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ABSTRACT. The oxidation pathway of chlorophyll Z (CHl in photosystem Il (PSIl) at cryogenic
temperatures was studied by means of light-induced Fourier transform infrared (FTIR) difference
spectroscopy. To examine the involvement of redox-agthvarotene (Car) in the pathway, two Car
molecules in Mn-depleted PSII membranes of spinach were selectively bleached by illumination at 250
K in the presence of ferricyanide and silicomolybdate. Successful bleaching of Car was demonstrated by
disappearance of the light-induced FTIR signals of'Gar1465, 1440, and 1147 crhat 80 K under an
oxidative condition. Even in the Car-bleached PSiII, the;&@khl; signal at 1713/1687 cm, which is
attributed to the upshift of the 9-ketc=€©O band of Chl upon its oxidation, was induced by illumination

at 80 K retaining about 80% of the intensity of the control PSIlI sample. The concomitant appearance of
shoulders at 1727/1699 crhmay indicate that both of the two Ghinolecules on the D1 and D2 sides

are photooxidized. The multiphasic kinetics of formation of the-@klhl; signal by continuous illumination

at 80 K were mostly unchanged by Car depletion, while the formation rates at 210 K were appreciably
reduced in Car-bleached PSII. These results indicate that there are electron-transfer pathwayszfrom Chl
to P680 that do not involve Car, and they are indeed dominant at 80 K. Although the pathways via Car
are mostly blocked at this temperature, the contribution of such pathways toogiblation becomes
significant at higher temperatures.

Photosystem Il (PSIt)is a multimeric protein complex  (D2—H117 in some organisms}4—16), and hence they are
that functions as a light-driven water-quinone oxidoreductase designated as CHD1) and Ch}(D2), respectively. Which
in the photosynthetic electron transport chain. For this Chl; is photooxidized is still controversial; in studies using
function of water oxidation in PSII, the cation radical of the site-directed mutants at BH118 and D2-H117, Stewart
primary donor chlorophyll, P680 has an extremely high et al. (L5 proposed that CR{D1) is oxidized in the
redox potential of 1.41.3 V (1, 2). To protect the PSII cyanobacteriunsynechocysti§803, while Wang et al.1)
proteins from oxidative damage by this strong oxidant, the proposed Ch{(D2) as an oxidized chlorophyll i€hlamy-
secondary electron donation pathway works in PSII when domonas reinhardtii In addition, Tracewell et al. 1(7)
the main pathway from the water oxidizing center is impaired analyzed the near-infrared absorption bands of,Chhd
or blocked at cryogenic temperatur@s-(7). This secondary  concluded that both CHD1) and Ch}(D2) are photooxi-
pathway consists of Clgs59, 3-carotene (Car), and accessory dized in spinach.
chlorophyll designated as GhiThey form a cyclic electron- There are also two redox-active Car molecules in the PSl|
transfer pathway to leak a hole on P68@ the electron  reaction center4—7, 18-29). The positions of these Car
acceptor side. In addition, Ghilis proposed to play a role  mgjecules, however, have not yet been definitely determined
as a quencher of excitation energy under high light condition by X-ray crystallography 10-13, 30. Kamiya and Shen
(8, 9. (12, 30 showed that both Car molecules are attached to the

There are two Chlmolecules in PSII, which are sym- D2 subunit in their X-ray crystal structure of the PSII core
metrically located in the reaction cent&0-13). The ligands complex from Thermosynechococcuaulcanus at 3.7 A
to their central Mg atoms are DH118 and D2-H118 resolution. On the other hand, in the crystal structures of

Thermosynechococcus elongatms Ferreira et al. (3.5 A
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and Technology of Japan, and by Special Research Project “Nano-Loll et al. (13) reported the 3.0 A resolution structure Bf
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2-(N-morpholino)ethanesulfonic acid; PSII, photosystem Il.; P680, the controversial. Only a single (859 on the D2 side was

primary electron donor chlorophyll of photosystem II; SiMo, silico- found in the X-ray structures of PSII in both vulcanus
molybdate. andT. elongatug10-13).
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The secondary electron-transfer pathway to P&&0olv- (0.25 mg Chl/mL; 25QuL) in the Mes buffer including 20
ing Car, Ch}, and Cyb559 has been extensively argue-( mM potassium ferricyanide, 0.3 mM SiMo, and 50% (v/v)
7, 17, 23-25, 31-35). There is general agreement that glycerol was placed in a cuvette with an optical path length

Cyth559 is the last oxidized componer, (23—25, 32, of 4 mm and a width of 8 mm. The sample in a cryostat
which accepts an electron fromgQ(36). Most works also (Oxford DN1704), in which the temperature was adjusted
agree that Car is an initial electron donor to P6&hd to 250 K using a controller (Oxford ITC-4), was illuminated

mediates the oxidation of 0y859 @—7, 23, 25. Very recent with white light from a tungsten lamp (Cabin ME-650) with
work by Bautista et al.37) using the PSIl complexes of the  an intensity of~1.0 W/cn? at the sample surface. Several
Synechocystisiutants which contain carotenoids with shorter samples were collected and washed with the Mes buffer.
zr-conjugation thar-carotene showed that the redox poten-  FTIR spectra were recorded on a Bruker IFS-66/S spec-
tial of Car* is an important factor in Car oxidation. trophotometer equipped with an MCT detector (InfraRed
It is generally thought that Chis oxidized via Car4, 6, D316/8) at a resolution of 4 cm. For preparation of a
7,23, 25, 26, 38, 39based on the observations that Cisr sample for FTIR measurements, a suspension of the PSII
trapped to a larger extent than glat lower temperatures  membranes (0.5 mg Chl/mL) in the Mes buffer (pH 6.5)
(21, 23, 26 and the trapped Caris mostly replaced with  including 40 mM potassium ferricyanide and 0.6 mM SiMo
Chlz;* by warming up the sample28, 25, 38, 3 This as electron acceptors was centrifuged (15@)@r 30 min.
electron-transfer pathway (P688- Car< Chly) is consis- The resultant pellets were placed between a pair of,BaF
tent with the relative positions of these pigments on the D2 plates (13 mm in diameter). The sample temperature was
side in the X-ray structure of all three grougs)¢13, 30 controlled in the cryostat (Oxford DN1704). Light-induced
and on the D1 side in the new structureTofelongatusy difference spectra were obtained by measurements of single-
Loll et al. (13); the Car molecules are positioned between beam spectra (scanning mode: double-sided fast return)
P680 and Chl This pathway, however, was inconvenient before and after illumination by continuous white light35
for the oxidation of Ch(D1) in the context of the X-ray = mW/cn? at the sample surface) from a halogen lamp (Hoya-
structure ofT. vulcanus(30) and the previous structures of shott HL150). When intensities of the difference spectra
T. elongatug10, 1J), in which no Car was found on the D1  recorded using different samples were compared with each
side. To circumvent this difficulty, an electron-transfer route other, spectra were normalized on the basis of the amide Il
from Chk(D1) to Car via several Chl molecules in the CP43 intensity (~1554 cn1?) in the absorption spectra of the PSi|
protein was proposed4). The presence of this route was samples.
further supported by theoretical calculations of the redox
potentials of the Car and Chl molecules in the PSIl core RESULTS

complex . . . .
plex @9) To selectively bleach the redox-active Car molecules in

In this study, light-induced FTIR difference spectroscopy PSII, Mn-deleted PSII membranes of spinach were il-

was u_sed to iljvestigate. the oxidation pat_hway of LChl luminated with strong white light at 250 K in the presence
especially focusing on the involvement of Car in the pathway. of 20 mM ferricyanide and 0.3 mM SiMo (“250 K illumina-
This spectroscopic method has been used to study thetion treatment”)

structures and reactions of various redox cofactors in PSII Fi 1 sh the effects of this treatment on the"c

(40). Characteristic FTIR signals upon photooxidation of Car Chllgf(r:i\r C?llzolgyl'is gif?eree%c?eospeftrtrjﬁ r”;ggr doerli a? 8 Oa|r<
iz

(21) and Chi (41) have been observed, and thus they can in the presence of 40 mM ferricyanide and 0.6 mM SiMo as

be used as good markers to monitor the photooxidation of . S g
g b electron acceptors. Note that under this oxidative condition,

Car and Chl under various conditions. For the above ; > \
purpose, we have selectively bleached the redox-active Carcytkf"':’9 is preoxidized and hence does not show bands in

molecules in PSII membranes of spinach by illumination at the_llz'I(;IR c:iff(tarr]eng(a)sptec;[r?].. The_'g/pit(?a,LQs](ignal at 14.78
250 K. Using this Car-bleached PSII, photooxidation ofChl cm ug o the i sbre ¢ |r(1ngV| trr1a 1on ota genggu|nonle
was examined at cryogenic temperatures. We have foundd"'oN @ ) was not observed in the spectra In Figure -
that the Chi molecules were oxidized even after Car |n_d|cat|ng that Q= was not accumulated by |IIum|nat|c_)n,
depletion, suggesting the presence of the oxidation pathways"vIO C?g ;l?(Str?ﬁt an elSCtr(t);'. frorm(?tr_ld/ or pheotphhytm

of Chl; that does not involve Car. It was also shown that even a - 1Nus, under this conaition, more than one
this pathway is dominant at 80 K, while the contribution of oxidizing equivalent can be accumulated on the donor side

the pathway via Car becomes significant by increasing of PSII.

temperature. The spectrum of the control Mn-depleted PSII sample
(Figure 1a) showed strong positive peaks at 1465, 1440, and
MATERIALS AND METHODS 1147 cm?, which have been assigned to the=C (1465

and 1440 cm?) and G-C (1147 cm?) stretching vibrations
PSIl membranes were prepared from spinach following of photoinduced Carin PSII (21). The split peaks at 1465
the method by Ono and Inoud?) and suspended in a Mes  and 1440 cm! most probably arise from the two distinct
buffer (40 mM Mes-NaOH, 400 mM sucrose and 20 mM  Car molecules oxidized by P680because the predominant
NaCl, pH 6.5). Mn depletion of the PSII membranes was peak at 1440 crt was observed in the previous FTIR study
performed with NHOH treatment (10 mM) followed by  using the D+D2—Cyth559 complex in the presence of
several washes with the Mes buffer. ferricyanide @4). In the latter study, one of the two Car
The “250 K illumination treatment” on the PSIl mem- molecules (Cag;) was asserted to be preferentially oxidized
branes to bleach redox-active Car molecules was performedbased on the absorption changes in the visible regldh (
as follows. Suspension of the Mn-depleted PSIl membranesThis preference of Car oxidation seems to depend on
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Ficure 1: Light-induced FTIR difference spectra of GhCart/
Chl;Car recorded at 80 K using Mn-depleted PSII membranes
subjected to “250 K illumination treatment” for 0 (a), 3 (b), 5 (c),
and 10 (d) min. In the 250 K illumination treatment, Mn-depleted

PSIl membranes in a Mes buffer (pH 6.5) in the presence of 20

mM potassium ferricyanide, 0.3 mM SiMo, and 50% (v/v) glycerol
were illuminated by strong continuous light 1.0 W/cn?) for a

given period at 250 K. The samples were then washed with the

Mes buffer. In FTIR measurements at 80 K, PSII samples in the
presence of 40 mM potassium ferricyanide and 0.6 mM SiMo were
illuminated with white light ¢35 mW/cn?) for 10 s, and FTIR

difference spectra as after-minus-before illumination (150-s ac-

cumulation for each single-beam spectrum) were recorded. The
measurement was repeated after dark relaxation at 285 K, and three

spectra were averaged for the final data.

conditions and samples; Telfer et a28[ observed photo-
oxidation of two Car molecules to the same extent in the

presence of SiMo. The different peak frequencies at 1465

and 1440 cm! may indicate that there is some structural
difference between the two Camolecules, although further
investigation is necessary to definitely identify the origin of
the split peaks. In addition to the strong Carands, a signal
typical of the Cht*/Chl; difference 41) was also observed
at~1713/1687 cm* overlapping with neighboring features
at 1718 and 1682 cm due to Cat/Car. This differential
signal at 1713/1687 cm arises from the 9-keto €0
stretching vibrations of Cht/Chl; (42).

In the course of the 250 K illumination treatment, the Car
signals at 1465, 1440, and 1147 <ngradually decreased,
whereas the CHIChI signal remained in the spectra (Figure
1). The intensities of the Ca1465, 1440, and 1147 cry
and Ch}*/Chl; (1713/1687 cm?') signals were plotted
against the duration of 250 K illumination treatment in Figure
2. After the treatment for 10 min, all of the three Caignals
almost disappeared, while about 80% of the CiCThl;
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Ficure 2: Effect of 250 K illumination treatment on the intensities
of the FTIR signals of Cdrand Ch}* at 80 K. Light-induced FTIR
difference spectra were recorded at 80 K in the presence of
ferricyanide and SiMo (Figure 1). Relative intensities of the peaks
at 1465 (closed circle), 1440 (open circle), 1147 (closed square)
cm™! as Car signals and of the differential band at 1713/1687
cm! (closed triangle) as a Ghil/Chl; signal were plotted as a
function of the duration of 250 K illumination treatment.
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Ficure 3: Keto and ester €0 stretching region of the Chi/

Chl; FTIR spectra of Car-bleached PSII (a, b) in comparison with
the Ch™/Chl; spectrum of control Mn-depleted PSII (c). Light-
induced FTIR difference spectra were recorded at 80 (a) and 210
(b, c) K. Car bleaching of Mn-depleted PSII membranes was
performed by 250 K illumination treatment for 10 min. Single-
beam FTIR spectra (150-s accumulation) were recorded before and
after 10-s illumination, and difference spectra were calculated. For
the spectrum at 80 K (a), the results of three measurements were
averaged.

destruction of Car requires an aerobic condition. Also, the
Car bleaching may take place via Cabecause when the
photoreaction of the PSIl sample under a similar condition
(but in a pellet form, i.e., with less oxygen) was monitored
with visible and near-infrared spectra at 250 K, a broad
positive signal at 9061000 nm due to Carwas observed
concomitant with negative peaks by bleaching of neutral Car

signal remained. This experiment demonstrated that theat 506, 489, 473, and 441 nm (data not shown). Hereafter,
redox-active Car was selectively bleached by this treatment.the Mn-depleted PSII sample in which Car is almost fully

The observation that both peaks at 1465 and 1440'cm
diminished in a similar manner may indicate that the two

bleached by the 250 K illumination treatment for 10 min
will be denoted as Car-bleached PSII.

Car molecules are bleached at the same rate. It is noteworthy Figure 3 shows the keto and este+0O stretching region
that Car bleaching was accelerated in a solution sample ratheof the light-induced Chit/Chl; FTIR difference spectra of

than in a pellet form (in an FTIR cell), suggesting that

the Car-bleached PSII membranes recorded at 80 (a) and
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FiGURE 4: Chl*Car*/Chl,Car FTIR difference spectra of control ~ FIGURE 5: Time course of the formation of the Caand Chj*

Mn-depleted PSII (A) and Clt/Chl; spectra of Car-bleached PSII ~ Signals in the FTIR difference spectra upon illumination at 80 K
(B) recorded at 80 K upon illumination for 1 (thir), 5 (-++), 20 in the presence of ferricyanide and SiMo. Panels A and B show

---), 60 (=-+), 300 (=--++), and 900 (bold—) s. The sample was the time regimes of 630 and 6-900 s, respectively. The intensities
i(llum)inateg W)ith whi'Ee Iig%t ¢35 mW(/cn”?) ir)1 the presen(?e of40 Of t_hle Car peaks at 1465 (open triangle) and 1440 (open diamond)
mM potassium ferricyanide and 0.6 mM SiMo, and single-beam CM ' of control PSII and the intensity of the GRIChI, signal at
FITR spectra were recorded for 15 s before and after a certain period713/1687 cmt of control (closed circle) and Car-bleached (closed
of illumination to calculate light-induced difference spectra. All Sduare) PSIl samples (Figure 4) were plotted as a function of
the spectra in panel A or B were measured using a single Samp|e|IIum.|na'[.|oln time. The solid curves are the results of multiexpo-
in the course of illumination. Because the shutter in the light path nential fitting.

was closed during spectral scans, the illumination time represents L . . .
a net period of illgm?nation. P contamination by P680 signals, this dark period does not

affect the time course of cation formation because the

210 (b) K and that of control Mn-depleted PSIl membranes relaxation times of Carand Ch}* under this condition are
recorded at 210 K (c). Note that Cas not accumulated by  very slow (see below). In the control Mn-depleted PSII
illumination at 210 K in the PSIl membranes of spinach, (Figure 4A), the Car signals at 1465 and 1440 cfully
and hence a pure GhIChl; spectrum can be obtained in appeared by 1-s illumination and the intensities did not
the control sample at this temperatudd)( The three spectra  change by further illumination. In the Car-depleted PSII
exhibited common prominent features. In the 9-kets@ (Figure 4B), on the other hand, the Casignals did not
region, the large positive peak at 1713 ¢nadue to Ch}* appear even after long illumination (900 s), confirming that
and the corresponding negative peak at 168684 cnr?! the redox-active Car is indeed bleached and that the
due to neutral Chl (41) were observed. In addition, the disappearance of the Casignals observed in Figures 1 and
positive shoulder at 1727 crhseems to correspond to the 2 is not ascribed to a reduced rate of Céormation. In
negative shoulder at 1699 cty although the latter was not  sharp contrast to the formation kinetics of the Csignals,
very clear in the spectrum of the control PSII sample (Figure the Ch}*/Chl; signals at 1749, 1737, 1727, 1713, 1687,
3c). The positive/negative peaks at 174948/1737 1735 1623, and 1561 cmt gradually increased by prolonged
cmtin the ester &0 region most probably arise from the illumination in both control (Figure 4A) and Car-bleached
10a-ester €0 vibrations of Ch*/Chl; (41). Thus, the (Figure 4B) PSII. Note that our previous study using PSII
Chlz*/Chl; spectra in the Car-bleached PSII were basically membranes of spinach showed that a slight increase in local
identical to the spectrum of the control PSII sample, except sample temperature by long illumination induced a prominent
that the bands were slightly broader in Car-bleached PSIlI negative peak at 1559 crhin FTIR difference spectra
even when compared at the same temperature of 210 Kwithout large structures around 1700 ¢n{45). Thus, the
(Figure 3b,c). negative feature at 1561 crhmight include some contribu-

Figure 4 shows the development of the FTIR signals tion of thermal effects by illumination, but it will be safe to
during illumination at 80 K for the control (A) and Car- estimate the Chl" formation using the keto €0 signal at
bleached (B) PSIlI samples. The samples include 40 mM 1713/1687 cm?,
ferricyanide and 0.6 mM SiMo as electron acceptors, and The time courses of the intensities of the Cand Ch}+
FTIR spectra were recorded in the course of white light signals are shown in Figure 5 (A;-30 s; B, 6-900 s). In
illumination (~35 mW/cn? at sample). Although a shutter control PSII membranes, both Casignals at 1465 (open
in a light path was closed during spectral scans to avoid triangle) and 1440 (open diamond) chare immediately
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Ficure 6: Relaxation of the Carsignals at 1465 (open triangle)
and 1440 (open diamond) cthand of the CH*™/Chl; signal at
1713/1687 cm! (closed circle) after illumination of Mn-depleted
PSII membranes for 10 s at 80 K.
formed and saturated in a few seconds, while the,Chl
Chl; signal at 1713/1687 cm (closed circle) developed
rather slowly and needed more than 900 s to reach the
maximum. The formation kinetics of this Ghsignal can
be fitted by three exponential functions with time constants
of 0.9+ 0.1 (25%), 26+ 3 (36%), and 283t 30 (39%) s.
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Ficure 7: ChL*/Chl; FTIR difference spectra of control (A) and

T
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The rate of the fastest phase could be inaccurate because ofar-bleached (B) PSII recorded at 210 K upon illumination for 1

the partial overlap of the Cht/Chl; bands with the Car

Car signals at 1718 and 1682 ch(Figure 4A). In Car-
bleached PSII, the similar formation kinetics of gtChl;
signal (closed square) were observed with time constants of
1.9+ 0.5 (15%), 28+ 4 (37%), and 304 38 (48%) s.
Note that the slightly lower saturation intensity of this signal
at 900 s compared with that of control PSII is ascribed to
the partial inactivation of Chl by 250 K illumination
treatment.

Figure 6 shows the relaxation of the Caand Ch}*
signals of the control PSIl sample induced by illumination
for 10 s at 80 K. By this illumination, Caris fully
accumulated, whereas Ghlis formed only in~40% of the
maximum level (Figure 5). The Carsignals at 1465 and
1440 cm! seemed to show a multiphasic decay in agreement
with the previous observationl(), and the fast phase
(~30%) relaxed im~150 s. The Chi*/Chl; signal at 1713/
1687 cnmt was very stable up to 300 s, and the increase of
the Chi* signal at the expense of Cawas not observed.

The time evolution of the FTIR signals by continuous
illumination was also examined at 210 K. The spectra are
shown in Figure 7 (A, control PSII; B, Car-bleached PSII),
and the time course of the GHIChI; signal at 1713/1684
cmtis plotted in Figure 8 (A, 860 s; B, G-900 s). The
signal formation in control PSII (Figure 8, closed circle) can
be fitted by three exponentials with time constants of-8.6
0.1 (41%), 11+ 1 (37%), and 249 63 (22%) s, and that
in Car-bleached PSII (Figure 8, closed square) with time
constants of 1.3 0.3 (23%), 33+ 9 (33%), and 29G: 69
(44%) s. All the phases were clearly slowed in Car-bleached
PSIl and the relative amount of the slowest phase was
doubled at the expense of the fastest phase. Thus, th& Chl
formation kinetics was affected by Car depletion more
significantly at 210 K than at 80 K.

DISCUSSION

In the present study, two redox-active Car molecules in
Mn-depleted PSIl membranes were selectively bleached by

(thin—), 5 (--+), 20 (- - -), 60 (=-+), 300 (~---+), and 900 (bold-)
s. The measurement conditions were the same as those for Figure
4 except for the temperature of 210 K and scanning time of 10 s.
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Ficure 8: Time course of the formation of the Ghlsignals in

the FTIR difference spectra upon illumination at 210 K in the
presence of ferricyanide and SiMo. Panels A and B show the time
regimes of 6-60 and 6-900 s, respectively. The intensities of the
Chlz*/Chl; signal at 1713/1684 cm of the control (closed circle)

and Car-bleached (closed square) PSIl samples (Figure 7) were
plotted as a function of illumination time. The solid curves are the
results of multiexponential fitting.

T T
200 800

strong-light illumination at 250 K under oxidizing condition,
as demonstrated by disappearance of the characteristic FTIR
signals of Car at 1465, 1440, and 1147 crhat 80 K
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(Figures 1 and 2). Similar Car bleaching via its cation has

been reported in the PSII reaction center complex atC0
(19) and 250 K 44). Even in the PSIl membranes almost
fully depleted of Car~80% of Chf was intact and capable

of photooxidation (Figure 2). Because this Car bleaching
seemed to require oxygen under our condition (but see ref

19), it is presumed that Careacts with oxygen to disrupt
C=C bonds or to form peroxide or epoxy compound6—

Biochemistry, Vol. 45, No. 6, 20061943

Cytb559

’7 CP43- Chls —\c /
Y -

Chl(D1) — Chly,  Chl,, «—— Chi,(D2)
N
P680*

48). HPLC analysis of this Car-depleted PSII preparation ggure 9: Proposed electron-transfer pathways in photooxidation
did not detect a meaningful amount of newly formed ofthe Chy molecules. The pathways from GtD1) and Ch}(D2)
carotenoid at the expense ffcarotene (Takaichi, unpub- to P680" (probably via Chd;, Chlpz) without involving Car are
lished data). Thus, redox-active Car in PSIl may be destroyedg??l'gaé‘t gtngocﬁirvr;{nholllgctﬂlee F(’ét;‘)"‘i’:‘i’gc‘gf‘e gﬁregf%ohr[&?'g;ﬁgcam
ar_ld released from the b'”‘?"”g pocket; at least, a Camteno'danother Car has been resolved on the D2 side in the X-ra’y structure
with more than three conjugated=C bonds may not be (3.7 A) of T. sulcanus(30) and on the D1 side in the structure (3.0
left in the pocket. ) of T. elongatus(13). Here, the latter structure with high
The Chp*/Chl; spectrum of Car-bleached PSII recorded resolution was adopted (Ga). The pathway from Ch(D1) to
at 80 K showed a prominent differential signal at 172)( gg)rm via several Chl molecules in CP43 has been propo3éd (
1687() cm ! with a pair of shoulders at 172%}/1699() '
cmt in the region of the 9-keto €0 stretch, and a  bleached PSiII, except that the time constant of the fastest
differential signal at 1749%)/1737() cmtin the ester & phase seems to become slightly slower and the relative
O region (Figure 3a). The corresponding bands were amount of the slowest phase increased ©9% at the
observed at 1713/1684, 1727/1699, and 1748/1735 @in expense of the fastest phase. Multiphasic kinetics ofChl
210 K (Figure 3b), and these features were basically identical formation may be ascribed to the heterogeneity of PSII
to those of control PSII membranes (Figure 3c). Thus, Car proteins, consistent with the multiphasic decay of ‘Car
depletion virtually did not affect the structure and interaction previously reported 1(7) and also observed in this study
of Chlz, suggesting that there is no strong molecular (Figure 6). The above observation of the similar kinetics of
interaction between Car and GhSlight broadening of bands  Chl;* formation between the control and Car-bleached PSiI|
in Car-bleached PSII (Figure 3b) in comparison with the samples indicates that the major pathway of Ghidation
control sample (Figure 3c) could be ascribed to a subtle at 80 K does not involve Car. Since the positive shoulder at
structural perturbation of the reaction center proteins by Car 1727 cn? basically followed the behavior of the 1713 tn

depletion. The upshifts of the =80 bands upon Cht
formation, i.e., 26-29 and 28 cm! for the 1713/1684 1687
and 1727/1699 cnt bands of the 9-keto€0, and 12-13
cmfor the 1748-1749/1735-1737 cn1t bands of the ester

band (Figure 4), this conclusion may hold for both £hl
(D1) and Ch}(D2). The electron transfer from Ghiio Car"
may be mostly blocked at this temperature of 80 K. The
absence of additional formation of Ghlin the dark after

C=0, are in good agreement with the upshifts by 25 and 13 illumination for 10 s (Figure 6), by which Camwas fully

cm ! of the 9-keto and 10a-ester=<® bands of free Clal

in THF upon cation formation4®). The presence of two
sets of keto &0 bands in Chi*/Chl; spectra is consistent
with the view by Tracewell et al.1{(7) that both Chi(D1)
and Ch}(D2) are photooxidized in spinach. It is presumed
that the 9-keto €O group of Ch} with the 1713/1684
1687 cmr* bands is weakly H-bonded or located in a polar
environment, while that of the other Ghlith the 1727/
1699 cn?! bands is located in a rather hydrophobic environ-
ment. The assignment of the two ketc=O signals to
individual Chl molecules on the D1 and D2 sides and how

accumulated but less than half of @hlwas formed in the
PSIl sample, supports this idea.

Under illumination at 210 K, on the other hand, the time
constants of all three phases of ghformation were slowed
down by Car depletion fronx1, ~10, and~250 s to~1,
~30, and~300 s, respectively, and the relative amount of
the fastest phase in control PSII (41%) was almost halved
in Car-bleached PSII (23%) to be replaced by the slowest
phase (Figure 8). Thus, the contribution of the pathway via
Car to the mechanism of Ghbxidation is more significant
at 210 K. In other words, electron transfer from ginl Car

the apparent intensity difference between the 1713 and 1727s allowed at relatively high temperatures.

cm~! bands reflects the difference in population of the two

The electron-transfer pathways from ghio P680

Chl; cations are unknown at present. Also, the possibility proposed in this study are summarized in Figure 9, taking
that the signals of Chl molecules in CP43 or CP47 in redox into account the pigment positions in the X-ray structures
equilibrium with Chk* are included in the observed spectra of PSII (10—13, 30, especially the recent structure by Loll
cannot be excluded. Further comparative studies usingetal. (L3) as to the Car positions, and the previously proposed
cyanobacteria an@hlamydomonas combination with site- pathways involving Car, Chl and Cyb559 @,5, 7, 17, 23,
directed mutagenesis will be necessary to answer these25, 32, 34, 3k There are electron-transfer pathways from
guestions. Chlz(D1) and Ch}(D2) to P680 that do not involve Car,
When the control PSII sample is illuminated by continuous and indeed these pathways are dominant at 80 K. The
light at 80 K in the presence of ferricyanide and SiMo, the accessory Chl molecules, Ghlnd Chb,, neighboring P680
Car' signals at 1465 and 1440 ciwere immediately may be involved in the electron transfer as transient
formed within 1 s, whereas the Ghlsignal at 1713/1687  intermediates. The kinetic rates of these £otP680
cm! developed more slowly with three phases with time pathways, however, are much slower than the rate of the
constants of-1, ~26, and~280 s (Figures 4 and 5). The electron transfer from Car to P680being consistent with
formation kinetics of Chit was basically unchanged in Car- the longer distances between ghChly, and Ch}(D1)/Chl-
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(D2) than those between GalChlp, and Cap,/Car, (10—
13, 30. At 80 K, electron transfer from Chlto Car" is

blocked, but at a higher temperature of 210 K, this pathway
is allowed and makes appreciable contribution to Chl
oxidation. The plausible explanation for this difference
between 80 and 210 K is that the relative levels of the redox
potentials of Car and Chthange depending on temperature

and the potential of Car is higher than that of £ail 210 K

but becomes lower by decreasing the temperature to 80 K.

Electron transfer from Ch{D1) to Cap," via several Chl

molecules in CP43 has been proposed and supported by

theoretical calculations3@, 35.

The above view is consistent with the observations

reported so far about the Car and gbkidation in PSII. At
very low temperatures<(20 K), Car is predominantly
formed by a single-electron reaction in whichaQis
accumulated on the acceptor sid&3(25, 26. Under this
condition, the quantity ratio of accumulated ghto Car

is determined by the kinetic rates of the electron transfer

from Chl, to P680 relative to that from Car to P680
Because the electron-transfer rate from Car to Pé&8@nuch

faster than that from Chlat low temperatures (Figure 5),

Car' should be largely accumulated. Very recently, Bautista

et al. @7) observed that the Chl/Cart ratio photoinduced
at 20 K is higher in the mutant in whicfi-carotene is

replaced by a carotenoid with a shorter conjugated chain.
Because this shorter Car has a higher redox potential than

pB-carotene 37), the rate of Car oxidation by P68&hould

be slower in the mutant, naturally resulting in the increased

ratio of Chl™ in the above view. Furthermore, it has been
observed that Cartrapped at low temperatures was replaced
with Chlz;* by warming up the PSIl sample to 120 R3

25,

38, 39. This observation is readily explained by the

capability of the electron transfer from Ghib Car" at higher
temperatures.
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