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ABSTRACT: Reaction center chlorophylls (Chls) in photosystems Il and | were studied in the isolated
thylakoid membranes of a cyanobacterivdxtaryochloris marinawhich contains Chlgl anda as the

major and minor pigments, respectively. The membranes contained PS | and Il complexes at a 1.8:1
molar ratio on the basis of the spin densities on the tyrosine D radical and the photo-oxidized PS | primary
donor (P740). In the presence of ferricyanide, laser excitation induced bleach at 725 nm that recovered
with time constants of 2as and 1.2 ms. The signal, designated P725, was suppressed by PS Il inhibitors
DCMU and hydroxylamine. The P725 spectrum was tentatively assigned to the absorption changes of the
special pair Cht, the accessory Chd, and the acceptor pheophytrin PS Il. The addition of ascorbate
induced the additional signal with a slow decay time constant of 4.5 ms. This signal showed a broad
bleach at 740 nm and shift-type absorption changes at around 707 and 685 nm, which were assigned to
the absorption changes of PS | special pair of €(#740), the accessory Cthland the primary acceptor

Chl a (Ag), respectively. Mechanisms and the evolution of the €hhsed reaction centers using far-red

light are discussed together with the amino acid sequences of PS Il D1 and D2 proteins.

Acaryochloris marinais a newly found unicellular cy- 700 nm red light absorbed by P680 and P700 are larger than
anobacterium that contains chlorophylls (Ghid anda as those of 806-860 nm far red light absorbed by the primary
the major (95%) and minor (5%) pigments, respectivély ( donor bacteriochlorophylls (Bchls) in anoxygenic photosyn-
3). The organism was isolated from colonial ascidians thetic bacterial2, 13). The high quantum energy of the light
collected in Palau in the Pacific Oceab—3) and grows absorbed by Ché has been assumed to be essential for the
photoautotrophically in an inorganic mediufcaryochloris function of PS Il that oxidizes water into molecular oxygen
species were also collected from red algae in Jagaon and reduces plastoquinone at the same time. However,

as a free-living organism in a salt lake in the USB). (All marinaundergoes oxygenic photosynthesis even withdChl
these species reside in cyanobacterial lineage based on théhat absorbs 766730 nm near-far-red lightlj.
genes of the ribosomal RNA3), tRNA (5), and antenna Chl d has a formyl group on the C13 atom of the chlorin

pigment 6—9) and proteins10). It is not yet clear whether  macrocycle ring and absorbs light above 700inmivo, in
all of them have Chtl in their photosystems | and Il (PS | contrast to Ché, which has a vinyl group at the C13 position
and II) reaction centers (RCs). (2, 16). The chemical properties of CHlare different from
A. marinahas a PS | RC that contains a @hllimer P740, those of Ch|a, as revealed by Chromatograp[& q_?) and
which was named after its peak wavelength, as the primary Raman studies1@, 19). A. marinacontains Chld, phyco-
electron donorX1). Until the discovery of P740, solar energy cyanin, Chla, and a trace amount of Cht as the
conversions in oxygenic photosynthesis in plants and cy- photosynthetic pigment2(20—22). Chld binds to both PS
anobacteria are known to be driven by the special pair of || and PS | proteinsg, 11) and to the 36-38 kDa antenna
Chla (12 13) (or its analogues, divinyl CHd (14) or Chl& polypeptides homologous tpcB (8, 10). The PS | RC
(15)) named P680 and P700, respectively, in the RC pyrified from A. marinacontained 140 Chtl and at least
complexes of PS | and Il. The quantum energies of680 gne Chl a per one flash-oxidizable P7401%). P740,
therefore, is most likely a special pair of Ghljudging from
T The work was supported by Grants-in-Aid for Scientific Research its optica| difference absorption Spectﬂa_x FTIR difference

to S.I. (No. 19370064) and to T.U. (18770030), and by a COE program
“Origin of Universe and Materials” to S.I. from the Japanese Ministry spectra 24, 25), and ENDOR feature2(). Chla seems to

of Science, Education, Culture, Sports and Technology. funCtiO_n as the primary acceptoroA23). The function of
*To whom correspondence should be addressed. Division of P740 in the intact untreated membranes, however, has not
Material Science (Physics), Graduate School of Science, Nagoya
University, Nagoya 464-8602 Japan. E-mail: itoh@bio.phys.nagoya- been reported yet. . .
u.ac.jp. Phone/fax: 81-52-789-2883. In PS Il, Chld functions as the major antenna, as shown
#Nagoya University. by studies of the fluorescence inductiof) (and action

§ University College London. SR
1 Abbreviations: Bchl, bacteriochlorophyll; Chl, chlorophyll; P740 spectrum of oxygen evolution in intact cellg7( 28). We

and P725, special pair of PS | and PS Il Aearyochloris marina reported the absorption change at 720 nm but not at 680 nm
respectively; RC, reaction center. in the ferricyanide-oxidized thylakoid membranes and as-
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sumed the function of Chd in PS 1l (29). Mimuro et al., on collected by centrifugation at 30§Gor 20 min. Pellets of

the other hand, assumed the primary donor of PS Il to be the cells were then dispersed in a medium containing a 50
P68Q based on the picosecond fluorescence kinetics in wholemM Tris-Cl buffer (pH 7.5) and 10 mM NaCl and washed
cells 30—32). They assigned a minor 680 nm fluorescence with the same buffer again. The cells were broken in a bead
band that decays slowly after laser excitation as the delayedbeater for 20 min (Biospec, Bartlesville) with 0.2 mm glass
fluorescence, and assumed the uphill energy transfer frombeads. After removing the cell debris and glass beads by
the antenna Chil to P680 80—32). The other groups, on  centrifugation at 300§for 20 min, the supernatant obtained
the other hand, demonstrated almost no uphill energy transfefwas centrifuged at 100@Cor 30 min. The precipitates that
from Chld to Chla (33), and the emission of millisecond  contained thylakoid membranes were resuspended and
delayed fluorescence from CHI(34). Chen et al. recently  washed again with the same medium to remove phycobili-
demonstrated the photoinduced reduction of pheophytin  somes. The membranes were dispersed in the same medium
in the crude PS Il core complex that contains about 20 Chl gnd stocked on ice or stored at80 °C until use. The

d per 2 pheophytira (35). Normal function of tyrosine Z  membranes that were frozen and thawed showed low activity
was also shown3f). Akiyama et al. showed that the of oxygen evolution.

thylakoid membranes @&&. marinacontained small amounts
of pheophytina and Chla at a molar ratio of 1:2 and
assumed them to be in PS Il R, (L7).

The absorption spectra of membranes at 77 and 290 K
were measured with a double beam double-monochromator

Very recently Tomo et al. reported the light induced spectrophotometer (UV-3100PC, Shimadzu, Kyoto) with a

changes in the FTIR and difference absorption spectrum in liquid nitrogen cryostat (DN9O, Oxford Inst, Oxford).

the isolated PS Il reaction center that contains D1, D2, CP43, Laser flash-induced absorption changes were measured
CP47, and several small polypeptides together with 3.0 Chl with a home-built split-beam double-monochromator spec-
a/55 Chld (37). Schlodder et al. also reported the absorption trophotometer with a 10 ns, 532 nm Nd:YAG excitation laser
changes in the PS Il enriched membranes that contained Chflash (Quanta-Ray LAB-130-10TH; Spectra-Physics, Cali-
d and a as the major and minor componen8), Both fornia) at 15°C with a time constant of s as described
studies treated thylakoid membranes witfdodecyls-p- previously (2). The excitations were performed at a low
maltoside to obtain the solubilized materials. Tomo et al. repetition rate of 0.25 Hz to attain the full oxidation/reduction
(37) assigned the special pair of PS Il to be a dimer of Chl of photoproducts in each dark interval between laser flashes.
d based on the light-induced 713 nm bleach and a 842 nmSamples in a glass sample cuvette (1 cm light path) were
positive absorption change, and the FTIR spectral changeslluminated by a measuring beam from a tungsten lamp
ascribable to formyl groups. The conclusion of the paper through a 15 cm monochromator (MC15, Ritsu, Asaka,
denied the former strong proposal of this group that the Japan) for 0.2 s during the measurement of the absorption
chemical identity of the special pair is P680 made of €hl  change after each 3.8 s dark interval. The laser-induced Chl
(30—32). They also offered a new assumption that @hl  fluorescence from the sample was eliminated by optical filters
function as the accessory Chls that give rise to the 670 nmand a second 30 cm monochromator (MC30, Ritsu, Asaka,
long-lived fluorescence. Schlodder et &@8), on the other  Japan) that was set a 2 nmwavelength resolution and
hand, detected the absorption decrease and increase at 435laced before a detection photomultiplier. The signals were
nm and 820 nm, respectively, and assumed the special paiaccumulated for 32256 times, as was required in each
to be either a Chla pair in agreement with the former measurement to increase the signal/noise ratio. The thylakoid
proposal of Mimuro et al.30—32) or a heterodimer of Chl  membranes were dispersed in a reaction medium containing
a/Chl d. They showed strong electrochromic shift of Chl a 50 mM Tris-Cl buffer (pH 7.5) and 20 mM NaCl to give
which they assumed to represent accessory Chls nearby then absorbance of 1.7 at 705 nm.

special pair and assumed one of them to function as the initial The ESR signals of P7400f PS | and the tyrosine D

electron donor, based on the absorption changes at room._ vical (Tyr-D signal) of PS Il were measured with an
temperature and at 77 K. These two papers are contradictoryx_band CV)\// ESR% ectrometer (ESR 200, Bruker, Germany)
as for the conclusion, and the light-induced difference P ’ ’ y

absorption spectra are significantly different from each other. at150K gs. d?ﬁcngedkelzewthed%)(. Ths Tyr-D S|gga}[Itht;7 40
Most of the data presented were not complementary too measured in he dark-adapted membranes, and the

except the FTIR data. The chemical identity of the electron signal was obtained as the light-minus-dark difference signal.
donor Chl as well as the function of Chl in PS Il of A. Measurements of the ESR signals were conducted at

marina thus, is still under debate. It is not clear whether Medulation amplitudef2 G and microwave power of 0.02

the discrepancies between the publicatiodd @8) might ~ MW at 150 K.
come either from the different measurement systems or from DNA sequencing of psbA gene was carried out using a

the different preparations. DYEnamicET Terminator Cycle Sequencing Kit (GE Health-
In this paper, laser-induced absorption changes werecare) and an automated DNA sequencer (ABI373A, Applied
measured in the suspensionsAofmarinathylakoid mem- Biosystems) and translated into amino acid sequence. We

branes, which were isolated without detergent treatment, obtained the psbA gene sequence from H. Miyashita
poised at different redox potentials to identify the pigment (personal communication) first and determined by ourselves
species that function in PS | and Il RCs. from A. marinagenome (T.U. in DDBJ with an accession
No. AB303650). The psbA and psbD gene sequences can
MATERIALS AND METHODS be also available by BLAST searches in “Phototrophic
A. marinacells were grown under white fluorescent light Prokaryotes Sequencing Project” (http://genomes.tgen.org/
at 20umol/cn? for 4 days as described previouslylf and blast.php).
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tyrosine-D radical in isolated thylakoid membranesAofmarina
The Tyr-D signal was measured in dark-adapted membranes. TheFicure 2: Time courses of the flash-induced absorption change at
P740 signal was obtained as the additional signal induced by different wavelengths in the thylakoid membranesAofmarina
illumination at 150 K and is shown as the light-minus-dark under oxidizing (A) and reducing conditions (B). A. In the presence
difference spectrum. The reaction medium contained a 50 mM Tris- of 1 mM potassium ferricyanide. B. Upon further additions of 10
HCI buffer (pH 7.5). Conditions for the measurement of ESR: mM sodium ascorbate and M phenazine ethosulfate. Signals
modulation amplitude, 2 G; microwave power, 0.02 mW at 150 K. were induced by a 532 nm, 10 ns laser flash given at 0.25 Hz. The
reaction medium contained a 50 mM Tris-HCI buffer (pH 7.5).
Measurements were conducted as described in Materials and

Methods at 10C.
— (1) 0.03ms
ﬁ(Z) 0.15 msj
M

oxidized
condition

RESULTS

ESR Signals of PS Il Tyrosine D Radical and PS | P740
in Thylakoid Membranes of A. marin@he isolated thylakoid
membranes of. marinashowed typical ESR signals of the
tyrosine D radical in PS Il in the dark, as well as the light-
induced P740 radical on PS | at 150 K (Figure 1). Both
signals were measured at the nonsaturating microwave power
to correctly estimate their contents. Spin density on each
component was calculated by the integration of each signal.
The membranes are calculated to contain PS | and PS I
complexes at a molar ratio of 1.8:1. The membranes 2 0.15ms
contained Chtl as a major pigment as seen in the absorption 05T el el =T '10(')
spectrum measured at 290 and 77 K (see Figure 6D). The Time after laser excitation (ms)
absorption spectrum at 77 K showed a main peak at -713 anIGURE 3: Plots of the flash-induced absorption changes at 740
and shoulders at 703 and 730 hm due to @labsorption nm and at 725 nm versus logarithms of time after the flash
bands, and showed no specific peak of €ht around 676 excitation: (a) at 740 nm measured in the presence of 10 mM
680 nm. sodium ascorbate andiM phenazine ethosulfate; (b) at 725 nm

Kinetics of Light-Induced Absorption Changde ab- measured in the presence of 1 mM potassium ferricyanide. Note
that the amplitudes of the negative absorption changes were shown

sorption changes induced by the excitation of a 10 ns, 532|n positive directions to show the decay kinetics clearly in (a) and
nm Nd:YAG laser flash were measured . marina (b). Inset: difference absorption spectra measured at (1) 0.03 and
thylakoid membranes (Figure 2). The absorption changes(2) 0.15 ms after the flash excitation in the presence of 1 mM
were first measured in the presence of ferricyanide, which potassium ferricyanide.

preoxidizes P740 and suppresses its flash-induced absorption

change. The photoreaction detected under this condition, To confirm the PS | activity in the same thylakoid
then, could be mainly due to PS Il, since the oxidant has membrane, absorption changes were measured after addition
almost no effect on the photoreaction of PS Il primary donor, of 10 mM ascorbate as a reductant angNl phenazine
which should have an extremely positi&, of around ethosulfate (PES) as a mediator in addition to ferricyanide.
+1000 mV. Triplet states of antenna Gthlor carotenoids  Under this condition, photoreactions in both PS I and Il could
might also give ferricyanide-insensitive absorption change. be observed since the primary donors of PS | (P740) and Il
The time courses of absorption change at typical wavelengthswere in the active prereduced forms. The laser excitation
are shown in Figure 2. The laser excitation induced large induced a new signal with a large negative change at 740
negative and positive absorption changes at 72%fd 715 nm (Figure 2B), which was recovered in a single decay phase
(+) nm, respectively, while almost no changes were observedwith a time constant of 6.3 ms. Note that the time axis in
at 680 and 740 nm (Figure 2A). In the traces, the contribution Figure 2B (with a 2.5 ms bar) is five times longer than that
from the laser-induced fluorescence, which gave negative of Figure 2A to cover the slow kinetics. (See Figure 3 for
spikes within 7us under present experimental conditions, the comparison of kinetics at 740 and 725 nm.) The bleach
was omitted. The kinetics of signal recovery at 725 nm was and recovery at 740 nm indicates the photo-oxidation and
composed of fast and slow phases with time constants of 25rereduction of P740, as reported in the isolated PS | complex
us and 1.2 ms, with relative initial extents of 2.1 and 1.0, of this organism 11). The rereduction rate became slower
respectively. at the lower PES concentrations to around 30 ms (not shown).

a, at 740 nm, reduced

o
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b, at 725 nm, oxidized
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Ficure 4: Effects of DCMU and hydroxylamine on the absorption
change at 725 nm {&c) and at 715 nm (d) in thylakoid membranes
of A. marinaunder the oxidizing condition: a, no addition; b, with 40 500 600 700 800
0.05 mM DCMU; ¢ and d, with 5 mM hydroxylamine at 725 and Wavelength (nm)
715 nm, respectively. The reaction medium contained a 50 mM Ficure 5: Difference spectra of flash-induced absorption changes
Tris-HCl buffer (pH 7.5) and 1 mM ferricyanide. Other conditions in thylakoid membranes of. marina under oxidizing (a) and
were similar to those in Figure 2. reducing conditions (b): a, difference absorption spectrum of P725
measured at 0.1 ms after laser excitation in the presence of 1 mM
At 715 nm, the positive change, which was detected with POthSium_ ferﬂcyanide; b, difftf%rtlegce z:/lbsorgt_ion Spethlém mslfilsufed
: : : at 3 ms in the presence o mM sodium ascorbate
ferricyanide alone_, was repla_lced by the negative change. At henazine ethosulfate, and 1 mM potassium ferricyanide. c:
725 nm, the amplitude was increased and the recovery ratepjfterence absorption spectrum of P740 calculated as-(6).25
became slower compared to those detected in the ferricya-x b). Data points were calculated from experiments as in
nide-oxidized condition. The 725 nm recovery showed an Figure 2.

additional slow 6 ms phase together with the fast 1.2 ms
phase at relative amplitudes of 1.0 and 0.64, reSpeCtIVely'lamine is known to inhibit the electron donation to PS Il by

The faster component with a 26 time constant was also . 4
seen in the expanded time scale as shown in the right sidedeStrOyIng manganese cluster and to make the rereductlon
panel. The faster two components were, thus, almost of the PS Il electron donor too fast to be detected being as

comparable to those detected in the presence of ferricyanide? "eductant by itself3g). Under this condition we, however,

alone. Therefore, the absorption change detected in thedﬁteCteOI only a k?[roa((jzl é)I?acth (;it ;Iomtlr? nm a?_ the SlOW i
reduced condition also includes the one detected in thephase compon;er;la5n etecedonT);] eI negah|vea sr?rp 'og
presence of ferricyanide. change even a nm (trace d). The slow phase enhance

by hydroxylamine was DCMU-insensitive. The addition of

hWe corr;)pared Ejhe dgcay lﬂn?tics "?“h74h° hm detected underhydroxylamine, therefore, seemed to have enhanced the flash-
the ascorbate-reduced condition with that at 725 nm mea-j,ced bleaching of bulk Ch.

sured under the ferricyanide-oxidized condition in more detail
in Figure 3. The former showed only a slow decay with a changes at 725 and 715 nm, respectively, seem to be

time constant of 6 ms with no fast decay phase, while the ysqqciated with the donor side of PS II function, namely,
latter showed two decay phases with time constants of 25the oxidation of electron donor in PS Il RC. It is also
Hs and.1.2hmslas descnped abovel. Thehplort] of tr:je extenlts atsuggested that the damages on the PS Il donor side affect
30 us in the latter against wavelength showed complex e yinetics and extent of the 725 nm absorption change too.
spectra with negative and positive peaks (Figure 3 inset). tyq ya5iq ahsorption change at 725 nm was rather unstable

The difference spectrum essentially confirms the one previ- 54 hecame smaller after the long period of measurement
ously measured under similar conditior29); The plot of even at 15C

the extents at 150s showed a similar spectrum indicating Difference Spectra of P740 and P72Ehe extents of the
the major function of the same component, though with a absorption changes at 0.1 ms after the laser excitation

little lower relative intensity of positive peak at 715 nM. oaqired under the ferricyanide-oxidized condition were
Effects of PS Il Inhibitors on the Kinetics at 725 nim. lotted against Wave|ength in a wider Wave|ength range
order to see the relation of the absorption change detecteqFigure 5a). Samples were replaced each-0.5 to avoid
in the ferricyanide'OXidized condition to the PS Il aCtiVity, photodamage during the measurement. The difference spec-
we tested the effects of PS Il inhibitor DCMU on the 725 trym gave peaks at 671§, 684 (+), 700 (), 715¢), and
nm kinetics (Figure 4). Fresh thylakoid membranes showed 725() nm and small broad positive changes at 7860
fast decay kinetics at 725 nm. Addition of 0.05 mM DCMU nm with a S||ght hump at around 840 nm. The data points
decreased the extent of the 725 nm absorption change to bgyelow 500 nm showed 430~ and 475 ¢) small shifts
almost a half without significant changes in the kinetics. The ajthough the peak heights were less accurate due to the
result is as expected because DCMU is expected to inhibit effects of overlapped ferricyanide absorption. We designated
the reoxidation of photoreduced electron acceptor plasto-this spectral component as P725, which could represent the
quinone Q and to decrease the extent of photoactive PS Il absorption changes of the electron donor pigment of PS II
under the repetitive flash excitations. RC in A. marina
Figure 4 also shows the effect of hydroxylamine. This  Absorption changes measured in the presence of ascorbate
treatment eliminated the fast decay phase and increased thand PES were also plotted (Figure 5b). The slow decay phase
extent of absorption decrease at 725 nm in the slower decaycould be due to P740. The extent at 3 ms was taken as data

N T el W
| 0.005 AA
—

phase. This is opposite to the expectation because hydroxy-

The fast absorption changes with the negative and positive



Chl d Functions in PS | and Il RCs dkcaryochloris Biochemistry, Vol. 46, No. 43, 20072477

point to minimize the contribution of P725 that decays faster.

The difference spectrum gave peaks at 459, 473 (+), g" A'l?;;;";vi}{";;{“ of et
678 (+), 690 (), 702.5 @), 713 (), 718 (+), 728 (), S

and 740 ) and a broad positive change above 776 nm with P .

a slight hump at around 840 nm. The spectrum almost agreed 2 2

with that of P740, which has been reported in the isolated é

PS | RC complex11), except for a sharp shoulder peak at
728 nm. The 728 nm feature was more prominent at a shorter
time range, which suggested it to be contributed by the
absorption change of P725. In order to eliminate the
contribution of residual P725 signal, we estimated its
contribution based on the ratio of extents at 0.1 ms to that
at 3 ms of P725 signal in Figure 3, and then the 25%
amplitude of spectrum (a) was subtracted from spectrum (b),
to give spectrum (c). In the spectrum thus calculated, the
728 nm shoulder was lost and the shift at 743/{18 (+)
became more prominent showing the characteristic of the
P740/P740 spectrum.

A comparison of the P740 difference spectra (see Figure
6B and C) with the absorption spectra of the thylakoid e A A
membranes measured at 290 and 77 K indicates that the D. Abs. spectrum
pigment species of P740 is one of the longest wavelength- of thylakoids
absorbing Chld among all the Chld molecules in the
thylakoid membranes. In the P725 difference spectrum (see
Figure 6A), on the other hand, the pigments longer than 740
nm were not involved.

B. deconvolution of ™
P740 dif. sp. i

Absorbance change
>

Absorbance

>

290K~/

Absorbance

0 . . . . . . . . . ".-.. > ' .
640 660 680 700 720 740 760 780
Wavelength (nm)

Ficure 6: Analysis of the difference spectra of P725 (A), P740
Absorption Changes in Thylakoid Membranes of A. (B and C), and the absorption spectra of the thylakoid membrane
marina. Isolated thylakoid membranes @ marina con- measured at 290 and 77 K (D): A, deconvolution of the difference

. . . spectrum of P725 obtained in Figure 5a (solid line) with the
tained PS I and Il complexes at a molar ratio of 1.8:1 as iy lated component Gaussian curves (dotted lines); B, deconvo-

determined by ESR measurement. In the presence of ferri-jytion of the difference spectrum of P740 (closed circles and a solid
cyanide, the laser flash induced an immediate bleach at 725line) obtained in Figure 5c as the sum of the component Gaussian
nm that was followed by a biphasic recovery with time curves (dotted lines); C, simulated absorption spectra of the core

; ; ; pigments (a solid line) in PS | as the sum of the negative bands
constants of 2%s and 1.2 ms. The signal intensity was (dotted lines) estimated in B, which are estimated to represent P740

decreased to about a half by adding DCMU, which is known 4 "¢y “accessory pigments (b), and electron acceptor pigments A
to bind at the secondary plastoquinong)@inding site and  (a); D, absorption spectra of isolated thylakoid membranes. of

to suppress the PS Il charge separation under repetitive flasimarinameasured at 290 (dotted line) and 77 K (solid line). In the
excitation, as done in the present study, due to the accumulaneasurement of the absorption spectra, glycerol was added to give

: = : . 1 i« a final concentration of 60% to the reaction medium containing
tion of Qa™. On the other hand, hydroxylamine, which is Tris-HCI 50 mM (pH 7.5). The parameters of each Gaussian

known to destroy the manganese complex, depleted the fastomponent (peak wavelength in nm, peak height in relative unit,
decay phase and increased the slow recovery phase thaandwidth in crm?) are as follows. In A, a (669.3 nm;33, 668
was insensitive to DCMU. These results suggest that cm™), b (700.3 nm-49, 326 cm?), ¢ (717.5 nm, 78, 222 cm),

P725 difference spectrum measured as the extent of the 25 (;24'%5%“2’}?'—%3,25(:%2’ ‘";‘T?ld %(762862-88 2%‘:_3454 %%?L Cm)'
us phase represents the absorption change associated Witb1(7’0§_(4 nm—100. 265 le;: b')'(7o(5.o hm+98. 241 crr(;l) )C’

PS 11, namely, the rereduction of the electron donor Chl by (712.0 nm,—45, 250 cm%), and d (739.7 nm+-82, 582 cnt?). In
tyrosine Z. C, a (685.0 nm;+54.5, 270 cm?), b (707.4 nm;+100, 265 cm?),
When P740 was prereduced by the external reductants,® (712.0 nm;+45, 250 cm?), and d (739.7 nm-82, 582 cn?).
an additional slow (6 ms) kinetic phase appeared due to P740+0 the oxidized electron donor, because (1) a slight increase
The photo-oxidized P740was rereduced by PES most ahove 740 nm with a slight hump at around 840 nm suggests
likely, rather than by FeS clusters under the present formation of a Chl cation, (2) theite inhibitors decreased
experimental condition because the slower recovery wasthe amplitude with little effects on the kinetics, (3) the signal
detected at 740 nm in the absence of PES. In isolated PS lamplitudes saturated at a moderate laser power, and (4)
complex of this organism, P74Qvas rereduced by the iron  hydroxylamine abolished the extent of fast phase and induced
sulfur centers k/Fg with a time constant longer than 20 ms  the flash-induced bleaching. We, therefore, assume that P725
(11, 25). represents the reaction of PS Il electron donor that is either
Difference Spectrum of P72EK can be argued that the the special pair Chls or the accessory Chls adjacent to the
difference spectrum of P725 might also contain nonspecific special pair. It has been known that P680 in PS Il is
absorption changes, such as the bleaching of antenna pigmenereduced by Tyr-Z rapidly with a time constant of-2360
and/or the formation of triplet state. The major 25 ns depending on the S state®0) and mainly with time
decaying absorption change, however, seems to be attributedonstants of 1.4 and 32 in the Mn-depleted PS IBJ). It

DISCUSSION
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seems that we measured a slow rereduction phase of PS Ikt al. 38) and shown rather low negative changes at-670
electron donor Chl in the inactivated PS Il in the thylakoid 680 nm. On the other hand, the difference spectrum obtained
in the present study because the membranes stored frozebhy Tomo et al. 87) showed positive changes until 842 nm
had very low oxygen-evolving activity. The bleaching and a bleaching peak at 713 nm only with little shift type
induced by hydroxylamine may indicate either the triplet nature. An absorption change below 690 nm was not shown
formation or oxidation of Chtl although it still remains to ~ (37). Their result is, therefore, also somewhat different from
be studied. the one in Figure 6A. The light-induced FTIR difference
To examine the spectral features of special pair and nearbyspectrum in this preparation suggested the band shifts of
pigments in PS Il ofA. maring the difference spectrum of  formyl groups in support of the view that Ctlldimer to be
P725 was deconvoluted into some Gaussian spectral comthe PS Il special pair. Then it might be assumed that the
ponents (Figure 6A). The deconvolution process was donespectral shape3() different from the one in Figure 6A is
in analogy to that in spinach PS | R@J). The calculated  caused by the action of detergent treatment. The 725 nm
components were negative bands at 725 (trace e), 701 (tracéoleach peak in Figure 6A might be shifted to the one at 713
b), and 669 (trace a) nm and a shift at 7#)/725 (—) nm nm by the severe detergent treatme3i)( Tomo et al. 87)
(traces ¢ and d). The bands above 700 nm seem to bealso proposed the contribution of Chlas the accessory
assigned to Chil, and those below 700 nm to either Chl pigments,. However, the P725 spectrum in Figure 6A gives
or pheophytina. The shift at 717/724 nm, then, might be low contribution of Chla in the red Qy region. It should be
assigned to the electrochromic shift of accessorydChle also noted that the millisecond delayed fluorescence is
tentatively assigned the negative bands at 725 nm and/or 70lemitted only from Chld but not from Chla in the intact
nm together with a broad positive change at around 840 nmcells of A. marina(34) contradictory to the assignment of
to the special pair Chil dimer and the band at 670 nm to (delayed) fluorescence from Chl(37).
the acceptor pheophytim The assignments of special pair As a consensus of previous worB5 37, 38) and the
and the accessory CHIimight be opposite because the red- present study, pheophytanis concluded to function as the
most Chla in PS Il was proposed to the accessory &l electron acceptor. It seems also clear that the PS A.of
Synechocystift1). We still lack additional evidence for it. ~ marinauses Chd as the major antenna pigment and uses it
The broad 670 nm band might also contain a mixture of side either in the special pair (this work an@7) or as the
bands of longer-wavelength Ctiimolecules. The possibility  accessory pigment38), which functions as the primary
of function of P680 (Chhk pair) is rather unlikely because electron donor 38). The role of Chla, however, has not
the amplitude of 670 nm band is low, although this possibility been clearly determined on concrete evidence yet because
cannot be totally eliminated. It seems more probable that the result in the present study and those reporgad 38)
this band reflects the absorption change (electrochromic shift)show some but rather low contributions of Chlin the
of the acceptor pheophytithat is usually unclear because difference absorption spectrum. It is clear that PS Il in this
of overlap of P680 change in Clatbased PS I. Another organism is very different from those of the other oxygenic
less probable possibility may be that the special pair is madeorganisms that use Clal
of a heterodimer of 725 nm Chl and 701 nm Chla. We studied the amino acid sequences and structure of PS
However, if a Chla exhibits the absorption peak at 701 nm, Il core polypeptides D1 and D2 of this organism to consider
it should have a strong interaction with another Chl molecule the roles and binding sites of Chdsandd. The sequences
as seen with Chd molecules in P700. A CHd in the binding of A. marina(see Appendix) keep high homologies with
site almost homologous to that of P680 will not show the those in the other cyanobacteria. All the specific amino acid
701 nm long wavelength peak because the &imolecules residues that are the ligands for or in contact with the
in P680 are assumed to be weakly coupled each o#tigr ( cofactors are well conserved except for the modification of
The P725 spectrum resembles that reported by Schloddethe highly conserved D1 phenylalanine 206 that is in contact
et al. 38) measured in the detergent-treated PS Il enriched with pheophytina to leucine inA. marinaas shown in Figure
fraction at room temperature or at 77 K, although the peak 7. The modification suggests some effects on the pheophytin
positions and relative peak heights are somewhat different.redox properties as suggested 8Y)( The results suggest
Schlodder et al.38) assumed the PS Il special pair to be that Chld can bind to most of the Cla binding site rather
made of a Chh dimer or a Chla/Chl d heterodimer based easily without significant modification of amino acid resi-
on the results that the absorption change shows a small bleacllues. The serious discrepancy in the literat@i& 88) might
at 430 nm as shown in Figure 6A and the cation peak at partially come from the detergent treatment that modifies
around 820 nm but not at 8450 nm that is expected for the pigment situations.
a Chld dimer as seen in the absorption change of P740 in  Analysis of the Difference Spectrum of P740e calcu-
PS I. They assigned the shift type spectrum centered at 723ated difference spectrum of P74@740 in thylakoid
nm as seen in the present study to be accessond @t membranes showed a bleach at 740 im and blue shifts
accumulates excitation energy and functions as the electronat 705 and 685 nm (Figure 6B), which are consistent with
donor in the primary charge separation. The difference the difference spectrum of P74®740 measured in the
spectrum of P725 in Figure 6A also shows a small peak atisolated PS | complexi{l). The spectrum could be contrib-
430 nm too. However, the absorption changes at arounduted from absorption bands of the special pair, accessory,
660—-680 nm, at which wavelength Chlis expected to give  and primary acceptor Chls. The overall spectrum was also
significant contribution, is rather low in Figure 6A. Therefore, deconvoluted into Gaussian components as done in the
it seems rather difficult to assume Ghpair to be the special P725/P725 spectrum (Figure 6A). The spectrum was
pair. Figure 6A shows the positive absorption changes deconvoluted into a major negative band at 740 m
elongated to 850 nm in contrast to the result by Schlodder (Figure 6B, trace d), two blue shifts at 705){(707 ()
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TLeu293 -4 » i i
N gl Mn cluster central cores of PS | and PS Il reaction centerd\céryochloris
4 a0k 4 marina based on the results of simulation in Figure 6. It is also
. Tt noted that the assignment of special pair and accessory Chls in PS
Il still is a matter of argument as seen in re8¥,(38).

. . . . . : and/or 701 nm, accessory Ctilmolecules with a peak at
FiGurRe 7: Amino acid residues unique fé. marinaD1 and D2 dthe el h hatizith K
sequences. 7 residues that are conserved in other cyanobacteria are?0 "M, and the electron acceptor pheophgtwith a pea
shown in space filling models superposed on the structure of PS Il at 670 nm. It seems also probable to assign the red-most
of Thermosynechococcus elongafuSee Appendix for the se- 725 nm peak to the accessory @hés was the case in the
quences oA. marinaD1 and D2 polypeptides. other Chla-based PS 1141). On the other hand, the PS |
RC seems to contain a dimer of Cihlas P740, accessory
Chl d molecules with peaks at around 707 nm, and &hl
with a peak at 685 nm as the electron acceptoriAgure 8
shows schematic drawings of the pigment arrangements we
propose, although the estimations are still tentative as for

S , PS Il and require more confirmations.

The spectral patterns of the light-induced difference i )
spectrum and the ground state spectrum of P740 resemble !N A- marinathe light energy captured by antenna @hl
the corresponding spectra of P860 in RC of purple photo- molecules is funneled into P725 or P740. The quantum
synthetic bacteria, respectivel2). The difference spectrum ~ €N€rgy of photons at 725740 nm is #-10% lower than
of P860 is known to be composed of the bleach of a special tN0Se at 686700 nm, which are absorbed by P680 and P700
pair at 860 nm, the blue shifts of accessory BChis at 800 In all the other oxygenic photosynthetic systems. InAhe
nm, and the red shift of the primary acceptor bacteriopheo- MarinaPS 1, the low energy level of P740* was shown to
phytin at 750 nm 42). In analogy to P860, the difference P& compensated by the 100 mV negative shitgbf P740
spectrum of P740 may be interpreted as the bleach of speciafompared to that of P70a.). In PS I, if the Ey of P725
pair at 740 nm, the shift of accessory Chl at 707 nm, and iS more negative than that of P680, then, P725* will be
the shift of the acceptor Chl at 685 nm. The special pair can Producing the reducing power equivalent to that of P630*.
be made of Cht dimer with a slight hump at around 740 However, it will de_crease the energy gap l_)etween the redox
nm, as has been assigndd,(23, 25) (or a dimer of Chld potentials of tyrosine Z and P725, and will slow down the
and Chid, in analogy to P700 as proposef))( We also reduction rate of P725and might lead to the lower oxygen
propose that the 707 nm band represents the accessory CHgvolution activity as argued previousI29-32). The oxida-
d and that the 685 nm band represents the acceptoaChl tion rate of tyrosine Z, however, seems to be almost the same
(Ao). The role of Chla as A, was suggested based on the as that of the Ché-type PS Il 86). On the other hand, if
results that one Chd was found per P740 in the isolated PS the En of P725 is almost equal to that of P680, the effective
| complex (L1) and that the fast rise and decay of the 680 redox potential of P725* should be more positive than that
nm pigment was assigned te i the picosecond absorption of P680*. This may result in the smaller driving force for
spectroscopy 23). A comparison of the P740 spectra in the electron transfer to the acceptor pheophgtiand may
Figures 6B and C with the absorption spectra of thylakoid lead to the higher probability of the charge recombination
membranes in Figure 6D indicates that P740 is the longestreaction that leads to the higher loss of quantum energy.
wavelength-absorbing Clil species in this organism. Itis Some modifications in the residues nearby the acceptor
interesting that the Chd in PS | RC and in the antenna give  pheophytin, as shown in the mutagenesis studies in PS Il
absorption bands at wavelengths longer than those of PS 11(44, 45) or in Figure 7 that shows modifications of amino
in this organism and that P740 appears to be the longest-acid residues unique . maring might also work to modify
wavelength-absorbing Chl in PS | of this organism. It  the redox levels of the cofactors, though the other parts of
interprets no long-wavelength fluorescence in the isolated amino acid sequences of D1 and D2 polypeptidesAof

(traces b b) and 683 £)/685 (—) (traces § a) nm and a
minor negative band at 712-j nm (trace c). The inverse of
sum of all negative bands (traces a, b, c, d), then, will produce
the absorption spectrum of photoactive pigments at the
ground state (Figure 6C).

PS | RC complex43).

Mechanism of Photoreactions in A. marinBhe results

in the present study suggest that the PS Il RCAo&ry-

d (or a heterodimer of Chil and Chld") with a peak at 725

marinaare very similar to those in other cyanobacteria. We
detected the Chd delayed fluorescence from this organism
at an intensity almost comparable to that from ordinary
ochloriscontains the electron donor made of a dimer of Chl cyanobacteria, suggesting the high quantum efficieBdy. (
Further study to determine the redox potential of each
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component is necessary to understand the energetics in PS We obtained this sequence from H. Miyashita (personal

Il RC of A. marina

Chlorophyll d and the Eolution of Oxygenic Photosyn-
thesis.The quantum energy of light absorbed by @ftlype
RCs (P740 and P725) is 1-4.7 eV and is an intermediate
between those of light absorbed by CGhtype RCs (1.80
and 1.77 eV in PS Il and PS I, respectively) and BGhbr
BChl a-type RCs in anoxygenic photosynthetic bacteria
(1.6-1.4 eV). Although the Chil-supported photosynthesis
might be taken as a missing link in the evolution from
anoxygenic to oxygenic photosynthesis judging from the
near-far-red absorption band of Ghi(1—3, 11—13), gene
analysis put this organism to be amid of cyanobacteja (

It can be speculated that the immediate ancestér ofaring
which had Chla-type oxygenic photosynthesis, created a
biosynthesis pathway of Cllfirst, and then, the Chd was
replaced by Chtl in both PS | and PS Il followed by some
adaptive optimization through some slight modifications of
pigment proteins.

The successful use of Cllin A. marinamust be attained
through a unique molecular feature of @hlwhich not only
has high affinities to the pre-existing Cabinding sites in
the RCs 46) and antenna proteins8{10) but also has
appropriate optical and redox properties suitable to replace
the functions of Ché, especially as the energy sinks/special
pairs to accumulate the excitation energy from the other
pigments. It makes a clear contrast to the situation oftChl
which is more widely distributed among plants and cyano-

bacteria but has never been used as the special pair in the

natural as well as artificial systems such as that in the

cyanobacterial mutant that was transformed to oversynthesize

Chl b (47). Chl b neither functions as the energy sink for
Chl a and phycocyanin nor has the high affinities to the Chl
a-binding sites on the RC proteins. The QGhbased PS |
and PS Il ofA. marinaalso indicate the high flexibility/
adaptability of oxygenic photosynthesis.
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APPENDIX: AMINO ACID SEQUENCES OF D1
AND D2 PROTEIN IN A. MARINA

Predicted helix regions are shown by underlines. Bold
characters indicate unique residue modification sites shown

in Figure 7. Numbers and residues in brackets represent
consensus sequences found in the other 40 (D1) or 20 (D2) 10.
species of cyanobacteria. Numbers correspond to those in

T. elongatussequence. o _
An amino acid sequence of D1 protein A& marina:

MTTVLQRRESASAWERFCE&(W20)ITSTNNRLYIGWF-
GVLMIPTLLTAVTCFVIAFIGAPPVDIDGIREPVAGSL-
LYGNNITGAVVPSSNAIGLHL(F93)YPIWEAASLDEWL-
YNGGPYQLIIFHY(F119MIGCICYLGROQWEYSYRLGMRP-
WICVAYSAPLAATYSVFLIYPLGQGSFSDGMPLGISG-
TENFMFVFQAEHNILMHPFHMFGVAGVL(F206)GGS-
LFAAMHGSLVSSTLVRETTEGESANYGYKFGQEEETY-
NIVAAHGYFGRLIFQYASFSNSRSLHFFLGAWPVVCIW-
LTAMGISTMAFNLNGFNFNHSIVDSQGNVVNTWADV-
LNRANLGFEVMHERNAHNFPLDLAAGESAPVALTAPVING.

communication) first and determined by ourselves frAm
marinagenome (T.U. in DDBJwith accession No. AB303650).
The sequence can be also available by a BLAST search in
“Phototrophic Prokaryotes Sequencing Project” (http://ge-
nomes.tgen.org/blast.php).

An amino acid sequence of D2 protein A marina:
MTVALGRVQERGWFDVLDDWLKRDRFVFIGWSGLL-
LFPCAFLSIGGWFTGTTFVTSWYTHGLASSYLEGCNF-
LTAAVSTPADSMGHSLLLLWGPEARGDFTRWCQLG-
GM(L110)WNFVTLHGAFGLIGFMLRQFEIARLVN(G137VRPY-
NAVAFSGPIAVFVSVFLMYPLGQSSWFFAPSWGVAS-
IFRFLLFVQGFHNLTLNPFHMMGVAGILGGALLCAIHGATVE-
NTLFEDTKDANTFSGFSPTQSEETYSMVTANRFWSQI-
FGIAFSNKRWLHFEMLFVPVTGLWASAIGLVGIALNM(L293)-
RAYDFVSQEIRAAEDPEFETFYTKNILLNEGLRAWMA-
PQDQIHENFVFPEEVLPRGNAL.

The sequence was obtained by a BLAST search in
“Phototrophic Prokaryotes Sequencing Project” (http://ge-
nomes.tgen.org/blast.php).

REFERENCES

1. Miyashita, H., Ikemoto, H., Kurano, N., Adachi, K., Chihara, M.,
and Miyachi, S. (1996) Chlorophydl as a major pigmentlature
383 402.

. Miyashita, H., Adachi, K., Kurano, N., lkemoto, H., Chihara, M.,

and Miyachi, S. (1997) Pigment composition of a novel oxygenic

photosynthetic prokaryote containing chlorophylas the major

chlorophyll Plant Cell Physiol. 33274—281.

Miyashita, H., Ikemoto, H., Kurano, N., and Miyachi, S. (2003)

Acaryochloris marinagen. et sp. Nov. (Cyanobacteria), an

oxygenic photosynthetic prokaryote containing @tds a major

pigment,J. Phycol. 39 1247-1253.

Murakami, A., Miyashita, H., Iseki, M., Adachi, K., and Mimuro,

M. (2004) Chlorophylld in an epiphytic cyanobacterium of red

algae,Science 3031633.

5. Miller, S. R., Augustine, S., Olson, T. L., Blankenship, R. E.,
Selker, J., and Wood, A. M. (2005) Discovery of a free-living
chlorophyll d-producing cyanobacterium with a hybrid proteo-
bacterial/cyanobacterial small-subunit rRNA geepc. Natl.
Acad. Sci. U.S.A. 10B50-855.

6. Schiller, H., Senger, H., Miyashita, H., Miyachi, S., and Dau, H.
(1997) Light harvesting if\caryochloris marina Spectroscopic
characterization of a chlorophyll-dominated photosynthetic
antenna systenkEBS Lett. 410433—-436.

. Akiyama, M., Miyashita, H., Kise, H., Watanabe, T., Miyachi,
S., and Kobayashi, M. (2001) Detection of chlorophglland
pheophytin a in a chlorophytl-dominating oxygenic photosyn-
thetic prokaryotgAcaryochloris marinaAnal. Sci. 17205-208.

. Chen, M., Quinnell, R. G., and Larkum, A. W. D. (2002) The

major light-harvesting pigment protein 8icaryochloris marina

FEBS Lett. 514149-152.

Chen, M., Bibby, T. S., Nield, J., Larkum, A. W. D., and Barber,

J. (2005) Structure of a large photosystem Il super complex from

Acaryochloris marinaFEBS Lett. 5791306-1310.

Chen, M., Hiller, R. G., Howe, C. J., and Larkum, A. W. D. (2005)

Unique origin and lateral transfer of prokaryotic chlorophyll-

and chlorophylld light-harvesting system#fol. Biol. Evol. 22,

21-28.

Hu, Q., Miyashita, H., lwasaki, I., Kurano, N., Miyachi, S., lwaki,

M., and ltoh, S. (1998) A photosystem | reaction center driven

by chlorophylld in oxygenic photosynthesi®roc. Natl. Acad.

Sci. U.S.A. 9513319-13323.

Blankenship, R. E., and Hartman, H. (1998) The origin and

evolution of oxygenic photosynthesitrends. Biochem. Sci. 23

94—-97.

Itoh, S., lwaki, M., and lkegami, I. (2001) Modification of

photosystem | reaction center by the extraction and exchange of

chlorophylls and quinone®iochim. Biophys. Acta 1507215~

138.

Chisholm, S. W., Frankel, S. L., Goericke, R., Olson, R. J., Palenik,

B., Waterbury, J. B., West-Johnsrud, L., and Zettler, E. R. (1992)

3.

4.

9.

11.

12.

13.

14.



Chl d Functions in PS | and Il RCs dkcaryochloris

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Prochlorococcus marinusov. gen. nov. sp.: An oxyphototropic
marine prokaryote containing divinyl chlorophylandb, Arch.
Microbiol. 157, 297—300.

Kobayashi, M., Watanabe, T., Nakazato, M., Ikegami, |., Hiyama,
T., Matsunaga, T., and Murata, N. (1988) ChloroptayIP-700
and pheophytina/P-680 stoichiometries in higher plants and
cyanobacteria determined by HPLC analy&igchim. Biophys.
Acta 936 81—89.

Evstigneev, V. B., and Cherkashina, N. A. (1970) Isolation of
chlorophylld from the algaGrateloupia dichotomaBiokhimiya

35, 48-52.

Akiyama, M., Miyashita, H., Kise, H., Watanabe, T., Mimuro,
M., Miyachi, S., and Kobayashi, M. (2002) Quest for minor but
key chlorophyll molecules in photosynthetic reaction centers
Unusual pigment composition in the reaction centers of the
chlorophylld-dominated cyanobacteriudcaryochloris marina
Photosynth. Res. 747—-107.

Lutz, M., and Kleo, J. (1974) Raman resonance diffusion of
chlorophylld, C. R. Seances Acad. Sci., Ser. D, 2I/213-1416.
Cai, Z. L., Zeng, H., Chen, M., and Larkum, A. W. D. (2002)
Raman spectroscopy of chlorophglfrom Acaryochloris marina
Biochim. Biophys. Acta 15569—91.

Marquardt, J., Morschel, E., Rhiel, E., and Westermann, M. (2000)
Ultrastructure ofAcaryochloris marina an oxyphotobacterium
containing mainly chlorophyHi, Arch. Microbiol. 174 181-188.

Hu, Q., Marquardt, J., lwasaki, |., Miyashita, H., Kurano, N.,
Morschel, E., and Miyachi, S. (1999) Molecular structure,
localization and function of biliproteins in the chlorophylid
containing oxygenic photosynthetic prokaryotearyochloris
marina, Biochim. Biophys. Acta 141250-261.

Marquardt, J., Senger, H., Miyashita, H., Miyachi, S., and
Morschel, E. (1997) Isolation and characterization of biliprotein
aggregates fromcaryochloris marinaa Prochloronlike prokary-

ote containing mainly chlorophytl, FEBS Lett. 410428-432.
Kumazaki, S., Abiko, K., lkegami, I., lwaki, M., and Itoh, S. (2002)
Energy equilibration and primary charge separation in chlorophyll
d-based photosystem | reaction center isolated fA@aryochloris
maring, FEBS Lett. 530153-157.

Hastings, G. (2001) Time-resolved step-scan Fourier transform
infrared and visible absorption difference spectroscopy for the
study of photosystem Kppl. Spectrosc. 5894-900.

Sivakumar, V., Wang, R., and Hastings, G. (2003) Photo-oxidation
of P740, the primary electron donor in photosystem | from
Acaryochloris marinaBiophys. J. 853162-3172.

Mino, H., Kawamori, A., Aoyama, D., Tomo, T., lwaki, M., and
Itoh, S. (2005) Proton ENDOR spectroscopy of the primary donor
P740° made of a chlorophyld special pair in photosystem |
reaction center oAcaryochloris marinaChem. Phys. Lett. 411
262—-266.

Miyachi, S., Strassdat, K., Miyashita, H., and Senger, H. (1997)
Quantum requirement of photosynthesis in the primarily chloro-
phyll d containing prokaryotécaryochloris marinaZ. Natur-
forsch. C 52 636-638.

Boichenko, V. A., Klimov, V. V., Miyashita, H., and Miyachi, S.
(2000) Functional characteristics of chlorophgdpredominating
photosynthetic apparatus in intact cellsAafaryochloris marina
Photosynth. Res. 6269-277.

Itoh, S., lwaki, M., Noguchi, T., Kawamori, A., Mino, H., Hu,
Q., lwasaki, I., Miyashita, H., Kurano, N., Miyachi, S., and Shen,
R. (1998) Photosystem | and Il reaction centers of a new oxygenic
organismAcaryochloris marinathat use chlorophyld, in Pro-
ceedings of the International Congress on PhotosyntHess-
tronic ed.), S6-028, Sydney, Australia.

Mimuro, M., Akimoto, S., Gotoh, T., Yokono, M., Akiyama, M.,
Tsuchiya, T., Miyashita, H., Kobayashi, M., and Yamazaki, I.
(2004) Identification of the primary electron donor in PS Il of
the Chld-dominated cyanobacteriuAtaryochloris marinaFEBS
Lett. 556 95-98.

Mimuro, M., Akimoto, S., Yamazaki, |., Miyashita, H., and
Miyachi, S. (1999) Fluorescence properties of chloropluyll
dominating prokaryotic alga@caryochloris marina Studies using
time-resolved fluorescence spectroscopy on intact ditghim.
Biophys. Acta 141,237—46.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Biochemistry, Vol. 46, No. 43, 20072481

Mimuro, M., Hirayama, K., Uezono, K., Miyashita, H., and
Miyachi, S. (2000) Uphill energy transfer in a chlorophyll
d-dominating oxygenic photosynthetic prokaryodearyochloris
marina Biochim. Biophys. Acta 145@7—34.

Nieuwenburg, P., Clarke, R. J., Cai, Z. L., Chen, M., Larkum, A.
W. D., Cabral, N. M., Ghiggino, K. P., and Reimers, J. R. (2003)
Examination of the photophysical processes of chloroptyll
leading to a clarification of proposed uphill energy transfer
processes in cells @&caryochloris marinaPhotochem. Photobiol.

77, 628-637.

Itoh, S., Fukushima, Y., Itoh, K., Maeda, M., Mino, H., and
Kumazaki, S. (2002) Photosystem | and Il reaction centers in a
new type of oxygenic photosynthesis Ataryochloris marina
based on chlorophyltl: Studies of delayed fluorescence and
triplet, ESR. J. Photosci.,%70-73.

Chen, M., Telfer, A., Lin, S., Pascal, A., Larkum, A. W. D., Barber,
J., and Blankenship, R. E. (2005) The nature of the photosystem
Il reaction center in the chlorophyHi-containing prokaryote,
Acaryochloris marina Photochem. Photobiol. Sci., 4060~
1064.

Razeghifard, M. R., Chen, M., Hughes, J. L., Freeman, J., Krausz,
E., and Wydrzynski, T. (2005) Spectroscopic studies of photo-
system 1l in chlorophylld-containing Acaryochloris marina
Biochemistry 4411178-11187.

Tomo, T., Okubo, T., Akimoto, S., Yokono. M., Miyashita, H.,
Tsutiya, T., Noguchi, T., and Mimuro, M. (2007) Identifi-
cation of the special pair of photosystem Il in a chlorophyll
d-dominated cyanobacteriurRyoc. Natl. Acad. Sci. U.S.A04,
7283-7288.

Schlodder, E., Cetin, M., Eckert, H.-J., Schmitt, F. J., Baber, J.,
and Telfer, A. (2007) Both chlorophyls andd are essential for
the photochemistryBiochim. Biophys. Acta 176 589-95.
Conjeaud, H. R., and Mathis, P. (1980) The effect of pH on the
reduction kinetics of P-380 in Tris-treated chloroplasischim.
Biophys. Acta 590353—-359.

Brettel, K., Schlodder, E., and Witt, H. T. (1984) Nanosecond
reduction kinetics of photooxidized chlorophwll (P680) in
single flashes as a probe for the electron pathwaysyetease
and charge accumulation in the 02-evolving compBixchim.
Biophys. Acta 766403—-415.

Diner, B. A., Schlodder, E., Nixon, P. J., Coleman, W. J.,
Rappaport, F., Lavergne, J., Vermaas, W. F., and Chisholm, D.
A. (2001) Site-directed mutations at D1-His 198 and D2-His 197
of photosystem Il infSynechocystiBCC 6803: Sites of primary
charge separation and cation and triplet stabilizaochemistry

40, 9265-9281.

Fehr, G., and Okamura, M. (1978) Chemical composition and
properties of reaction centers, iFhe Photosynthetic Bacteria
(Clayton, R. K., and Sistrom, W. R., Eds.) pp 34386, Plenum
Press, New York.

Itoh, S., and Sugiura, K. (2001) Fluorescence in Photosystem |,
in Fluorescence in Photosynthesis: A signature of Photosynthesis
(Papageorgiou, G. C., and Govindjee, Eds.) pp-22&0, Springer,
The Netherlands.

Curi, A, Zion, L., Sayer, R., Rappaport, F., and Lavergne, J. (2004)
Modification of the pheophytin midpoint potential in photosystem
II: Modulation of the quantum yield of charge separation and of
charge recombination pathwayBhys. Chem. Chem. Phys, 6
4825-4831.

Merry, S. A., Nixon, P. J., Barter, L. M. C., Schilstra, M., Porter,
G., Baber, J. Durrant, J. and Klug, D. V. (1998) Modulation of
quantum yield of primary radical pair formation in photosystem
II by site-directed mutagenesis affecting radical cations and anions,
Biochemistry 3717439-17447.

Tomo, T., Hirano, E., Nagata, J., and Nakazato, K. (2005) Pigment
exchange of photosystem |l reaction center by chloroptyll
Photosynth. Res. 847—83.

Satoh, S., Ikeuchi, M., Mimuro, M., and Tanaka, A. (2001)
Chlorophyll b expressed in cyanobacteria functions as a light-
harvesting antenna in photosystem | through flexibility of the
proteins,J. Biol. Chem. 2764293-4297.

BI7008085



