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ABSTRACT. Photosystem Il (PSII) electron transfer (ET) in the chlorophiytiontaining cyanobacterium
Acaryochloris maring/A. maring was studied by time-resolved electron paramagnetic resonance (EPR)
spectroscopy at room temperature, chlorophyll fluorescence, and low-temperature optical spectroscopy.
To maximize the ability to measure PSII ET in the intact cells of this organism, growth conditions were
optimized to provide the highest specific, @ctivity and the instrumental parameters for the EPR
measurements of tyrosine Z f)¥reduction were adjusted to give the best signal-to-noise over spectral
resolution. Analysis of the X reduction kinetics revealed that ET to the oxygen-evolving complex on
the donor side of PSII iA&. marinais indistinguishable from that in higher plants and other cyanobacteria.
Likewise, the charge recombination kinetics between the first plastoquinone accepamid@nhe donor

side of PSII monitored by the chlorophyll fluorescence decay on the seconds time scale are not significantly
different betweerA. marinaand non-chlorophyltl organisms, while low-temperature optical absorption
spectroscopy identified the primary electron acceptok.imarinaas pheophytira. The results indicate

that, if the PSII primary electron donor . marinais made up of chlorophylll instead of chlorophyll

a, then there must be very different interactions with the protein environment to account for the ET
properties, which are similar to higher plants and other cyanobacteria. Nevertheless, the water oxidation
mechanism iPA. marinais kinetically unaltered.

The light reactions in oxygenic photosynthesis are cata- flow. Electrons are initially generated by the photo-oxidation
lyzed by photosystem | (PSI) and photosystem Il (PSIl), of a special reaction center Chl complex called the primary
which are embedded in the thylakoid membranes of plants, electron donor. Even though the reaction centers in all
algae, and cyanobacteria. PSII is directly responsible for the photosynthetic organisms share the same basic principles in
photo-oxidation of water, ultimately providing electrons for carrying out photochemical events, PSII is unique in that it
PSI and releasing Oas a byproduct. PSI catalyzes the provides the necessary oxidation potential to drive the
formation of the strong reductant NADPH that is used in oxidation of water. In anoxygenic photosynthetic bacteria,
the Calvin-Benson-Bassham cycle for the assimilation of for example, only one photosystem containing bacteriochlo-
carbon into organic compounds. During the light reactions rophyll (BChl) is used in a cyclic ET pathway to generate
in oxygenic photosynthesis, ATP is also produced from the ATP. On the other hand, both PSII and PSI are required to
proton gradients that are generated by electron transfer (ET).work in tandem in a noncyclic ET pathway to generate the
Both PSII and PSI are multisubunit, pigmeigrotein more energy-rich intermediates of oxygenic photosynthesis.
complexes that incorporate chlorophyll (Chl) molecules into Nonetheless, the organization of the PSII reaction center
light harvesting as well as photochemical components to shows astonishing similarities to that of the photosynthetic
convert light energy into oxidation potential and electron purple bacteria, particularly on the acceptor side, suggesting

that the reaction centers are evolutionarily linked). (

F—y . . . However, one important difference is that in PSII the &hl
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Discovery Grant (DP0450421). a, provides the higher energy needed for the oxidation of
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1 Abbreviations: (B)Chl, (bacterio)chlorophyll; DCMU; 3-(3,4- ; ;
dichlorophenyl)-1,1-dimethylurea; DMBQ; 2,3-dimethoxy-5-methyl- lies ene.rge"tlcally betweer.I BChland Chla.(.3). .
1,4-benzoquinone; EPR, electron paramagnetic resonance; ET, electron Despite its unusual pigment compositioA, marina
transfer; HEPES\-2-hydroxyethyl piperaziné¥-2-ethanesulfonic acid;  appears to have diverged within the cyanobacterial radiation

MES, 2-(\N-morpholino)ethanesulfonic acid; MCD, magnetic circular ; i ~ i ;
dichroism; OEC, oxygen-evolving complex; PB@benzoquinone; (4) and is similar to Chla-type cyanobacteria in that it

Pheo, pheophytin; PSII, photosystem Iz, Yedox-active tyrosine of Contain$ two thtOSVStems and carries O_Ut oxygenic phOtO—
the D1 polypeptide; ¥, redox-active tyrosine of the D2 polypeptide. ~ synthesisA. marinagrows photoautotrophically in associa-
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tion with a colonial ascidian together with Clib-containing
Prochloron didemn{P. didemn). Chl a is also found inA.
marina but only as a minor component that appears to be
localized mostly in PSIl. The ratio of Crd/Chl d varies
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ing the redox state of the M@a cluster. The sequential
accumulation of four oxidizing equivalents was first observed
in the period-four oscillations in the £@volved from dark-
adapted samples illuminated by short single-turnover flashes

between 0.03 and 0.1 depending on the growth conditions(14, 15). This behavior is described by the S cycle in which

(5). The chemical structure of Chlis different from Chla
in which the vinyl group on ring IV is replaced by a 3-formyl

the redox states of the M@a cluster are labeled)SS,. The
index for each S state represents the number of oxidizing

group. This structural difference results in a red shift by about equivalents stored. Qs released as a result of spontaneous
32 nm in the Qabsorption band for Chu in organic solvents  reduction of the $state to the Sstate.

compared with Chla. In A. marinacells, the absorption On the donor side of PSII, the tyrosine residue at position
maximum occurs at about 7318 nm @). _The action 161 on the D1 polypeptideSynechocystiaumbering), ¢,
spectra of both PSIl and PSI complexes indicate thatdChl - 4cts as an intermediate electron carrier in transferring the
constitutes their antenna systen@. (A. marinaseems 0 qidizing equivalents from the oxidized primary electron
benefit from the use of Chdl by absorbing in the far-red  §on0r to the MugCa cluster {6, 17). The oxidized %, which
light region (706-750 nm) that is not used by its companion i geprotonated to the neutral radical;(Y is reduced by
cyanobacteriunt. didemnj which contains only Ché and the Mn,Ca cluster when advancing the S cycle from the S
Chl b_. Until the discovery of_A. marlna_lt was believed _that to the S1 state. The oxidized ¥is a paramagnetic species
all primary electron donors in oxygenic photosynthesis were 5.4 gives rise to a transient EPR signal in intact systems

invariably Chla molecules. However, it has now been shown (g 19) Thys, the rate of S-state transitions can be obtained
that the reaction center of PSI . marinauses a special by measuring the ¥ rereduction rate using EPR.

pair of Chld, which is called R, named after its flash- here i h ically simil ianal th
induced absorbance change maximum at 740 nm, as the There is another spectroscopically similar EPR signal that

primary electron donor7). originates from the tyrosine residue at position 161 on the

Through the biophysical and biochemical characterization D,Z poly.peptide, \5 upon oxida'Fion: Howevgr, is not
of isolated PSI samples, it became clear that the dmer directly involved in the water oxidation chemistrig, 20).

contains Chid or Chi d' (the epimer of Chid at the 13 Unlike Y7, the Yp signal is very long-lived in the darg).
carbon in ring) 7, 8) and has a midpoint potentiaEf) of The S-state transition rates are indicators for the intactness

+335 mV for PugPrg (7). This midpoint potential is of the Water-oxidiz_ing enzyme and are slowed in P_SII
significantly lower than that of &¢Prog" in other cyano- membrane preparations and when PSII centers are genetically

bacteria, which has a value of abot#50 to+480 mV @ modified 2, 23). The rates are also affected when the
10): hov(/ever the reducing power of;& seems to Be reaction conditions are moved away from optimal, such as
equivalent to that of R (7). In contrast to the PSI reaction  PY changing pH, thus providing some mechanistic insights

center, a clear determination of the chemical identity of the INtO the enzyme function2¢).

primary electron donor of PSII iA. marinahas not yet been On the acceptor side, the photoactive Pheo can be
achieved. This uncertainty is mainly due to the difficulties identified by a large electrochromic shift induced in the Q
associated with preparing highly purified, active PSIl samples transition of this pigment near 550 nm. This effect was
and/or with obtaining meaningful PSII signals in intact cells originally noted as the C550 shift in transient optical
(in the presence of PSI) that are needed to determine PSllexperiments at room temperaturgs5¢27). However, the
photochemistry and pigment composition. In general, the Si(Qa™) state is very long-lived at low temperatures, and
oxidized primary donor of PSI has a long lifetime extending the electrochromic shifts and spectral locations for both Q
to the millisecond range, while the oxidized primary donor and Q of the photoactive Pheo can be determined by
of PSill is fully reduced within the microsecond time range. appropriate illumination of PSII samples and precision
This kinetic difference makes the detection of the primary absorption measurements in both thea8d S(Qa™) states
donor of PSII more difficult. On the basis of time-resolved (28).

fluorescence studies in the picosecond time range, it has been | this work, we have studied the properties of the primary
suggested that the primary electron donor of PSIIAIN  electron donor of PSII irA. marinaby measuring the ET
marinais composed of Ché molecules 11); however, other  rates on the donor side and monitoring the charge recom-
reports propose that Ciimakes up the PSII primary electron  pination with the acceptor side using time-resolved EPR and
donor (12, 13). fluorescence techniques, respectively. The ET rates at room
The PSII core complex that contains the reaction center temperature were used to determine the oxidation efficiency
is composed of the D1, D2, and clydse protein subunits.  of the primary electron donor iA. marinain comparison
When the primary electron donor of PSII is photoexcited, it ith the Rgg™ in SynechocystiBCC 6803 §.6803) as the
transfers an electron to the D1-bound pheophytin (Pheo) control. The spectral characterization of the photoactive Pheo
molecule in a few picoseconds, forming a radical pair. The \yas achieved by low-temperature illumination spectroscopy.
charge separation is stabilized by the subsequent rapidgrowth conditions and technical parameters were improved

transfer of the electron to a tightly bound plastoquinone g optimize the experimental conditions for obtaining un-
molecule, Q, and then to a mobile plastoquinone molecule, ampiguous signals from intact cells.

Qg. For all known Chla-type PSII reaction centers, the
oxidized primary electron donor {g") overcomes the
energy barrier to oxidize water, which takes place at a
manganese-containing catalytic site (i.e., the,®mcluster). Spinach ThylakoidsThylakoid membranes were isolated
Four oxidizing equivalents are sequentially stored by increas-from market spinach leaves in dim light. About 100 g of

MATERIALS AND METHODS
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leaves were deveined and homogenized in 50 M- glacial acetic acid. The acid was then evaporated under N
hydroxyethyl piperazinéy¥'-2-ethanesulfonic acid (HEPES) gas, and the dried Pheo pigment was dissolved in a glassing
NaOH (pH 7.5), 50 mM NaCl, 5 mM MgG| and 0.4 M agent (4:1 ethanol/methanol mixture) prior to freezing.
sucrose. The homogenate was filtered through eight layersMeasurements were made at 1.7 K in a;80cell with 1

of cheesecloth and one layer of nylon mesh before centrifu- mm path length.

gation at 100 for 10 min. The pellet was resuspended in EPR Measurement&or these experiments, freshly har-
100 mL of 50 mM HEPESNaOH (pH 7.5), 50 MM NaCl,  yested cells were re-suspended in fresh medium and the Chl
and 5 mM MgC} to give an osmotic shock and then  concentration was adjusted to 0.7 mg of Chi/mL. All EPR
centrifuged at 1009 for 10 min. The pellet of thylakoid  measurements were carried out on a Bruker ESP 300E
membranes was finally resuspendgd in homogen'izing bUﬁerspectrometer equipped with a TMO11 cavity. The sample
at 1.5 mg of Chl/mL. The @evolution of thylakoids was a5 introduced into the EPR flat cell through a long tube
between 220 and 25@mol of O, (mg of Chi)™* h™* in the kept in a water bath at 4C in the dark using a Gilson
presence of 2 mM NkCl as unpoupler and artificial electron minipulse 3 pump. The pump speed was chosen so that each
acceptors [0.25 mM 2,3-dimethoxy-S-methyl-1,4-benzo- gjiquot receives 12 flashes during the passage through the
quinone (DMBQ) and 0.25 mM #e(CN}]. Chl concentra-  £pR cell. As such, the X decay kinetics acquired represent
tions were determined in 80% acetone by the method of Porra, niform contribution of all S-state transitions. Saturating

et al. @9). . ) 10us xenon flashes from an EG&G electro-optic flash lamp
Cyanobacterial Sample€.ells in 16-L batches were grown  ¢5cysed through a nonmagnetic optical fiber were used to
photoautotrophically under axenic conditions with continuous gycite the sample. A nonmagnetic optical fiber was used to
aeration at 28C. Metal-_arc lamps (General Electric 1(_)00 illuminate the sample in the EPR cavity. The ESP 300E
W multivapor, metat-halide lamps) were used as the light - gnectrometer computer controlled the EPR data acquisition
SO_L;I‘C(El\NIth the light intensity adjusted to ghol of photons 5 triggering. The flash lamp was triggered within a fixed
m* s A. marinawas grown in ESS medium, which  jg|ay time after the data acquisition was started. The Y
contained ES additives in seawater as previously descrlbeddecay kinetic measurements were performed-et@C for
(30). The G activity of the culture was monitored daily 0 ,y|ak0id membranes or room temperature for intact cells
determine the optimal time for harvesting the cells. Under in the presence of 0.4 mM DMBQ and 1 mMRe(CN) as
our experimental conditions, the optimal time was 5 days iha electron acceptors. From all of the Ylecay kinetics

after incubation. For cultures older than 5 days, the O 5065 4 field-independent flash artifact signal measured at
activity would drop even though the cells remained viable. g = 1.99 was subtracted.

S 6803 was grown in BG-11 medium supplemented with 5 ,
mM TES—NaOH (pH 8.0) and 5 mM sterile-filtered glucose Chlorophyll a Fluorescence Measuremerkiash-induced
Chl a fluorescence decay kinetics were measured at room

(32). Cells were harvested by centrifugation at 3000 rpm
for 10 min in a Sorvall GS3 rotor. Chl was extracted in 100% (€Mperature on a PAM 101 pulse-modulated Chl fluorometer

methanol, and the concentration was estimated using the(Walz, Germany). Chl fluorescence was monitored by a weak
extinction coefficient (mg/mL) 79.24 at 665.2 nm and 110.2 modulated light at 1.6 kHz, passed .through a qunlng blue
at 696 nm forS 6803 andA. maring respectively. Thylakoid filter. Samples (2 mL) of cyanobactene_l cells were first treated
membranes oA. marinawere isolated from freshly harvested  BY 404M 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
cells as described previousi§). Cells suspended in 50 mM for 10 min befor_e addition of external electron acceptors [0.3
2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.0) and MM p-benzoquinone (PBQ) and 0.3 mMske(CN}]. A
0.8 M sucrose were mechanically disrupted by a bead-beatershort saturqtmg actlmc_ flash was provided by a xenon flash
(Biospec Products) at 2C using 0.2-mm glass beads in the !amp to excite the cells in a 4-mL fluorescc_ence cuvette placed
presence of 1 mM phenylmethylsulfonylfluoride, 1 mM N the sample chamber. The photodiode detector was
benzamidine, 1 mM-amino caproic acid, 50g/mL DNase, protectgd by a Cornlng_ red f||te(. The data collection and
and 0.2% (w/v) BSA. Unbroken cells were separated from averaging was done using Labview.
the thylakoid membranes by centrifugation at 1000 rpm for ~ Low-Temperature Optical Spectroscofyrylakoid mem-
10 min in a Sorvall SS34 rotor. The supernatant was then branes were concentrated to 1 mg of Chl/mL and resuspended
centrifuged after addition of 40 mM CaCat 10 000 rpm in 50 mM MES (pH 6.5), 20 mM MgG| 20 mM CacC},
for 10 min in the SS34 rotor to collect thylakoid membranes. and 60% glycerol. Glycerol functions as a cryoprotectant and
The final pellet was resuspended in 20 mM MES (pH 6.0), glassing agent. To improve the optical clarity of the sample,
20 mM CacC}, 20 mM MgCh, and 25% glycerol and kept  the mixture was solubilized for 20 min with 1%dodecyl-
frozen at—80 °C. maltoside prior to glassing. The solubilized sample was
Preparation of PigmentsTotal pigments were extracted freeze-thawed and briefly centrifuged to remove bubbles,
from thylakoids by 100% methanol. The mixture was first before being introduced into a strain-free, quartz-windowed
centrifuged at 100§ to remove the insoluble fraction. The cell assembly of 12 mm in diameter and a path length of
extract was then diluted by a factor of 4 with water before 0.5 mm. Glasses of high optical quality were obtained by
re-extracting the total pigment into hexane. The concentratedlowering the sample rod into the liquid helium and cooling
pigment in the hexane layer was dried and dissolved in from 300 b 4 K over 36-60 s. llluminations were per-
methanol before injection onto a Lichrosorb RP-8 HPLC formed with a 150 W quartz halogen lamp. White light from
column (Alltech). The HPLC was run at 1 mL/min using the lamp was passed through a 10 cm water filter and
methanol as the mobile phase. The eluant was monitored afocused on the sample, which remained in the cryostat at
410 or 700 nm, and the Chl peak was collected. Pheo waslow temperature. The light intensity at the sample was
prepared by dissolving a dried sample of purified Chl in 100 mW/cn3.
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Table 1: Phtosystem Il Donor-Side Activities & marinaand
Synechocysti®CC 6803 10000

a Averaged activity of three different batches used for EPR experi-
ments. The steady-state, @ctivity [umol of O./(mg of Chl h)] was
measured in the presence of 0.4 mM DMBQ and 0.5 mi#d{CN)
in the growth media® The signal intensity at = 120 us. ¢ Corre- 10000
spondingl, for each component.

Y rereduction rate =
O activity? Yz intensity ~ components ips ()° & %
A marina 230 27 140 (0.75), 1200 (0.25) &
S.6803 270 28 140 (0.75), 1200 (0.25) @  ©F
(]
2
€

-5000 4

3470 3480 3490 3500 3510
Magnetic field (G)

FIGURE 2: Yp' spectra ofA. marina(—) andS 6803 cells (- - -).
Arrow indicates the field position at which,Ydecay kinetics were
measured. The underlying signal seen in thg ¥pectrum ofA.
marinais due to the high content of Mn taken up by cells grown
under high light conditionssg). Instrumental parameters: 20 mW,
microwave power; 4 G, modulation amplitude; 100 kHz, modulation
frequency; 9.7920 GHz, microwave frequency; and 82 ms, time
constant. To compare signal intensities, samples were treated with
EDTA to suppress the Mn six-line signdig).

Intensity

the detected signal from intact cells suffers from a poor S/N
ratio. The poor S/N is due to the inherent noise associated
with the use of a fast instrument response time necessary to
detect the ¥ signal that rises and decays rapidBa{39).
Because the sensitivity is of prime concern for the kinetic
Wavelength (nm) measurements, the modulation amplitude can be adjusted to
Ficure 1: Visible spectra of arc-metat{) and fluorescence (---) ~ maximize the signal intensity. Although overmodulation
lights measured by a portable visible spectrophotometer. increases the signal intensity, it also decreases the spectral
resolution.

Absorption, CD, and magnetic circular dichroism (MCD) Common to biological EPR signals, asymmetry in the
data were simultaneously recorded on a spectrometer despectrum arises because the signal is an envelope of
signed and constructed in our laboratory, as previously overlapping individual hyperfine components of Gaussian
described 2, 33). The reported spectral changes were not line shape with narrower intrinsic line widths. For Gaussian
influenced by wavelength jitter or drift in the monochromator lines, the maximum amplitude is usually obtained when the
or actinic light. The spectra presented in this paper were modulation amplitude is set to about the peak-to-peak

400 500 600 700 800

recorded with 0.2-nm resolution. derivative line width. For the ¥ spectrum and accordingly
the Yp' spectrum, when the modulation amplitude is in-
RESULTS creased from 4 to 10 G, the spectral hyperfine structure is

. , o lost because signals are somewhat overmodulated but the

_ The growth conditions of\. marinawere optimized (0 gjgna| intensity was increased by a factor-e (data not
increase the number_of PSII centers per cell based on theshown). Interestingly, the;g" signal, a PSI-originated EPR
Chl content, which is reflected in the steady-state O gjgnal, which appears downfield from thesignal, is still
evolution activity of the cells and theirpy signal intensity. negligible even at 10 G modulation amplitude.
Light intensity and quality are known to play an important |4 previous studies, modulation amplitudes eféiG were
role in the PSII/PSI ratio and in the size of the light- sed to acquire the ¥ decay kinetic 85, 40—42). To show
harvesting antenna. Table 1 shows thg dtivity of A. that such an increase in the modulation amplitude to 10 G
marinagrown in white light at 6Q:mol of photons m?s™  goes not result in a detectable contamination of the Y
intensity provided by a metal-arc lamp. In this light quality ~ kinetic with Pog" kinetic components, experiments were also
and intensity, the @ activity of cells was significantly  performed in the presence of DCMU. Such concerns were
increased compared to the typical activity of Z0ml of always the basis for limiting the modulation amplitude in
Oz/(mg of Chl h)), which was previously reported using earlier studies. Parts a and b of Figure 3 show decay
fluorescence or incandescent lamps See Figure 1 for a  kinetic data taken at 4 and 10 G modulation amplitude,
comparison of the light quality between the two types of regpectively, on the same spinach thylakoid samples. When
lamps. Parts a and b of Figure 2 show the room-temperaturethylakoid samples were inhibited by DCMU, which blocks
Yo EPR spectra oA. marinaandS. 6803, respectively, at  pS|| ET from Q~ to Qs, the Yy signal is completely
4 G modulation amplitude. Consistent with the &xtivity abolished, while the intensity of thedg" signal is unaffected
(Table 1), the ¥’ signal intensity ofA. marinawas also  (Figure 3c). These results clearly show that the decay
comparable with that 08. 6803. kinetics measured by 10 G modulation amplitude is free of

To obtain quality ' decay signals from intact cells, EPR  the Pqs" signal contribution. However, the comparison of
experimental parameters were first optimized. Improvement the Yz decay kinetic data shows that an improvement of
of the signal-to-noise (S/N) ratio is a prerequisite to a the S/N ratio by a factor of 3 was achieved by increasing
successful extraction of thezYkinetic parameters because the modulation amplitude from 4 to 10 G.
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£ 100 FiIGURe 4: Y7 decay kinetics and fit foA. marina (top) andS
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200 . . . i of summed events, 20 000 fé. marinaand 11 000 folS. 6803.
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Time (us) of Yz is estimated by the least-squares fit of the data to

Ficure 3: Yz and Bog" decay kinetics of dark-adapted spinach
thylakoids with a Chl concentration of 1.5 mg/mL. The sample
was continuously circulated through the EPR cell such that each
aliquot received 12 flashes during passage through the cavity. The
Yzxel signal represents a uniform contribution of all S-state
transitions. (a) ¥ decay kinetics taken ugin4 G modulation

amplitude, averaged for 10 000 events. (b) decay kinetics taken : ; ; ;
using 10 G modulation amplitude, averaged for 5000 events. (c) respectively, for a given S state iny@volving centersls

Psost (=) and Yy (---) decay kinetics recorded using 10 G andzsrepresent the signal amplitude and decay time constant
modulation amplitude in the presence of DCMU, averaged of 1000 for a fixed fraction (10%) of inactive centers that turnover
and 5000 events, respectively. The magnetic field positions were with a decay time constant e¥10 ms. The slow decaying
3479 and 3488 G for ¥ and Foo" decay kinetics, respectively. — component is that part of the signal that fails to recover

The Poo" decay kinetics at this field position contain some - . .
contributions from the ¥ signal because of overlapping and the during the 4 ms of data acquisition and appears as a baseline

CIDEP that appears as a negative spike. Signal intensities areOffset. Because of the fact that thedecay kinetics was
divided by the number of averaged events. Instrumental param-obtained under repetitive flash conditions, the transient is
eters: modulation frequency, 100 kHz; microwave power, 100 mW; assumed to reflect equal contributions of Yeduction by
time constant, 2Gis; and frequency, 9.7926 GHz. each of the four S-state transitions. A two-component fit was
then used to account for 75 and 25% contribution of earlier
S-state transitions and the fingt-S5, transition, respectively.
This was based on earlier kinetic data that showed that the
Yz reduction rate for the early individual S-state transitions
in spinach thylakoids occurs much faster (tens of microsec-
onds) than the final 5 transition (0.75 ms)38). The
smooth curves in Figure 4 represent the two-component fit
with derived half-times given in Table 1.

These half-time values f&.6803 are in good agreement
with previous dataZ?). The decay rates appear to be very
similar for A. marinaandS.6803, which is an indication of
similarity of the water-oxidizing enzyme in both organisms.

following equation:

L) =1e"+1e"

(2)

la andz, are the signal amplitude and decay time constant,

Parts a and b of Figure 4 show the decay kinetic traces
of A. marinawith high G, activity andS.6803, respectively,
measured using 10 G modulation amplitude. To allow a
comparison of the ¥ signal intensity, the signals were
divided by the number of flashes and normalized to the Y
signal intensities shown in Figure 2. This is because the pre-
illuminated Yy signal intensity is directly related to the
number of PSII centers because there is only opep¥r
PSII center. For the X traces, the rise represents the
oxidation of Yz by the oxidized PSII primary electron donor
(P"), while the decay represents the electron donation by

the Mn,Ca cluster to ¥ through S-state transitions, i.e.,

+ sz + Ksz

SYP ==SY, P==S.,,Y,P 1)
The overall reaction represents the oxidation of the-Mn

Ca cluster advancing from thg-SS,+; state by P. The rise

and decay of the ¥ signal is then determined by th¢,

andKs; equilibrium constants, respectively. The decay rate

The final $—S transition rate, in particular, is a good
indicator for probing the MyCa cluster because it is closely
coupled with the release of,@24). This result implies that
Yz functions normally inPA. marinawith the same efficiency
as inS. 6803, meaning that the reduction potential of/Y
Yz is not significantly different between the two organisms.
Moreover, the normalized amplitudes of the ¥ignal are
similar in bothA. marinaandS.6803. This strongly suggests
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that P in A. marinaoxidizes Y, as efficiently asS.6803.
Considering a similar reduction potential of ¥z in both
species, the reduction potential of/P in A. marinais likely
to be similar to that of Rg"/Pssoin S.6803. If, on the other
hand, the reduction potential of f? in A. marinawas more
negative than &g/Psso, it would approach the reduction
potential of Yz/Yz and Yz could no longer be an efficient
electron donor to P, It was experimentally shown that when
the reduction potential ofdgy™/Psgo is decreased by-43 or
—82 mV, 9-32% of Rg" remains oxidized at > 200 us whoy
(43). However, a loss with such magnitude was not observed
for the Yz signal amplitude (Table 1). To be able to perform 0 2 4 6 8 10 12 14 16 18
the sigpal intensity analysis at< 120us, the Yz signal .of Time (s)
@]yg‘ I?(;Iigazl?itgﬁfeﬂ ;b\)lve\/l\/shglzoth?gagﬂiils irt]Zith; Z?/Inn:r?]ihc FIGURE 5 Fla_sh-induced Chd fluorescence decay kinetics and fit

e el i : in A. marina(—) andS. 6803 cells (- - -) in the presence of 4M
electron polarization signal (CIDEP) is less pronounced. On pCMU. All measurements were performed at room temperature,
the basis of ¥ reduction rates given in Table 1, this and each signal is an average of 10 traces. The signal intensity for
amplitude at 85:s corresponds to 70% of the tota}ignal. S 6803 was normalized to that &. marina
Even though 30% of the signal was not detected because of . L
the presence of CIDEP and the EPR time constant, the Figure 5 shows the fluorescence decay klnetlcsﬁﬁor.
remaining 70% still represents an average of all S states witharinaands. 6803 cells that were dark-adapted for 10 min
45% contribution from the first three S-state transitions. The " the presence of PBQ,ske(CN), and DCMU. The dark
corresponding normalized amplitudes were 36 and 37 for adaptauqn with PBQ fir.]d ke(CN) ensures that the
A. marinaand spinach thylakoids, respectively. This also pIastoqumone pool is oxidized and that acceptor3|de of PSII
strengthens the argument that the reduction potentiat ¥ P ]Etarts Ihn the QQ.B stgte @3). A monoexponential decay \;vas
in A. marinais likely to be similar to that of higher plants. it to the data in Figure 5 and gave rate constants of 0.59

1 . .
iowever. the ¥ ampltude diferences up o 10% couid 514 031 %0 % e 005, 008 epeniiey.
have escaped detection because of the S/N ratio limiting our nng a ! S

analysis for small changes in the reduction potential. and simplifying the observed fluorescence decay kinetics by

. relating it to only redox species (eq 1), the difference in
Fluorescence experiments were then performed to further ; d o ; "
. reduction potential between™ in A. marinaand Rgg'/
characterize the system.

Psso (AE') can be estimated by eq 3
If the reduction potential of HP in A. marinais more
negative than &o/Psso, then the steady-state population of AE' = 59 109K, /K 680 (3)
P* would also be different and hence should have a :

significant effect on th_e rate of charge re_combination. The Kzp andKpss0 Which are directly related to the rate constants,
rate of charge recombination can be monitored by the decayg,e the equilibrium constants given in eq 1 f&r marina
in the variable Chl fluorescence yield after flash illumination, 5,45 6803 respectively. The charge recombination rate is
which is governed by the Ievel_of reduced._@edox species  giso strongly dependent on the free-energy gap betwéen P
that quench fluorescence and impact the yield are the primarysnq pheo (47). The Pheo type im\. marinawas therefore

electron donor and the plastoquinone pool. The kinetics of jgentified by optical spectroscopy and shown to be Paeo
increase of the fluorescence induction curve are also affectedisee pelow). A similar redox potential for Pheo is then

by the connectivity of the light-harvesting antenna to the PSII expected in both species allowing the application of eq 3
reaction center and energy transfer between ceméjsli and its relation to the reduction potential of/P. The

the time range of millisecongseconds at room temperature, resulting estimatedE' value is only about-10 mV, thus
several components in the fluorescence decay can besypporting the conclusion drawn from the EPR measurements
observed 45). The fast components are due to the loss of that the reduction potential of #P in A. marinais similar

Qa~ by forward ET to Q@ and the reduction of the to that of Rgg'/Pssoin S.6803. It is worth noting that AE’
plastoquinone pool. However, in the presence of DCMU, value of —100 mV translates into a 75 times faster
forward ET is blocked and the reoxidation ohQand the  recombination rate for a modified reaction cent4B)(

decline in the variable fluorescence are primarily due to  |n another approach to characterize the reaction center of
charge recombination between Qand the PSIl donor side  PSilin A. maring the Pheo type id\. marinawas identified
(43). Variations in the fluorescence yield because of the py optical spectroscopy. The lower trace in Figure 6 shows
antenna size and the exciton equilibration with the primary the low-temperature absorption spectrum of a thylakoid
radical pair are not significant over the millisecergecond sample ofA. marinain the 540-560 nm range. Absorption
time range when Qis in a fully closed state4@). Thus, features in this region are mainly due to cytochromes such
under these conditions, the fluorescence decay reflects mainlyas cyt bsso and bsf and bc; complexes. Weak features
the rate of recombination and the relative concentration of associated with the Qabsorbance of Phea can also be

P* following the equilibration with the S states and'\Yas observed in this spectral region in purified PSII sampkS} (
shown in reaction 1. This means that a5 §ets more but are masked in the spectra of thylakoid samples by the
populated, the observed rate of charge recombination be-large number of cytochromes present. The upper trace in
comes faster. Figure 6 presents the difference spectrum after low-temper-

Intensity (a.u.)
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Ficure 6: Lower trace (left-hand scale), low-noise absorption
spectrum ofA. marinathylakoids in 50% glycerol at 1.7 K in the
Cyt and Pheo Qabsorption region. A linear background was
subtracted from the spectrum. Upper trace (right-hand scale), chang
in absorption in lower trace after illumination at 1.7 K for 5 min
with white light (see the text).

ature illumination. This provides a clear PSII{ Qformation
signature inA. marina The “C550” differential feature is at
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Ficure 7: Absorption (lower trace, left-hand scale) and MCD at
5T (upper trace, right-hand scale) of Plieflower panel) and Chl

d (upper panel), both in a 4:1 (v/v) ethanol/methanol glass measured
at 1.7 K. Assignments of the  and Q features are indicated,
determined from their MCD characteristics.

750

MCD feature identifies Qas being near 626. The MCD
spectra in particular allow a clear assignment of boglaq

& transitions in these pigments. As it is shown in Figure 7,

Pheod has a Qband at 691.5 nm and a clear negative MCD
Q« band at 550.5 nm. In comparison, @d Q of Pheoa

are positioned at 667.5 and 537.6 nm, respectively, measured
in the same solvents/glassing mixture. The redox-active Pheo

543.3 nm, and there is a parallel bleach at 557 nm. These0Pserved iPA. marina(543.3 nm) is then very unlikely to
features are analogous to those seen for PSIl membranes anfe Phedl, because this would require a blue shifte? nm

core complexes2B8). The bleach feature at 557 nm is
assigned to oxidation of the reduced form of bydg based

on the presence of an MCD A term at this spectral position
before illumination (data not shown). The corresponding
reduced cybssg absorption in spinach PSIl membranes is at
556 nm @8).

The “C550” feature at 543.3 nm, which is due to an
electrochromic shift on the redox-active Pheo induced by
Qa~ formation, clearly identifies the redox-active Pheo in
A. marina Parallel studies of the low-temperature illumina-
tion of S 6803 thylakoids show no corresponding C550
feature, because PSII spectral features in such preparation
are completely masked by inherently high PSI/PSII ratios
in S.6803. However, there is a close correspondence of the
A. marinaC550 feature (543.3 nm) with that of Phaan
PSII fragments (545.4 nm) and i8. 6803 PSIl core
complexes (542 nm). This is an indicator that the redox-
active Pheo is Phea Furthermore, we were able to identify
a Q electrochromic feature iA. marinaat 692 nm. In PSlI
membranes an&. 6803 core complexes, the,QPheoa
feature occurs at 683.5 and 684.1 nm, respectiveg). (
These similarities immediately point to the likelihood that
the redox-active Pheo iA. marinais indeed Phea. To
eliminate Pheod as a possibility, the low-temperature
absorption and MCD of both Phepandd were measured
to compare their Qand Q positions. Spectra of Ctd and
Pheo a agree with previous room-temperature solution
measurementgg), although our low-temperature spectra are
better resolved. Figure 7 shows the low-temperature spectr
of Pheod and Chld, not previously reported. The absorption
data in Figure 7 for Chil agree with 170 K data in methanol/
acetonitrile 3) with our main peak at 701 nm compared to
699 nm. However, from its clear negative MCD signature,
the peak at 672 nm is unlikely to be a chlorin impurity as
suggested1(3). An impurity Q, band would have a positive
MCD B term. We suggest the band is due tp (@, 0) in
analogy to a similar band in Clal and the second negative

from the position observed for free Phedt is well-known
(49) that spectral shifts in chlorin,Qransitions are dominated
by axial ligation effects. Phed, not having a central metal
involved in axial ligation, cannot have itsQransition
affected in this way. Qcan be expected to experience a
typical ~10—20 nm red shift, seen for many chlorins in a
protein environment.

DISCUSSION

In this study, we have found that the low @volution of

A. marinacells [typically 70umol of O, (mg of Chly* h™]
Tould be increased by a factor of 3 when cells are grown
under high-light conditions using metal-arc lamps (Table 1).
This provided a major improvement in the S/N ratio for the
Yz EPR measurements of whole cells, which were used to
extract kinetic parameters. We also compared the PSI content
for the samples grown under low (L®nol of photons m?
s 1) and high (6Qumol of photons m? s™1) light conditions
using a R4t EPR signal. The PSI content decreased by half
when the cells were grown in high light (data not shown),
while specific Q activity was significantly increased (Table
1). The lower Q activity observed in previous studies Af
marinacould be interpreted as the result of slow®lease
from the oxygen-evolving complex (OEC) iA. marina
caused by a lower oxidation potential o ¥z and P/P.
Rather, the high @activity reported here, together with,Y
decay kinetics, strongly suggests that the OEC functions

ormally in A. marina and that the @ release rate is
essentially the same4). To our knowledge this provides
the first evidence that the water oxidation mechanisrA.in
marinais kinetically similar to that inS. 6803 and spinach
thylakoids.

Itis now clear that Chtl is the major Chl type i\. marina
and forms the primary electron donor of the PSI complex in
this organism 7, 8); however, there has been a debate on
the identity of the primary donor of PSIl. The EPR and
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fluorescence measurements reported here (Figures 4 and 5he accessory Chl’'s in the RC are Ghimolecules. This
on whole cells support the idea that the physicochemical would mean that the D1 and D2 polypeptides are modified
properties of the primary electron donor Af marinaare such that they can bind two different types of Chl's. From
not much different than those of the Ghprimary electron the ratio of Chld/Chl a [65 in low light (5)], one can
donor of the well-studied cyanobacteriug 6803. If we conclude that the D1 and D2 polypeptides in PSII must have
assume that the primary electron donor of PSIimmarina a very high specificity toward Clu, except for the particular
is Chl d, then a decrease by more thari60 mV in the sites associated with the primary electron donor. The binding
oxidation potential of P/P might be expected in comparison affinity for Chl a at the other sites would be relatively low.
to the Chld-type PSI complex, unless the properties of the If this is the case, there would be certain amino acid
PSII primary electron donor are compensated by other factorssubstitutions to allow selectivity for a given binding site.
in the protein environment. However, from sequence alignment studies, such amino acid
It is well-known that the protein environment plays a substitutions are not apparent in D1 and D2.
crucial role in the properties of primary electron donors,  From illumination-induced electrochromism experiments
which are photo-oxidizable, as opposed to the Chl's in the performed in this work, we have shown that Pleis the
antenna system, which are not. For example, even thoughredox-active Pheo ii. maring which had not previously
the primary electron donors of PSI and PSIl in most been established directly. This assignment arises because both
organisms are composed of Ghinolecules, their oxidation  the spectral position and phenomenology of the electro-
potentials are quite different. The properties of the various chromism inA. marinaparallels the behavior observed in
Chl types are believed to be controlled by the protein well-studied PSIl systems with Phemin their reaction
backbone, which organizes the Chl molecules in relation to centers. However, the quantum efficiency of the low-
each other and interacts directly with the Chl side chains to temperature photoreduction of the plastoquinone, which is
provide a low dielectric environment. The importance of the 0.1 in higher plants an8.6803 core complexe£§), is ~100
protein environment on the oxidation potential of the primary times less efficient inA. marina At low temperatures,
donor has been shown by modifying the natural system jjlumination doses that gave rise to complete conversion to
through site-directed mutagenesis. For example, it was shownthe §(Q,") state in plant thylakoid and other PSIl samples
that the formation of up to four hydrogen bonds with the |ead to negligible conversion k. marinathylakoid samples,
bacterial primary electron donor could additively increase consistent with inhibited uphill energy transfer to the charge-
the oxidation potential by a remarkable 335 m&0,(51), separating state at low temperatures.
enough to raise the redox poise to oxidize a tyrosine residue, |, summary, there are still two possibilities to explain the
which is the primary requirement for water oxidation in PSIl - yrgperties of the primary electron donor of PSII A
(52). Likewise, the midpoint potential foregh in S.6803  maring (1) the primary donor consists of Calmolecules
could also be changed but to a lesser extent, by introducingsimilar to Ry, in higher plants and other cyanobacteria, or
a series of site-directed mutations at D1-His198 and D2- (2) the primary donor consists of Ctiimolecules (a novel
His197 ligation sites 43). These histidine residues aré yne) whose properties are determined by a special protein
conserved inA. maring which shows a high degree of gnyironment. To gain a better insight of Gigrotein
homology (up to 93%) in the D1 and D2 proteins between interactions, the development of model Chi-binding protein
A. marinaandS. 6803 ¢, 8). magquettes is underway in our group in which the Chl-binding

If the primary donor of PSIl imA. marinais made up of sjtes can be modified for tuning the properties of bound Chl
Chlaand not Chid, then the charge-separated state of PSIl 5 gnd chid.

will be near 680 nm and an uphill energy transfer would

have to occuin vivo to connect with the Chil-containing,

light-harvesting pigmentproteins, which absorb lower ener-

gies at |onger Wa\/e|engths_ Such an uph||| energy transfer We thank Dr. Warwick Hillier and Dr. Ronald Steffen for

was originally suggested by Mimuro et a53j, although it~ helpful discussions.

has been challenged by Nieuwenburg et &B) (based on
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