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Abstract

The photo-stability of bacteriochlorophyll ¢ (Bchic) in an acetone—methanol-water solution extracte@Hianobium tepidum and
in the chlorosomes of inta@hlorobium tepidum cells is studied. The photo-stability of Bchlc in the chlorosomes is high (quantum yield
of photo-degradatioghp ~ 8 x 10~7). In air-saturated acetone—methanol-water solution the photo-degradation of Bchlc is caused by
chemical reaction with the dissolved oxygen, where triplet Bchlc produces singlet oxygen, and singlet oxygen reacts with Bchlc to form
stable oxidized linear tetrapyrroles as well as intermediate oxidized bacteriochlorophylls. The intermediate photoproducts degrade to
linear tetrapyrroles by the catalytic action of triplet oxygen. The initial quantum yield of photo-degradation is direct proportional to the
concentration of Bchlc givingp o ~ 0.011 for a 7x 10-% M solution at an excitation wavelength of 672 nm. In nitrogen-bubbled solution
the photo-degradation is dominated by direct photoproduct formation in the triplet state of Bchlc. Long-wavelength absorbing intermediate
photoproducts degrade slowly in the dark to short-wavelength absorbing stable photoproducts. The quantum yield of photo-degradation of
a de-oxygenated solution was found todggy ~ 0.0012 for excitation at 672 nm.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in [18-21] The triplet-state properties of Bchlc and the
singlet-oxygen photo-generation and quenching in Bchlc
The green sulfur photosynthetic bacteria IRl orobium are investigated ii22]. The singlet-oxygen formation and

tepidum [1-4] are obligate photoautotrophs and strict anaer- deactivation in photosynthetic systems is studief28)24]
obes that grow in sulfide-rich environment. They adjust to  Here we investigate the room temperature photo-stability
the ambient light conditionb]. In dim light they are very ~ of Bchlc bound in chlorosomes of intadgChlorobium
efficient light converters in photosynthesis due to their light tepidum cells, and of Bchlc molecules in an acetone—met-
harvesting chlorosomg4,6] which absorb light and trans-  hanol-water solution extracted fro@hlorobium tepidum.
fer the excitation energy to the reaction cenfg8]. The Quantum yields of photo-degradation of Bchlc in intact cells
chlorosomes contain rod-like aggregates made up mainly ofand in solution are determined. Some photoproducts are
bacteriochlorophyll ¢ (Bchlc) moleculdg8,10]. A detailed tried to be identified (linear tetrapyrroles, bacteriochloro-
characterization of bacteriochlorophylls is foundii—14] phyll a-like species, bacteriochlorophyll c-like species).
The structural formula of Bchlc in two mesomeric forms Studies are carried out under air-saturated conditions, and
is shown inFig. 1a The IUPAC-IUB nomenclature is used under de-aerated conditions. The degradation is studied op-
for labeling[15,16] Bacteriochlorophyll ¢ deprived of the tically by measuring time dependent transmission changes
magnesium ligand is called bacteriopheophytine ¢ (Bphec). for different excitation conditions. The quantum yield of
The photo-bleaching of chlorophylls and bacteriochloro- photo-degradatiomip, as defined by the number of degraded
phylls is reviewed in[13,17] The photo-oxidation of = molecules to the number of absorbed photons, is determined.
magnesium-free bacteriochlorophyll ¢ derivatives is studied The recording of absorption coefficient spectra at differ-
ent times for fixed excitation wavelengths reveals the for-

_— mation and degradation of photoproducts. Bchlc destruction
* Corresponding author. Tel+49-941-943-2107;

fax: +49-941-943.2754. in air-saturated solution is found .to be due to (i) oxidative
E-mail address: alfons.penzkofer@physik.uni-regensburg.de linear tetrapyrrole formation by ring cleavaffe3,17-24]
(A. Penzkofer). (ii) the formation of two oxidized Bchla-like molecule
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(a) Bacteriochlorophyll ¢
Ry= —CHpCH;, —CH,CH,CHa, OF —CH,CHCH,
CH3
Rp = —CH,CHg, OF —CHj
%

(b) Substituents

(d) linear tetrapyrrole (e) linear tetrapyrrole

Fig. 1. Structural formulae: (a) two mesomeric forms of bacteriochlorophyll c (f@y#7]); (b) substituents (fronf2]); (c) oxidized bacteriochlorophyll
a-like structure Bchla-l1 and Bchla-1l; (d) oxidized linear tetrapyrrole from Bchlc broken at C19—-C20 position; (e) oxidized linear tetrampnrddelitc
broken at C20-C1 position.

structures (called Bchla-l and Bchla-Il); and (iii) the for- state to intermediate and stable photoproducts of slightly
mation a Bchlc-like molecule structure (called Bchlc-1) different absorption spectra.

after singlet-oxygen generation. Singlet oxygen is formed

by triplet Bchlc interaction with triplet ground-state oxy-

gen. The oxidized bacteriochlorophyll derivatives further 2. Experimental

degrade slowly in the dark by interaction with ground-state

triplet oxygen. De-aerated Bchlc solutions are more stable The green sulfur bacteri&hlorobium tepidum were
than air-saturated Bchlc solutions. It will be shown that grown by a procedure described [®25]. The culture was
they mainly photo-degrade directly form the triplet-excited stored in a refrigerator at&C before usage.
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o (770nm = 2.6 x 10~ cm?, molar decadic extinction
coefficientsy (770 nm = 6.8 x 10*dm® mol~cm~1 [29],
the conversion betweenandey, is: o = IN(10)e, 1000/ Na,
where Na is the Avogadro constant). The dash-dotted
curve shows the absorption contribution of the carotenoids
(taken from [30], o (490nm = 5.39 x 10 16cn?,
em (490 nM = 1.41 x 10°dm*mol~tcm1 [31,32). The
dotted curve shows the absorption contribution of Bchlc (to-
tal spectrum minus contribution of Bchla and carotenoids,
o (669nm = 2.68 x 107®cn?, ey (669NM = 7.0 x
10*dm® mol~tem~1 [33]). In Fig. 2c the bacteriochloro-
phyll ¢ absorption cross-section spectrum (solid curve) and
the bacteriopheophytine ¢ absorption cross-section spec-
trum (dashed curve) in acetone are displayed (BPhe ¢ spec-
trum redrawn from{34], o (669 nm ~ 1.55 x 10~ 6cn?,
em (669 NM = 4.1 x 10*dm® mol~1 cm~1 [34]).
Most of the photo-degradation experiments have been
©) 1 carried out by irradiating a sample cell with a cw diode
. . . . \ . laser operating at 672nm (power 0.9 mW). For excitation
300 400 500 600 700 800 wavelength dependent degradation studies of Bchlc a HeNe
Wavelength A (nm) laser (wavelengthh, = 6328 mm, powerP? = 5mW)
and a high-pressure mercury lamp & 200 W) with an
suspension diluted in Tris-buffer a factor of 10 (see text). Concentra- mterfere_nce filter transmlttlng_z_;itL = 428nm were used.
tion of Behlc is Cc,o ~ 8.8 x 10-%mol dm3. Scattering contribution is Depending on the photo-stability the sample cell area was
not removed. (b) Absorption coefficient spectrum@¥fiorobium tepidum varied and the excitation light optics together with the de-
extract in acetone-methanol-water (7:2:1 volume ratio) solution (solid tection light optics was selected accordingly. A large-area Si
curve). Dash'ed curve, contribution pf Bchla (shape f{a8j). Dash-dotted photodiode (diameter of sensitive area 1 cm) together with a
curve, contribution from carotenoids (shape frg8o]). Dotted curve, iqital voltmeter and a data storage system are used for light
contribution of Bchlc (difference spectrum). Concentration of Bchlc is . . .
Ceo ~ 8x 10~ mol dnr2. () Absorption cross-section spectra of bacte- d€tection. The photodiode was calibrated for absolute power
riochlorophyll ¢ in acetone (solid curve, frof84]) and of bacteriopheo- ~ Measurement with a power meter (Ophir type PD2-A).
phytine ¢ in acetone (dashed curve, fr¢8d4]). The absorption spectra were measured after fixed periods
of light exposure or fixed periods of storage in the dark with
The photo-degradation of the intact cells was studied with a conventional spectrophotometer (Beckman type ACTA M
stock cell culture diluted 1:10 with an aqueous Tris-buffer 1V). Some absorption spectra of de-aerated samples were
(pH = 7). The absorption coefficient spectrum of this cell measured with a self-assembled spectrometer—diode-array
suspension is shown IRig. 2a The absorption peak around detection system. Comparison of the degraded spectra with
750 nm belongs to th@,-band of Behlc in the chlorosomes,  known spectra of Behle, Behla, BPhec, and carotenoids will
and the absorption peak around 455 nm is due to the Soretbe used to characterize the photoproducts.
band of Bchlic in the chlorosomes. The absorption shoulder
around 510 nm comes from the absorption of carotenoids
(mainly chlorobacteng25-27). The tail around 820nmis 3. Experimental results
due to bacteriochlorophyll a (Bchla) absorption.
For the photo-degradation studies of Bchic molecules, The photo-degradation of Bchlc in inta€hlorobium
the cells and the chlorosomes were destroyed by mixing tepidumcell suspensions and of Bchic in acetone—methanol—-
one part of the stock cell culture with nine parts of an ace- water extracts are investigated. Transmission changes at the
tone/methanol mixture of 7:2 volume parts giving a solution excitation wavelength as a function of exposure time and
which consists of 70 vol.% acetone, 20 vol.% methanol, and absorption coefficient spectra at some time positions are
10 vol.% water. The resulting suspension was filtered to get presented. The temporal degradation of samples in the dark
rid of non-dissolved compartments. Besides Bchic the cells after light exposure is analyzed.
contain carotenoids (12.1 mol% compared to Bchlc, mainly
chlorobacten§25-27)), quinones (14.5 mol%), quinone-like ~ 3.1. Photo-stability of intact Chlorobium tepidum cell
products (40 mol%)[26], and Bchla (2.9 mol%)25,26] suspensions
which are partly extracted. The absorption coefficient spec-
trum of the solution is shown ifrig. 2bh The contribu- In the dark at room temperature no absorption spectro-
tion of Bchla to the absorption spectrum is shown by the scopic change was observed within a few days indicating
dashed curve (taken frorf28], absorption cross-section high thermal stability of the chlorosomes in the cells.

Fig. 2. (a) Absorption coefficient spectrum @hlorobium tepidum cell
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Fig. 3. Dependence of excitation light transmissidn through Chloro-
bium tepidum cell suspension on exposure ting,,. Excitation wave-
length, .. = 784nm. Excitation intensity/; = 0.353Wcnt2, Cell
length¢ = 2 cm. Concentration of Behlc i§c,o = 8.8 x 10-% mol dmi 3.
Scattering contribution is removed from transmission. Solid curves are
calculated by use oEqgs. (27) and (28ith effective quantum yields of
photo-degradation afp = 1.4 x 1076 (1); 1.2x 1078 (2); 1.0x 107% (3);

8 x 1077 (4); 6x 10~ (5); and 4x 10~ (6): (a) anaerobic suspension;
(b) aerobic suspension.

A. Granzhan et al./Journal of Photochemistry and Photobiology A: Chemistry 165 (2004) 75-89

Transmission T

Exposure Time 1, (min)

Fig. 4. Time dependent excitation light transmission through air-saturated
Chlorobium tepidum extract for several excitation wavelengths,. Cell
length ¢ = 2cm. Thick solid curves are measured, dotted curves give
contribution of Bchlc to transmission, and dashed curves are calculated
(Egs. (20)—(22) (a) AL = 672nm, I, = 0.8mWecnT?, and Nco =
CcoNa =42 x 1015cm‘3, j=Cl. Curve 1,¢po = 0.009, o cifci =
4.2x10 Y ¢, KcipN3o, = 1.32x 1074571, 1 res = 0. Curve 2¢p o =
0.013, oL cifci 4.2 x 10 Y en?, kepNag, 132 x 1074s7,
oL res= 0. (b) AL = 6328nm, /L = 1.21mWcnT?2, and Nco = 4.9x
10%cm3, J = D. Curve 1,¢po = 0.012, 01 pfp = 3.6 x 10~ cn?,
KDPN302 = 132 x 104s71, aLres = 0. Curve 2, ¢po 0.024,

Light irradiation at room temperature causes a gradual _ppgp = 3.6 x 10017 cn?, kppNag, = 1.32x 107457, ot res = 0. (©)
rise in transmission both under aerobic and anaerobic condi-i, = 428nm,I. = 0.47 mW cnT2, andNc,o = 4.65x10*5cm3, J = D.

tions (nitrogen bubbling through sample for several hours).

Curve 1,¢p,o = 0.016, o pfp = 5.5 x 1077 cn?, KDpNso2 =0s1,

The rises in transmission versus exposure time for an anaer<w res= 0.142cn. Curve 2,¢p,0 = 0.024,01,pfp = 5.5 x 10~ cn?,

obic sample and for the aerobic sample are showridn4a

and h respectively. The light exposure parameters are given

in the figure caption. A numerical simulation of the absorp-
tion and degradation dynamics (degs. (27) and (28)and
solid curves inFig. 3) indicates a very low quantum yield
of photo-degradation.

3.2. Photo-stability of bacteriochlorophyll ¢ in
acetone—methanol—water extract from Chlorobium tepidum

For the air-saturated extracts fro@hlorobium tepidum

containing Bchlc, Bchla, carotenoids and quinones no trans-

KkpPNag, =051, o res=0.142cn7t.

wavelength is,. = 672 nm (excitation on long-wavelength
side of Q,-band of Bchic). Initially the transmission rises
steeply (Bchlc degradation), and at long exposure times the
rise in transmission slows down (photoproduct formation
which absorbs at 672 nm and has a higher photo-stability).
In Fig. 4b the excitation wavelength ia, = 6328nm
(short-wavelength side @,-band of Bchic). Again a steep
initial rise in transmission and a slowing down in transmis-
sion rise are observed. Fig. 4cthe excitation wavelength

is 428 nm (short-wavelength side of Soret band). The trans-

mission changes were observed in the dark at room temper-mission behavior is similar to excitation into tii-band
ature within a few days. Even at an elevated temperature of(Fig. 4a and h

60°C no spectral changes were observed after 24 h. These Spectral changes of the absorption coefficient spectra
findings indicate a high thermal stability of these compounds after certain times of sample irradiation &t = 672 nm

in the absence of light.

are displayed inFig. 5a A logarithmic ordinate scale is

The transmission changes of air-saturated extracts fromused to get a better separation of the curves. The initial

Chlorobium tepidum in acetone—methanol-water solution
for three different excitation wavelengths,, are shown
by thick solid curves inFig. 4. In Fig. 4athe excitation

absorption contribution of the carotenoids is subtracted
for better observation of the Bchlc degradation. There
is no indication of carotenoid degradation. T&g-band
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Fig. 5. (a) Absorption coefficient specttg)), of air-saturatedhlorobium Fig. 6. (a) Absorption coefficient spectra of air-saturateldorobium

tepidum extract after different times of exposurg, = 672nm and tepidum extract in the dark for several times after 10 min laser light
I, = 0.41mW cnT2. Carotene contribution is subtracted. (b) Absorption exposure at = 672nm with [, = 0.74mW cn12. Storage times are
coefficient spectra of part (a) after approximate subtraction of Bchilc given in the legend. Carotene contribution is subtracted. (b) Absorption
contribution which is not yet degraded. coefficient spectra of part (a) after subtraction of Bchlc contribution.

only weakly absorbing and the carotenoids are strongly

absorption (peak around 665nm) and the Soret-band ab-absorbing (se€ig. 2b), showed up in no measurable trans-
sorption (peak around 435 nm) reduce due to Bchlc degra- mission changes of the carotenoids (curve not shown here).
dation. A new absorption band is built up around 750nm This indicates that the present carotenoids have a high
which will be attributed to the formation of bacteriochloro- photo-stability.
phyll a-like molecules (Bchla-l1 and Bchla-ll, structure in The temporal degradation of an air-saturated extract after
Fig. 19. Additionally some increase in absorption oc- light exposure is studied iRig. 6. The sample was irradiated
curs in the wavelength range from 590 to 460 nm due to for 10 min at\, = 672 nm with laser light of 0.74 mW cn?
Bchlc-peroxide formation with subsequent ring cleavage intensity. Measured absorption coefficient spectra deprived
to linear tetrapyrrole structures (8-acetylbiltriene structures from the carotenoid contribution at several times after the
[35], also called photobiline-like structur§sb], seeFig. 1d light exposure are shown iRig. 6a(logarithmic ordinate).
and ¢ [13,17-24] The slowed-down absorption decrease The absorption spectra approximately deprived from the
in the 350-400 nm range is thought to be due to Bchla-l Bchlc contribution are displayed Fig. 6b(linear ordinate).
and Bchla-ll formation. The spectra deprived of BChl ¢ The long-wavelength absorption above 600 nm decreases
absorption (subtraction without discontinuous curve forma- with time. The formed broad absorption band around
tion) are shown irFig. 5bon a linear ordinate scale. They 750 nm is thought to consist of two main bands one cen-
clearly reveal the build-up of an absorption band around tered at 760 nm (Bchla-1) and the other centered at 730 nm
690 nm (isobestic point ifrig. 59. This band is thought to  (Bchla-Il). The 760 nm band degrades slightly faster than the
be due to some changes of Bchic (probably oxidation of the 730 nm band. Therefore the absorption peak shifts from 760
hydroxyl group at the C3 position to a keto group). This to 730 nm with time. The absorption band around 690 nm
photoproduct we called Bchlc-l. Comparing the spectra in (Bchlc-1) decreases with a similar speed as the Bchla-1l band.
Fig. 5b with the bacteriopheophytine ¢ (Bphec) spectrum The degradation is thought to be caused by oxidizing species
of Fig. 2c there is no indication of Bphec formation in  (most likely triplet oxygerfO,). The Bchlc band remains un-
the photo-degradation proces3,tband in the 500-560 nm  changed (no temporal degradation in the dark). In the wave-
region does not show up). length range from 440 to 600 nm a slight increase in absorp-

For sample irradiation at, = 6328 and 428 nm simi-  tion is observed due to degradation of Bchla-I, Bchla-Il, and
lar spectral dependencies have been observed asg fef Bchlc-I to linear tetrapyrroles. The linear tetrapyrroles seem
672 nm (the curves are not shown). to be stable. The absorption reduction in the 350—400 nm

Photo-excitation at 470nm (excitation intensity range is thought to be due to degradation of Bchla-I, and
0.53mWcnt2, exposure time 30min), where Bchlc is Bchla-Il molecules which absorb in this wavelength region.
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Fig. 7. Absorption coefficientsy, of air-saturatedChlorobium tepidum after light exposure)( = 672nm,texp = 10min, I, = 0.74 mwW cnt2)
extract deprived from carotenoid contributions vs. exposure titgg, at selected detection wavelengthg. Circles are measured. Curves in
at selected wavelengths. Excitation wavelength= 672nm and exci- (a—c) are fits usingx(tq) = o0 €XP(—1d/T) + res (@) Apr = 760NM
tation intensityl, = 0.41mWcnT2. The detection wavelengths are: (a) (dominant Bchla-l).ag = 0.16cnm !, ares = 0.0589, t = 51 min; (b)
dpr = 760 nm; ()rpr = 730 nm; (C)rpr = 550 nm; and (d}.pr = 375nm. Apr = 730 nm (dominant Bchl-I)ag = 0.145 cn?, aes = 0.031 cnr?,

7 = 1184 min. (C) Apr = 690 nm (dominant Bchlc-l)ag = 0.126 cnt?,
ares = 0.031cnt?, r = 1264 min. (d) Apr = 500nm (dominant linear

The changes of the extract absorption coefficients de-
9 P tetrapyrrole). (ep. = 375nm (Bchlc, Bchlc-I, Bchla-1, Bechla-ll).

prived from carotenoid contributions at selected wavelengths
versus exposure time are illustratedFig. 7 for excitation

at 672 nm Fig. 5). A re-plotting of Fig. 5aat fixed detection De-oxygenation of the extract by nitrogen bubbling re-
wavelengths is dond=ig. 7ashows the absorption build-up  duces the quantum yield of photo-degradationFign 9the

and decrease at 760 nm (expected absorption maximum oftemporal change of transmission is shown in the case of ex-
Bchla-I). Fig. 7b shows the build-up (at longer exposure citation at 672 nm (thick solid curve). Some absorption spec-
times a decrease occurs) of absorption at 730 nm (expectedra after certain times of exposure are depictedFig. 10
absorption maximum of Bchla-lI¥ig. 7c depicts the rise  The spectral shapes are somewhat different from the spectral
of absorption at 550 nm (expected linear tetrapyrrole forma- shapes of the aerated samples. This difference is illustrated
tion). Fig. 7d shows the absorption rise and leveling-off at in Fig. 10bwhere a curve fronkig. 5b(air-saturated sample
375nm (at longer exposure times a slight decrease occurs)exposed at 672 nm for 30 min) is overlaid. It indicates that
This behavior is similar to the absorption rise and decrease atfor the nitrogen-bubbled sample the intermediate photoprod-
760 and 730 nm (changes are expected to be due to Bchla-ucts are somewhat different from those of the air-saturated
and Bchla-1l build-up and subsequent degradation). samples.

The temporal absorption changes after light exposure are The dark degradation of a de-oxygenated sample which
illustrated inFig. 8 (re-plotting of data at 760, 730, 500 was exposed to light at 672nm for 150 min is shown in
and 375nm fromFig. 6a and at 690 nm fronfig. 6b). Fig. 11 The Bchlc content remains unchanged in the dark
At Apr = 760, 730, and 690 nm the absorption decrease is (no thermal degradation). The photoproducts which ab-
fitted reasonably well by a single exponential decay and a sorb at wavelengths longer than 530 nm degrade slowly in
constant pedestal. The decay times#Exhla-1) = 51 min, the dark. In the wavelength region below 530 nm the ab-
7(Bchla-Il) = 118.4min, and t(Bchlc-I) = 126.4 min. sorption increases with time due to the degradation of the
The rise in absorption at 500 nnfri¢. 89 is thought to longer-wavelength photoproducts to stable short-wavelength
be due linear tetrapyrrole formation by degradation of photoproducts.
the longer-wavelength absorbing components (Bchla-l, The long-wavelength photoproducts degrade approxi-
Bchla-Il, Bchlc-1). The decrease in absorption at 375nm mately exponential in the dark as is showrFig. 12 (data
(Fig. 89 is attributed to the degradation of Bchla-1, Bchla-ll, points taken fornFig. 118. The thermal dark decay of the
and Bchlc-I. intermediate photoproducts is approximately a factor of 15
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Fig. 10. (a) Absorption coefficient spectra of,4dubbled Chlorobium
tepidum extract after different times of exposure (bubbling for 6h).
AL = 672nm andl, = 0.19mW cnt2. Cell length,¢ = 1.5cm. Carotene
contribution is subtracted. Exposure times are listed in figure. (b) Ab-
sorption coefficient spectra of part (a) after approximate subtraction of
remaining Bchlc contribution. Thick dashed curve is taken figign 5b

(fexp = 30 min) for comparison.
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Fig. 11. (a) Absorption coefficient spectra of nitrogen-bubbGdoro-

bium tepidum extract in the dark for several times after 150 min of laser
light exposure ak_ = 672nm with/, = 0.19mW cnT2. Storage times

are given in the legend. Carotene contribution is subtracted. (b) Absorp-
tion coefficient spectra of part (a) after subtraction of remaining Bchlc
contribution.
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Fig. 12. Absorption coefficientsy, of N,-bubbled Chlorobium tepidum
extract in the dark deprived from carotenoid contribution vs. dark ttme,
after light exposurex. = 672 nm,fexp = 150 min, /i = 0.19 mW cn?)

at selected detection wavelengths. Circles are measured. Curves are
fits by a(tq) = oo €XP(—1d/T) +tres FOr Apr = 760 NM:crg = 0.147 e 2,
ares = 0.052, t 30.1h. For Apr = 730NnmM: ap 0.0853cnt?,
ares = 0.032cnmt, v = 29.1h. ForApr = 690nm: g = 0.0851cnr?,
ares= 0.046cnTl, T =212h.
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Scheme 1. Singlet-oxygen consumption by DPBF.
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position[13,17—-24](seeFig. 1); (ii) Bchlc oxidation at the
C7-C8 position to structures with Bchla-like absorption
(double bond removal, Bchla-1 and Bchla-1l formation with
different absorption peaks); and (iii) modification of Bchlc
to a derivative (called Bchlc-I) with an absorption peak
around 690nm (likely oxidation of hydroxy-ethyl group
at C3 position to keto-ethyl group). The photo-oxidized
bacteriochlorophylls, Bchla-I, Bchla-ll, Bchlc-1, degrade
in the dark at room temperature. The dissolved oxygen
(ground-state triplet-oxygeR(Q») catalyzes the degradation.
Even without any oxygen present, direct excited-state
degradation of Bchlc in solution occurs after photo-excitation
as will come out from the data analysis. The degrada-

slowed down in the de-oxygenated samples compared totion from singlet excited molecules (quantum yield of

the air-saturated samples.
The triplet oxygen content of the JNoubbled sam-

degradation of singlet excited moleculgssp) is thought
to be negligibly small compared to the degradation from

pled was determined by adding the singlet-oxygen scav- triplet excited molecules (quantum yield of degradation of

enger 1,3-diphenylisobenzofuran (DPBH36] to the

triplet excited moleculesjtp) because of the much longer

nitrogen-bubbled solution. This compound is very reactive triplet-state lifetime compared to the singlet-state lifetime.

with singlet oxygen by peroxide formation (DPBFand

The direct degradation of triplet Bchlc produces slightly

subsequent reaction to o-dibenzoylbenzene (DBB) accord-different absorbing species, Bchla-Bchla-If, Bchlc-l,

ing to the reactiorScheme 1
Photo-excitation of Bchlc generates triplet Bchic, the
triplet Bchlc reacts with triplet oxygen to generate singlet

than the oxidative degradation. This slight difference is ne-
glected in the following equation system, i.e. the number
densities of Bchla-l1 and Bchld-are comprised taVai,

oxygen which is consumed by DPBF. The process continuesNa; + N/, and similar we us&Vai, = Naii + Npy/, @s
until all 30, is consumed. DPBF has an absorption peak at well Nciy = Nei + Ney.

410 nm while DBB is transparent there. The transmission

The carotenoids present in the Bchlc solutions indirectly

increase allows the evaluation of the oxygen content. Our influence the quantum yield of photo-degradation by reduc-

analysis gives a value afs,, ~ 1 x 10~>moldm 2 for
the Ny-bubbled samples (6 h of bubbling). Bubbling with
Argon practically gave the same result.

4. Theoretical analysis

The photo-degradation dynamics of Bchlc in the chloro-
somes of intacChlorobium tepidum cell suspensions, and
of Bchlc from Chlorobium tepidum extracts in air-saturated

ing the triplet-state lifetime.

The excitation and degradation processes for Bchlc
in oxygen-containing solution are listed in the following
Scheme 2

The excitation light at wavelength, (frequencyv)
excites Bchlc in the singlet ground-statéB¢hlc, num-
ber densityNsg) to a singlet excited-state'Bchl*, Nsi).
From there part of the molecules (quantum yieig) re-
laxes to the triplet state®Bchic*, Ny), others return to
the singlet ground-state (rateo), and a small amount

and de-aerated acetone—methanol-water solutions is studmay degrade (quantum yieldisp). The molecules in the

ied in the following. A detailed equation system is devel-
oped for the Bchlc solutions including degradation directly

triplet state return partly to the singlet ground-state by
intersystem-crossing (ratlers), partly they return to the

from photo-excited states and oxidative degradation from ground-state by reaction with triplet oxygen whereby sin-
self-generated singlet oxygen. For the highly photo-stable glet oxygen is formed (bimolecular rateo), and a part

Bchlc in the chlorosomes of intaGhlorobium tepidum cells

of them degrades to linear tetrapyrrole (LTP, rig),

a simple degradation scheme is used to determine the quanBchla-I (rate kra;), Bchla-Il' (rate kta;), and Bchic-

tum vyield of photo-degradation.

4.1. Photo-stability of bacteriochlorophyll ¢ in solution

(ratekrc)). The generated singlet oxygen (number density
Nloz) relaxes to ground-state triplet oxygetQ,, with a
time constankoiz. On the other handlO, reacts within

its lifetime, 715, (%kaia), with ground-state Bchlc to a per-

In air-containing acetone—methanol-water solution Bchic oxide (Bchlc-Q, bimolecular ratecop) which is expected

produces singlet oxygen after photo-excitation in the sin-

to disintegrate immediately to linear oxidized tetrapyrroles

glet system and subsequent intersystem-crossing to the(LTP), it forms Bchla-I (reaction constarbai), Behla-l
triplet system. The singlet oxygen causes degradation of (reaction constankoai), and Bchlc-I (reaction constant

Bchlc (quantum yield of oxidative degradatiopp ox) by

kocl)- The generated photoproducts degrade in the dark

(i) Bchlc per-oxidation and subsequent ring cleavage to to linear tetrapyroles with rate constarkgp for Behla-f
linear tetrapyrroles at the C1-C20 position or C19-C20 and Bchla-l,kaip for Behla-II and Behla-Il, andkcip for
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'Behic (Neg) + hv, — » 'Behic” (Ne)

'Behlc* (Ng;) LI (N;) 'Behic* (Ng:) bso,. LTP (N;)
K
—" "Bchic (Ny)
* 3 K10 1 1
Behic* (Ny) +°O, (NS%) — Behlc (Ngy) + O, (NM)
*Behle* (Ny) Krs . 1ehic (Ngg) *Behie* (Ny) b0, 7p (Np)

1 kCHS 3
O, (N, ) — = 0, (Ny,)

Op 30,

'Beflc (Ng) +'0; (N, ) P, Benico, 2 TP (NY)

Konl 3 . Kral ,
—— Bchla-I (N,) “Behic* (N;) = Behla-I' (N,
K
— Behla-ll (N,) Kua, Behiaeir (N, )
Kocl Kral ,
—=» Behlc- (Ng) 2T Behle-I' (N,)
3 Kaip Kuip
Behla-1 (N,) + °O, (N%) — LTP(N,) Behla-l (Ny) — LTP (Np)
3 Kanp Kaiip
Behla-ll (Ny) + 7O, (N3, ) ——> LTP (N5) Behla-Il (N) — = LTP (Np)
3 Keip Ko
Behic-| (Ne) +°0p (Ny, ) —= LTP (N;) Behlc-l (Ne) —* LTP (Np)

Scheme 2. Photo-degradation dynamics of Bchic.

o _ in hi- _ 0N
Bchlc-I' and Bchlc-I, and they degrade in bi-molecular re 9 — ka NT + ko NsoNio,

action with30, with the reaction constanisyp (Bchla-1), ot

xanp (Behla-I1), andxcip (Bchlc-1). The excitation light — (kaip + kAP N3g,) Naig, (5)
at frequencyv and the probe light of frequencyy, are

absorbed with the absorption cross-sectieng and opr,; NI

of the present compoundsat the relevant wavelengths.
Some residual absorption with coefficienisres andaypr res
from weakly interacting or non-interacting molecules (like
carotenoids) may be present. Ncl,

The degradation of the small amount of Bchla present in o
the extract is neglected here. It is studied separatdl$h

= k1Al NT + koAl NsoN1g,
— (kap + kAP N3g,) Nail g, (6)

ot

= ktciNT + kociNsoN1g,

I . . . — (kcip + Ns3g,)Ncl,, 7
The excitation and relaxation dynamics presented in (keip + kcipNao,) Nel 0
Scheme 2may be described by the following rate equation 3np
system for the number densitiés;, and the excitation light ~ —,~ = KOPNsoN1o, + (kaiP Naig + kaip Nail
intensity, . [38]: + kciPNcig) Nao, + kaip Naig + kaiip Naii
Nsi1
dNsp oL Ns1 el
IS0 _ %L f Neo+ (1— ¢t — dsp) —2 +kcipNeiy + ¢sp - + ktPNT, (8)
ot hv, T]
+ (k1s + kTON3, ) NT al.
—— = —(0LNso+ oL ciNciy + oL, A Nalg
— (k0P + koAl + koall + koc1) Nig, Nso, 1) 0z
+ oL A Nang) It — o reslL - )
dNs1 oL Ns1 .
—— = —I Nsp— —, ) The abbreviationsox = xop + koal + koan + xoci and
ot hv, TF
ktp = ktal + ktan + ktci are used.
ONT Ns1 The initial conditions are
—— =¢1— — (k1s+ k1D + KTON30,) NT, )
ot TF IL(t=0.2) = I, fort>0 (10)
LE=2Y7 10 forr<0
8N102
= kTON3g, NT — k013N1g, — KoxNsoN1g, s (4) Nso(t = 0, 2) = Nc.o, (11a)

ot
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Nj(t=0,2)=0, forj=SLT Alg AllgClg,P. (11b)  Nag _ oo . (kia KOAI
The transmission behaviour of a weak probe light of intensit o w2 ko ot fox o
issi viou w [ i ity
. — 1
Ipr at wavelengthip is governed by (kaip + icatp Naoy) Natg: (15)
ONal o k K

dlpr oNAllg _ oL kran oAl
. = ~(@prNso+ pr.ai Nag + opr.ai Naiig ot hoL ILNSO( Pl

+0pr,CINCIg)1pr — apr,reslpr, (12) — (kaip + KA”PN302)NA”9’ (16)
The light transmission is calculated bf, = [;(z = dNciq oL ktcl KOClI
0)/I;(z =0),i = L, pr, wherez is the propagation coordi- a HILNSO < k1o ¢p.T + Kox ¢Ds°x)
nate, and is the sample length. — (kcip + kcipNso,) Neig, (17)

Steady-state conditions are reached for intermediates at
times longer than a few times the relevant relaxation times.
Under steady-state conditions the time derivates may be setNp = Nc o — Nso — Naiy — Naig — Ncig. (18)
to zero, i.ed/dr = 0. These intermediates atBchlc* (Ns,

lifetime g in ns region[39], own measurement givag = where

24.5+1ns),3Bchlc* (Nt, lifetime 7 in ws region[22—24] ¢p.5 = dsD, (19a)
value of it = 250+ 40ns for Bcehlc in air-saturated ace-

tone is given in22]), and*0, (N1, lifetime 715, = kais is the quantum yield of singlet excited-state degradation,

in s region[40], explicit values arery,, = 2ps in wa- " kTD

. 2 . ™ = )
ter, 11, = 7ps in methanol, andy,, = 26p.s in acetone kts+ k1D + kTON3Q,
[40]). The singlet—oxg/ gen relaxation is governed by the term s the quantum yield of direct photo-degradation of the triplet
N1o,/T1o, (return to”Oy by intersystem crossing and reac- g4t
tion with solvent molecules), therefore the texgaN15, Nso
due to bacteriochlorophyll ¢ oxidation Ex. (4)is negligible ~ #p.T = ¢T4T1D, (19¢)

(@s long as the quantum yield of Behic photo-degradation is jg the quantum yield of triplet excited-state degradation,
small compared to 1). The quenching of singlet oxygen by

(19b)

bacteriochlorophyll ¢ in a charge-transfer deactivation pro- #D.ox = b7 KoxkTO
cesg41] according to'Bchic+10, — (*Bchlc- - -10y) — ’ (ko13 + koxNso) (kTs + k1D + kTON3Q,)
1Bchlc+ 20 is neglected in our diluted solutiofig2]. x N3, Nso, (19d)
These conditions lead to N
Kox  KTON3g,
OLTF ~ X 19e
Ns1= HIL Nso, (13a) 9D.0x > 61 koizkts + kT0N30, S0 (19¢)
o1 Nso
T = Ns1 = 19f
tr(kTs + kT + kTON3,,) #D.0x = #D,0x0 Nc.o (297
= o7 o I Nso, (13b) is the oxidative contribution to the quantum yield of
hv (ks + kb + KTON3Q,) photo-degradation. If the triplet relaxation rate due to
singlet-oxygen generatioryoNsq,, dominates over the di-
Nim — k1O Nag, Nt rect triplet singlet relaxation ratkrs, thengp ox (EQ. (19€)
92 kows+ koxNso 2 reduces further to
OLKTO Kox
= ¢7 ~ Nso. 19
hvi (ko13 + koxNso) (ks + kTp + kTON30,) 9D.0x ¥ ¢ kot >0 (199)
x I N3, Nso, (13¢) The total qguantum yield of photo-degradation is
for the short-living intermediates.
Egs. (1) and (5)—(8)educe to ¢ =¢D,5+¢D.T + ¥D 0x N
S0
INso oL =¢ps+¢p.T+ PD.0x0 (19h)
— Nco
—— = —(¢sp+ ¢1¢1D) — L Nso — koxN1p, Nso ’
ot hv
oL KoxKTO
= ——1 Nso|¢sD + ¢1é1D + &7 N3p,Nso
hv, (ko13+ koxNso) (ks + k1D + kTON3Q,) o

oL oL
= ——1I Nso(¢p,s + ¢D,T + ¢D,0x) = —— IL Nsopp 14
hvp hvr
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The initial total quantum yield of photo-degradation is "Behle (Ngg) + hv, S _ "Behict (Ner)

#D,0 = ¢D,s + ¢D.T + ¢D,0x.0- (19i) 'Behlc* (Ng;) b0, D (Np)

. . Scheme 3. Photo-excitation and degradation dynamics of Bchlc in intact
#p.o depends on the concentration of triplet oxygéap, cells.

and on the initial concentration of Bchl®Nc 0. The ap-

proximation inEq. (19e)is valid since it isko13 > koxNso . ) o

andktp < kTs + k1o Nao, It should be noted thapp ox 4.2. Ph_oto—stab|l|ty of bacteriochlorophyll ¢ in intact cell

is proportional to the number densitiso, of Bchlc and suspensions

therefore becomes smaller as Bchlc degradigsx o is the

initial oxidative quantum yield of photo-degradation. At ~ The Bchlc in the intact cells turned out to be very sta-
high oxygen concentration it saturates towag@sox.0 — ble. There the exited-state lifetime is short because of
#1(kox/ko13)Nc,0. It should also be noted thapp T excitonic energy transfer to the reaction center, and the
(Eq. (19c) depends on the triplet oxygen content of the Singlet oxygen is quenched by the caroteno[d$42].
solution, since¢tp depends 0NNz, (Eq. (19b). The The photo-degradation may be described by the simple

triplet lifetime of Behlc, rr = (krs + kTpkToN30,) 2, Scheme 3 _ o
is shortened by triplet-oxygen quenchifig2] while the The photo-degradation dynamics is governed by

direct triplet degradation ratekrp, is independent of %)__U_LI N 1 Ns1 23
the oxygen content¢p v becomes smaller with rising o hu LNso+ (1 ¢p) - (23)
triplet-oxygen concentration). The quantum yielgp s,

of singlet excited-state photo-degradation is thought to be —>- INs1 G—LILNSO— N_Sl (24)
negligibly small compared to the quantum yielgh 7, of or hvp TF

triplet-state photo-degradation because of the high quan- 3Np Ns1

tum yield of triplet formation ¢t ~ 0.65 [22]) and the =~ —— = ¢TT_F’ (25)
short singlet-state lifetime compared to the triplet-state

lifetime. ol oL NeolL.. (26)

The fraction of photo-degradation due to singlet-state 9z

excitation isxys = ¢p.s/¢p, the fraction due to triplet-state The steady-state condition oEq. (13a) reduces the

excitation is x1 = ¢p1/¢p, and the fraction due 8

to photo-oxidation isxox = @p.ox/dp (1=xs + xT Egs. (23)-(26)0

+ Xox)- 8Nso _8ND _ _i] N -
The simulations irFig. 4 for the three specific excitation ~ ar ot ho sopD 27)

wavelengthsA = 672, 632.8, and 428 nm (air-saturated

samples), and iffig. 9 for A, = 672nm (de-aerated sam- - — —o| Nsoly , (28)

ple) are carried out by assuming that only one photoprod- dz

uct, indicated by subscripf is dominant at the considered wheregp is an effective quantum yield of photo-degradation,
wavelength. With this approximation the equation system and any photoproduct absorption at the excitation wave-

[9,14-18]for the simulations simplifies to length is neglected.
The curves inFig. 3 for the intact cells are calculated

dNso oL 20 by use ofEqgs. (27) and (28)The best-fitting quantum

a _MILNS@D’ (20) yield of photo-degradation igp = 8 x 10~/ for both the

air-saturated sample and the anaerobic sample.
dN; o
8—; = h—LlLNso¢D,3j — (kjp + kjpN3g,)Nj, (21)
L 5. Discussion

oh _ —(0LNso+ oL jN)IL — ap reslL . (22) Quantum yields of photo-degradation are extracted
0z ' from the best fits inFig. 4 (air-saturated solution)ig. 9

(nitrogen-bubbled solution), arfeig. 3 (intact cells).
whereg; is the branching ratio of Bchic molecules degrading ~ Bchic in the chlorosomes of inta€hlorobium tepidum

toj [B; = koj/(kop + koal + koan + koc)]. cells turned out to be very photo-stable both under aero-
The theoretical curves iRigs. 4 and %re calculated by  bic and anaerobic conditiongf ~ 8 x 10~7, cycles of
use ofEgs. (20)—(22pnd the parameter$p o, xs = 0, xT, photo-excitation before degradation afr@l ~ 1.25x 100).

Xox» KjPN3g, andoL ;B;, listed in the figure captions. A The excited-state lifetime of bacteriochlorophyll ¢ is only in
discussion is given below. the picosecond time range since the excitation is transferred
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to Bchla and to the reaction cen{dB,44] The carotenoids  erned by photo-oxidation, since under de-aerated conditions

in the chlorosomes quench Bchlc and Bchla triplets and hin- the photo-degradation reduces a factor of ten despite the en-

der singlet-oxygen formatiof#5]. larged triplet-state lifetime. In a first approximatiegy is
Bchlc molecules in the acetone—methanol-water extractobtained fromEqg. (19g)for the air-saturated situation us-

from Chlorobium tepidum exhibit a low photo-stability
in air-saturated solution ¢p o 0.011 at Ccpo
6.9 x 10 ¥ moldm 2 andi_ = 672 nm).

In nitrogen-bubbled Bchic solution the photo-stability

~

~ ~

~

iNg ¢p.ox.0 ~ ¢p.0 = 0.011 (Fig. 49 and parameters from
Table 1giving k5% ~ 2.6 x 108 m3mol~1s~1. Now krs is
estimated from the photo-oxidation under de-aerated condi-

tions by use ofEq. (19e) There it iS¢p ox ~ 0.1¢po =

increases approximately a factor of ten compared to 1.2 x 10~ (Fig. 9 and the triplet-singlet relaxation rate

%

the air-saturated solutiongf)o ~ 0.0012 at Ccpo
6.9 x 10 ®moldm=2 and A, = 672nm). About 90% of

turns out to betts ~ 1.8 x 10° s~1. In a second approxima-
tion this value is entered tRqg. (19¢)for the air-saturated

the molecules are degraded directly from the triplet state gjt,ation Fig. 49 giving K((Ji) ~37x108dm3mol-ls!~

(xt = 0.9) and the rest is degraded by photo-oxidatigf (

determined by best fit of theory to experimental degradation

curve inFig. 9). The oxygen content of the nitrogen-bubbled
solution was determined to h@sg, ~ 1 x 10~°mol dm—3
by absorption actinometry with 1,3-diphenylisobenzofuran.
The number density of triplet oxygen in air-saturated so-
lution is estimated from solubility data of oxygen in water,
methanol, and acetone given [#6] by using the relation
N3, mixture = 2_; XiNag, ;» Wherex; is the mole-fraction
of componenti in the solvent mixture (s, ~ 2.77 x
104 mol dm2 for water, 2x 10~2 mol dn2 for methanol,
2.25x 10~ mol dm~3 for acetong46]). A value of Csg, ~
2 x 103 moldm3 is obtained (se@able ).
In Fig. 8the intermediate photoproduct degradation in the

Kox-

The triplet lifetime due to triplet-singlet relaxation,
Tg = k;é ~ 560ns, is rather short. This short lifetime
is thought to be due to triplet-state quenching by the
carotenoids present in our Bchlc extract fr@hlorobium
tepidum in acetone—methanol-water solution. The large
triplet-singlet relaxation rate is responsible for the reduc-
tion of photo-degradation by nitrogen bubbling. Otherwise,
(ks — 0), ¢¥p.ox Would rise to constant valud=(. (19e)
independent of triplet-oxygen concentration), apg 1
would approachpT (Egs. (19b) and (19%)with decreas-
ing Csq, leading to an overall rise app with decreasing
C302.

The rate of direct triplet-state degradation of Bchic in

dark after light exposure is shown for an air-saturated Bchlc solution, ktp, is obtained by application dtq. (19b)for
solution. This dark degradation is dominated by bimolecular the triplet-state photo-degradation ob4dubbled solution
catalytic action of the dissolved oxygen, i.e. the decay times (pp 1 ~ 0.9¢p o ~ ¢TkTD/kTS). The obtained value is

are given byr; ~ (k;pCso,) . The extracted bimolecular
degradation rate constanigp, xanp, andkcip, are listed
in Table 1

The intermediate photoproduct degradation in the dark of 10° dm®mol=ts™%, Csp, = 2 x 1073 moldm™3, and¢r

N2-bubbled samples is shown irig. 12 There the dark
degradation is thought to be due to the intrinsic thermal

instability of the intermediates. The obtained decay rates,

kaip, kanp, andkcip, are listed inTable 1

The initial quantum yield of oxidative photo-degradation,
¢D.ox,0 (EQ. (19f) depends on the quantum yield of triplet
formation,¢t; the rate of singlet-oxygen relaxation to triplet
oxygen, koi1s; the bimolecular oxidative degradation rate
constant,xox; the bimolecular constant of singlet-oxygen
generation in the triple statero; the triplet oxygen concen-
tration, Csq,; the Bchlc concentratiorCc o; and the rate of
triplet to singlet relaxationkts. Values for¢t and«to are
taken from[22] and listed inTable 1 k013 = 1/710, is esti-
mated from the singlet-oxygen lifetimes in water, methanol,
and acetone given {d0] by using the relatioko12 mixture =
Y i xiko13i (no2 = 2 us for water, fus for methanol, and
26us for acetone). A value ofo13 = 1.05x 10°s7 1 is
obtained.

The unknown parameterngy andkys are calculated from
the measured quantum yields of photo-oxidatipm ox o, at
air-saturated conditions and,Mubbled conditions. For the

ktp ~ 3 x 103s7 1. It is listed inTable 1

For air-saturated solution, the application bfp =
3 x 1073571, kts = 1.8 x 106871, KTo = 2 X
0.65 to Eq. (19b) and (19cpives ¢p1 = 2.2 x 1074,
while ¢p o 0.011 atA. = 672nm. The fraction of
direct photo-degradation from the triplet state comes
out to be xt 0.02, and the fraction of degrada-
tion due to photo-oxidation is found to bgyx = 1 —
xT = 0.98.

The branching ratiosg; = «koj/kox, Of the Bchlc
degradation to the intermediate photoproducis = Al,
All, CI for air-saturated solutions, = Al’, All’, CI' for
nitrogen-bubbled solutions) are estimated from the ratios
of photoproduct-absorption-increase to Bchlc-absorption-
decrease at the peak absorption wavelengths within
a certain exposure time period according B
Aaj(Ajmax)/ Aapchic(ABchimax). Thereby it is assumed
that the intermediate photoproducts (bacteriochlorophyll
derivatives) have the same oscillator strength and spectral
halfwidths as Bchlc. The branching ratio for Bchle-@en-
eration with subsequent ring-opening to linear tetrapyrroles
is approximately given bgp = 1— Ba1 — Ban — Bci for the
air-saturated solutions and ¥ = 1 — Ba;» — Ban’ — Ber
for the nitrogen-bubbled solutions. The resulting values are

air-saturated samples the photo-degradation is strongly gov-collected inTable 1



Table 1
Relevant parameters for photo-degradation of Bacteriochlorophyll ¢ €blarobium tepidum extract in acetone—methanol-water mixture (7:2:1) at room temperature
Parameter Air-saturated Comments Parameter Nitrogen-bubbled Comments
solutions solution
Cso, (moldn3) ~2 x 1073 Estimated from data if46] Csp, (moldm3) ~1 x 1075 Own DPBF actionometry
¢p.o at AL = 672nm 0.011+ 0.001 Fig. 4a Nco = 4.2 x 10%5¢m=3 ¢p,o at AL =672nm ~1.2 x 1073 Fig. 9
¢p.o ati. =632.8nm 0.018+ 0.002 Fig. 4b Nco = 4.9 x 10%cm3
¢p.o at AL = 428nm 0.020+ 0.002 Fig. 4G Nco = 4.65 x 105cm=3
xT ataAL =672nm 0.02 XT = ¢p.7/%D0O xT ataL =672nm ~0.9 Fig. 9 x1 = ¢p.7/¢D.0
Xox at AL = 672nm 0.98 Xox = #D,ox,0/#D,0 Xox @t AL = 672nm ~0.1 Fig. 9, xox = ¢p.ox.0/¢D.0
kap (dmmol-1s71) 1.63x 1071 Fig. 8aand t = (kaip N3g,) " kap (571 9.2 x 1076 Fig. 12 decay at 760 nm
kanp (dm®mol—1s71) 7.04 x 1072 Fig. 8band t = (xaip Nag,) kap 571 9.5 x 10°° Fig. 12 decay at 730 nm
wcip (dm?mol~ts71) 6.59 x 1072 Fig. 8candt = (kcipNag,) ™ keyp (571 1.31x 1075 Fig. 12 decay at 690 nm
ko1z (s71) ~1.05 x 10° Estimated from data ifi40]
o1 ~0.65 From[22]
kox (dmPmol~1s1) 3.7 x 1C8 Eq. (19e) see text
atA. =672nm
Bal ati =672nm ~0.21 Fig. 5 Ba = Aa (760 nm)Aa (665 nm) Barr ~0.17 Fig. 10 Ba = Aa (765 nm)Acx (665 nm)
Ban ati =672nm ~0.19 Fig. 5 Ban = Aa (730 nm)Ac« (665 nm) Ban’ ~0.12 Fig. 10 Bar = A (735 nm)A« (665 nm)
B at AL = 672nm ~0.18 Fig. 5 Bci = Aa (690 nm)Aa (665 nm) Ber ~0.12 Fig. 10 Bcr = Aa (685 nm)Ac (665 nm)
Bp atiL =672nm ~0.42 B~ 1— (Bai + Ban + Bci) Bp ~0.56 Be~1— (Bar + Ban’ + Ber)
xTo (dmmol~1s71) ~2 x 10° From [22]
1 (NS) ~250 TR (KT0C302)71 1 (NS) ~560 1 = kgt
krs (s ~1.8 x 10° Eq. (19€) see text
krp (s7Y) ~3 x 10 Eq. (19b)
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