatures.
Several results described above provide arguments in favour of a
heterogeneity of the photosystem-2 reaction centers. Firstly, in Section

L.,3.1 it was concluded, that at 77 - 100 K cytochrome b was photooxidized

559
in only half of the reaction centers. Secondly, the rate of the photooxi-
dation of cytochrome b559 was found to be different from that of the reduc-
tion of Q also with low intensities of actinic light. This indicated that
there are two types of reaction centers which differ by the gquantum yield
for irreversible charge separation. Thirdly, the observetion that the ex-
tent of the Pluorescence yield change decreased by a factor of two and that
the rate increased upon addition of ferricyanide prior to freezing may also
be explained by the occurrence of two types of reaction centers. In Section
4.3.3 it was concluded that the centers are heterogeneous with respect to a
slow baeck reaction. Half the extent of the changes of fluorescence yield and
of the absorbance at 543 nm was found to be slowly reversible at 90 K. The
photooxidation of cytochrome b559 was irreversible.

It will be clear from these results that the C550 absorbance changes




indicate the reduction of the primary electron acceptor in both types of

centers., Therefore, this acceptor is probably the same in all centers. Cy-

tochrome beeq is the ultimate electron donor of one type of the centers. It
229

has been shown by Bearden and Malkin8 that at 77 K a compound with a midpoint

potential of 465 mV may function as electron donor (see also Section 4.3.6).
This may be the donor of the centers which do not oxidize cytochrome b?SQ'
The fluorescence yield may be determined by both types of centers. The obser-
vation that the changes of the fluorescence yield and of the absorbance at

556 nm have the same rate (Figs.4.2 and 4.L4), however, indicates that the
centers, which show cytochrome oxidation affect the variable fluorescence more
strongly than the other centers.

The transient EPR signal, which decayed with a half time of 2.0 ms

(Section 4.3.5) at 100 K was observed in sbout T0 % of the reaction centers.

This is in agreement with the observation that sbout 30 % of all reaction

centers are closed by the first flash at 100 K, and that in 70 % of the
centers a back reaction occurs after this flash., Therefore, the transient EPR
signal seems to be present in both types of reaction centers. And as the
signal is due to P'680 this indicates that the primary electron donor is the
same in all centers.

The only differences between the two types of reaction centers then seems
to be the identity of the ultimate electron donor and the rate of the ir-
reversible charge separation. The difference between the rates may be due to

different rate constants for the electron donation by the different secondary

donors. This point will be discussed into more detail in the next section.

4.4.2. Intermediate reactions at low temperatures.

I1lumination of chloroplasts with a short saturating flash at 90 K caused
an oxidation of 15 - 25 % of the total amount of photooxidizable cytochrome
Bssg (Section 4.3.4, and refs. 9, 16, 4T) with a half time of 3 - 5 ms (refs.
9, 47, 48). Since this half time is the same as that of the back reaction
(refs. 45, 47, 48) (Section 4.3.5), it is likely that the same oxidized
species is reduced either by a back reaction with Q or by a secondary

reaction with cytochrome From the data of Section 4.3.5 and of refs.

LI
/
LT and 48 one would expect this oxidized species to be pt680. However, den

Haan et a1§3

have demonstrated that the fluorescence yield at 77 K increases
with a half time of less than 20 us upon flash-illumination of chloroplasts.

The fluorescence yield did not change between 40 us and several seconds. The
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extent of the change after the first flash was 20 % of the maximum increase

attained after a large number of flashes. These data suggest that in 20 % of
: ; +

the reaction centers the reduction of P 680 occurs faster than 20 us at 77 K

after the first flesh. Since neither @ nor cytochrome b are (re-)oxidized

5
that fast, this indicates that the reaction centers contzii an intermediary
donor which, at T7 K, is able to reduce p*680 and to oxidize cytochrome b559'
In the following this intermediate will be denoted by 2.
The occurrence of a reaction ZP 680 + 2'P680 with Ty 20 ps has con-

sequences for the hypothesis of a back reaction (with F3 % 2 - 4 ms) between
P 680 and Q , which explains the relastively low eff1c1nncy of the irreversible
charge separation at low temperatures (Section 4.3.4). Since the fluorescence
yield did not show a time constant of 2 - U4 ms (ref. 63), it is not likely
that Z° may react back with Q . Therefore, it would appear to be fortuitous
that the half time of the back reaction and of the oxidation of cytochrome

550 after a flash at T7 K are about the same. However, if it is assumed that
the state 2 P680 is in rapid equilibrium with ZP'680 due to a fast (us)

reaction of 7' with P680, the similarity of the half times of (re-)oxidation

of @ and cytochrome bSSQ as well as the relatively low quantum yield of the

irreversible reactions can be explained with the back reaction model. From
the extent of the 2.0-ms EPR component (Section 4.3.5) and from the fluores-

63 at 7T - 100 K it may be con-

cence yield changes upon flash-illumination
cluded that the equilibrium of the reaction zp*680 with 2'P680 is such that
the amount of PT680 is U times higher than that of 7' at the first flash and
still more at subsequent flashes. This also explains the ratio of 4 or more
between the half times of the back reaction and those of the charge stabi-
lizing secondary reactions, which was proposed to explain the relatively low
quantum yield of irreversible charge separation (Section L.3.4).

The hypothesis of a rapid equilibrium between 7P'680 end Z'P680 is sSup-
ported by the observation that the Apr-value of the P+680 EPR signal at
100 K is only 6 G (Section 4.3.5).

It may be speculated that the equilibrium is temperature dependent. At
room temperature the guantum yield of the irreversible reaction is close to
unity, at 10 K this reaction is sbout 0.02 (Section 4.3.7). As has been
discussed by Joliot51 the half time of charge stabilization is temperature
dependent between room temperature and 220 K (Q10 = 1.3). From Fig.4.7 an
activation energy of about 1.0 kcal was calculated for temperatures between

7T and 180 K. Extrapolation of these figures to lower temperature, however,
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was not consistent with an observed half time of 0.5 s at 15 K etion 4,3.7).
Therefore, we assume that at 14 K z* is reduced by another donor than at 7T K.
The displacement of the equilibrium in favour of ZP'680 upon lowering the
temperatures would suggest that the EPR spectrum of the transient signal at
14 K is due to P'680. : the spectrum seems to be different from that of
a chlorophyll cationjo. ‘learly, EPR measurements with better time resolution
than those of Section L4.3.7 as well as optical measurements at 10 - 40 K will
have to be performed before a complete understanding of this transient signal
will be possible.
4.4.3. Summary: me of the photosystem—2 reaction center.
The data and considerations given in this chapter may be
s

the following model of photosystem-2 reactions at low temperatures.

1f of the
cytochrome

¥ o
Yo
559

in the other half:

chlorophyll (chlorophy11)t.z.

P

and Q are the primary electron donor and acceptor, respectively; 2 is an
intermediary reactant and D, is one of the secondary electron donors. Z, P and
Q are the same in all reaction centers. Q is probably a bound plastoquinone

1, 64, 65

molecule In all centers Q becomes completely reduced in the

as indicated by the (550 shift (Section 4.3.1, and ref.

dimeric chlorophyll molecule (Section 4.3.5), absorbing

66). Z is an unknown molecule; the midpoint potential of Z is higher than

540 mV (previous section). Z is not chlorophyll, otherwise the 2.0-ms FPR com-
ponent described in Section 4.3.5 would be larger. At 90 K in half of the
centers cytochrome bSSQ is the ultimate electron donor, in the other half an
unknown donor, D?, functions as such (Sections 4.3.1 and 4.3.3). D, may have a
midpoint potential of + 465 mV (Section 4.4.1, and ref. 8). Although Q is
photoreduced, at 180 K cytochrome becg is not photooxidized in dark-adapted

chloroplasts. This indicates that then another molecule functions as ultimate
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donor,. This molecule may be identical with D2 (ref. 8). In preilluminated

5
559 (refs. 27, 35,
67). The donor system at 10 - 40 K may also be different from that at T7 -
100 K (Sections 4.3.7 and 4.4.2) In spinach chloroplasts at Eh = 540 mV the

chloroplasts at 180 K the secondary donor is cytochrome b

ultimate donor was found to be chlorophyll at 77 - 110 X (Section 4.3.6 and
refs. 8, 48), and also at 180 K and at 10 - 40 K (refs. 8, L49; Visser and
Rijgersberg, unpublished results). It seems likely that Z/Z" or P680/pY680
is so electropositive that also a bulk chlorophyll molecule in the neigh-
bourhood of an oxidized Z may become oxidized if no other electron donor is
available. The various donor molecules are assumed to be present in each
reaction center, but are oxidized by z* only if they are in the right redox
state, and if the center is in the right conformational state.

Assuming that the reactions discussed are first or pseudo-first order
reactions, we obtained rate constants as given in Table 4.3. Furthermore, the
quantum yield of the light reaction, 1, was found to be unity (Section 4.3.4).
Due to the occurrence of the back reaction -1 the gquantum yield for oxidation
of the secondary donors and for irreversible charge separation was much lower
k-L and k_

-3° ‘ 5
equilibrium k. /k , as well as on the ratios k./(k, + k .), k, /(ky + k .) and
2 - 3 3 -1 L )A -1

than unity. Since k are small, the latter yield depends on the

kS/(kS + k

y -
tron donor. At 10 - 40 K the rate constant of the reduction of Z was found

_1). Thus this yield depends on the identity of the ultimate elec-
to be 1.4 s_‘I (Section 4.3.7). At these temperatures the quantum yield of ir-
reversible charge separation was very low: 0.02 el.eq./hv (Section 4.4.2).
This low efficiency may also be due to the temperature dependence of the
equilibrium kg/k_g. As photosynthetic energy conversion occurs efficiently
under physiological conditions, at room temperature k2 is greater than k_2
(see e.g. ref. 68). With decreasing temperature, however, k2 seemed to become
smaller than k_z.
Our results indicate that the electron transport in and near the reaction
center of photosystem 2 involves different reactions at 10 - LO K, at 77 -
110 K and at 170 - 200 K. This may be explained by a tempersture dependence
of the molecular properties of the reacting compounds. For chlorophyll mole-
cules in vitro important shifts of energy levels upon freezing have been re-

ported69

. Such changes will also afféct electron transport (ref. 70,and
P. Geldof, personal communication). Since little is known about the tempera-
ture dependence of the molecules, conclusions about the electron transport at

room temperature cannot be derived from low-temperature experiments by simple
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4.3. RATE CONSTANTS OF PHOTOSYSTEM~2 REACTIONS.

({15

veferences from the literature
T7T - 110 ¥ 170 - 190 K of Ch.

k_. ) \ > :
4 ~
k. >3 x 10 >3 x 10 kb, (63)
€ 5 4
> 107 > 6 x 10 4. 4.2
< 2 < 2 .42
20
< P ), 2 =
.- Hede D
WA > h 2 Sl AT
Lo 160 4,3.1 and 4.4.1
k) 10 ? 4.3.3 (32)
-4
k. ? 4.3.6
K < < 4,3.6 (Lo)
extrapolation. With this restriction our data suggest the following about the

electron transport under physiological conditions. Firstly, both at 90 and at
donors.

tempera-

cates that at room temperature the reduction

results

suggest reduction of at room temperature

P680 is probably a di Z. The primary elec-

tron donor of the bacterial reac
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system 1 were also found to be dimers of bacteriochlorophyll an

5( 2
A : 50, T5-T8 S . : a
phyll, respectively” ° T . Therefore, it may be speculated that the
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SUMMARY

The studies reported here were performed in order to obtain information
about electron transport in and near the photochemically active centers in
photosynthetic organisms. A technical difficulty in studying primary and
secondary photoreactions at room temperature is that the primary reactions
are very rapid. By lowering the temperature part of the reactions became slow
enough so that they could be measured by the methods available to us.

Chapter I contains a concise general introduction. Chapter II deals with
the experimental methods used. A detailled description of sensitive apparatus
for measurements of light-induced changes of fluorescence and absorbance at
low temperatures is given. Furthermore a method is described to calculate the
quantum yield of photoreactions from measurements of the kinetics of light-
induced absorbance changes in suspensions with a high sbsorbance of the ac-
tinic light. Finally, the methodical problems of interpreting kinetic
measurements of absorbance and fluorescence have been discussed.

Chapter III deals with the electron transport of photosystem 1 in
spinach chloroplasts and in intact,unicellular algase. Analysis of absorbance
difference spectra between 670 and 720 nm at 110 K gave independent support
for the hypothesis that in the primary reaction a chlorophyll dimer with an
absorption maximum at 690 nm is oxidized, and that additionally an absorption
band peaking near T00 nm shifts to shorter wavelength. Both phenomena reflect
oxidation of the primary electron donor, PT00. Furthermore it was found that
in a fraction of the reaction centers this photooxidation was completely re-
versible; this fraction was 0.9 at 200 K and 0.2 at 10 K. In the decay of the
reversible part three phases could be distinguished with t; = 20 - 30 ms,
0.2-0.4 s and 20 .-40 s. The extents of these phases were about the same (30 -
L0 % of the total reversible fraction). Between 10 and 150 K the rates of
these back reactions were independent of temperature. The photoreduction of
an iron-sulphur protein, "bound ferredoxin", with EPR lines at g-values of
2.05, 1.94 and 1.86 was also reversible in part of the centers and the kine-
tics were identical to those of the photooxidation of P700. These results
indicate that different types of photosystem-1 reaction centers occur below
150 K. It is concluded that ferredoxin is the only primary electron acceptor,
but that the rates of the back reactions between reduced ferredoxin and
P+TJO are different for each type of reaction center. By means of EPR measure-

menis at 20 K it was also shown that the copper-containing protein, plasto-



cyanin, occurs in about equal amounts in various algae and in spinach chloro-
plasts, and that at room temperature it can be oxidized by system 1 (P700)
and reduced by system 2. These reactions did not occur at 77 K.

Measurements of electron transport reactions in and near photosystem 2
are described and a model for the reaction center 2 is discussed in Chapter
IV. By a study of light-induced absorbance changes it is found t in about
50 % of the reaction centers cytochrome 05“9 is oxidized via P+ 80, the oxi-
dized primary electron donor of system 2. In the other centers a different,
unknown compound acts as secondary donor. At 180 K in none of the centers
cytochrome bSSQ is being oxidized. At this temperature, however, the photo-
oxidized P680 is reduced by an unidentified secondary donor, Jj. This donor
mey be the same compound that is oxidized at 90 K in those centers which do

not oxidize cytochrome b The quantum yield of the photoreduction of the

A
primary electron acceptoi)?Q) of system 2 appeared to be low. This could be
explained by a back reaction between p*680 and Q , which is more rapid than
the reaction of P'680 with secondary donor(s). From EPR measurements it fol-
lowed that the half time of this back reaction was 2.0 ms in spinach chloro-
plasts at 110 K. The dark reaction between P (80 and the secondary donors had

half times which depended on the identity of the donor. With cytochrome b

N

59
and D2 t% was equal to 10 - 40 ms. Between 10 and 50 K in a number of rea gi
centers also a dark reaction with ts equal to 0.5 s was observed. The amount
of the centers with the 0.5-s dark ;eaction was greater at 10 than at 50 K.

The EPR signal of P'680 at 110 K had the same g-value as that of P700
(g = 2.0026), but the peak-to-peak width was only 6 G for P'680 as compared to
8 G for P+TOO. At 110 K, with chloroplasts in the presence of the oxidizing
agent ferricyanide, FPR and optical spectra were measured which indicated
the irreversible photooxidation of a chlorophyll molecule. This chlorophyll
molecule was found not to be P680, but it may be oxidized by p'68 80, if the

other donors are oxidized chemically prior to freezing.
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betreffende de primaire en secundaire fotoreacties bij kamertemperatuur vormt

de grote lheid van de primaire reacties. Door temperatuur verla ing werd
24 I

een deel van de reacties zodanig vertraagd dat ze gemeten konden worden met
de ons ter beschikking staande methoden.

Hoofdstuk I bevat een beknopte algemene inleiding. Hoofdstuk II behan-
delt de gebruikte experimentele methodes. Een gedetailleerde beschrijving
wordt gegeven van ge :elige apparatuur voor het meten van licht-geinduceerde
fluore lage temperaturen. Voorts wordt

een kinetiek van licht-gefnduceerde
absox suspensies met een hoge absorptie van het actinisch

licht, de quantumopbrengst van fotoreacties te berekenen. Tenslotte volgt een
beschouwing over de problemen bij methodes voor het verklaren van kinetische

metingen van absorptie- én fluorescentieveranderingen.

Hoofdstuk III gaat over het transport van fotosysteem 1 in

encellige algen. Analyse van ab-

sorptieverschil spectra tussen 670 en 720 nm bij 110 K gaf onafhankelijke
steun aan de hypothese dat in de primaire reactie een chlorofyl dimeer met
een absorptie maximum bij 690 nm geoxydeerd wordt, en dat bovendien een ab-
sorptie band met maximum nabij 700 nm naar korter golflengte verschuift.
Beide verschijnselen geven oxydatie van de primaire electron donor, PT00,
weer. Voorts werd gevonden dat deze fotooxydatie in een deel van de reactie

centra geheel reversibel was; dit deel was 90 % van de centra bij 200 K en

20 % bij 10 K. In de teru reactie van het rever yele deel waren d fasen
g

te onderscheiden met halfwaarde tijden van 20 - 30 ms, 0,2 - 0,4 s en 20 -
L0 s. De grootte van deze fasen was ongeveer hetzelfde (30 - 40 % van het
otale reversibele deel). Tussen 10 en 150 K waren de snelheden van deze

terugreacties onafhankelijk ven de temperatuur. De fotoreductie van een Y-

J
wavel eiwit, "gebonden ferredoxine", met EPR 1ijnen bij g-waarden van 2,05,

3 1

een deel van de centra en de kinetiek

1,9l 86 was eveneens reversibel in
was identiek aan die van de fotooxydatie van P700. Deze resultaten tonen aan
dat beneden 150 K verschillende typen reactiecentra van system 1 voorkomen.

Geconcludeerd wordt dat ferredoxine de enige primaire electron acceptor is,
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maar dat de snelheden van de terugreacties van gereduceerd ferredoxine en ge-
oxydeerd PT700 verschillend zijn voor ieder type reactiecentrum., Met behulp
van EPR metingen bij 20 K werd voorts aangetoond dat het koper-houdende eiwit,
plastocyanine, in verschillende algen en in spinazie chloroplasten in ongeveer
dezelfde hoeveelheden voorkomt, en dat het bij kamertemperatuur geoxydeerd kan
worden door systeem 1 (P700) en gereduceerd door systeem 2. Deze reacties ver-
liepen niet bij 7T K.

Metingen van electron transport reacties in en nabij fotosysteem 2 en een
model voor reactiecentrum 2 worden besproken in hoofdstuk IV. Door onderzoek
van licht-geinduceerde absorptie veranderingen werd gevonden dat bij 90 K in

LA

ongeveer 50 % van de reactiecentra cytochroom b wordt geoxydeerd via het

reactiecentrum chlorofyl P+680, de geoxydeerde 2i?maire electron donor van
systeem 2. In de andere centra fungeert een andere, onbekende stof als secun-
daire donor. Bij 180 K wordt in geen van de centra cytochroom b559 geoxydeerd.
Bij deze temperatuur wordt het door licht geoxydeerde P680 echter door een

niet-gefdentificeerde, secundaire donor, D,, gereduceerd. Deze donor is mis-

2’
schien dezelfde stof, die ook bij 90 K geoxydeerd wordt door de centra die

geen cytochroom b, oxyderen. De quantumopbrengst voor fotoreductie van de

59
primaire electron/;;ceptor (Q) van systeem 2 bleek laag te zijn. Dit kon ver-
klaart worden door een terugreactie tussen P+680 en Q_, die sneller is dan de
reactie tussen PT680 en de secundaire donor(en). Uit EPR metingen volgde dat
de halfwaarde tijd ven deze terugreactie in spinazie chloroplasten 2,0 ms was
bij 110 K. De (donker-)reactie tussen P'680 en de secundaire donoren had half-

waarde tijden die afhingen van de identiteit van de donor. Met cytochrome brSQ
5

en met D2 was t; gelijk aan 10 - 40 ms. Tussen 10 en 50 K werd in een aantal

reactiecentra ook een donkerreactie met t% van 0,5 s waargenomen. Het aantal

centra met een 0,5-s donkerreactie was groter bij 10 K dan bij 50 K.

Het- EPR signasl van P+68O bij 110 K had dezelfde g-waarde als dat van
P+700 (g = 2,0026), maar de piek-piek breedte was slechts 6 G voor pt680
terwijl dit 8 G was voor P+TOO. Bij 110 K werden met chloroplasten in aan-
wezigheid van het oxydant kalium-ferricyanide EPR en optische spectra gemeten
die duidden op de irreversibele fotooxydatie van een chlorofyl molecule. Dit
chlorofyl molecule bleek echter niet P680 te zijn, masr het kan geoxydeerd
worden door P+680, als de andere donoren voor het afkoelen chemisch geoxy-

deerd zijn.
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