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B-Carotene has been identified as an intermediate in a secondary
electron transfer pathway that oxidizes Chl, and cytochrome b, in
Photosystem II (PS II) when normal tyrosine oxidation is blocked.
To test the redox function of carotenoids in this pathway, we
replaced the {-carotene desaturase gene (zds) or both the zds and
phytoene desaturase (pds) genes of Synechocystis sp. PCC 6803 with
the phytoene desaturase gene (crtl) of Rhodobacter capsulatus, pro-
ducing carotenoids with shorter conjugated m-electron systems and
higher reduction potentials than 3-carotene. The PS II core com-
plexes of both mutant strains contain approximately the same num-
ber of chlorophylls and carotenoids as the wild type but have
replaced B-carotene (11 double bonds), with neurosporene (9 con-
jugated double bonds) and f-zeacarotene (9 conjugated double
bonds and 1 B-ionylidene ring). The presence of the ring appears
necessary for PS II assembly. Visible and near-infrared spectros-
copy were used to examine the light-induced formation of chloro-
phyll and carotenoid radical cations in the mutant PS II core com-
plexes at temperatures from 20 to 160 K. At 20 K, a carotenoid
cation radical is formed having an absorption maximum at 898 nm,
an 85 nm blue shift relative to the 3-carotene radical cation peak in
the WT, and consistent with the formation of the cation radical of a
carotenoid with 9 conjugated double bonds. The ratio of Chl*/Car™
is higher in the mutant core complexes, consistent with the higher
reduction potential for Car*. As the temperature increases, other
carotenoids become accessible to oxidation by Pyg,*.

A carotenoid molecule is an extended polyene chain with a variety of
end groups and has been thought of as a “molecular wire,” because, in
the one-electron oxidized form, or carotenoid radical cation, the hole is
delocalized over the entire conjugated r-system. Carotenoid radical
cations have recently been observed in several photosynthetic pigment-

* The project was supported by the National Research Initiative of the U.S. Dept. of
Agriculture Cooperative State Research, Education and Extension Service Grant 2003-
35318-13589 (to B. A. D.), the Dept. of Energy, Office of Basic Energy Sciences, Division
of Chemical Sciences Grant DE-FG02-01ER15281 (to G. W. B.), and National Institutes
of Health Predoctoral Traineeship GM08283 (to C. A.T). This paper is contribution
8614 of the Central Research and Development Dept. of E. I. du Pont de Nemours &
Co. The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' Both authors contributed equally to this work

2To whom correspondence should be addressed: E. I. du Pont de Nemours & Co., CR&D,
Experimental Station, Wilmington, DE 19880-0173. Tel.: 302-695-2494; Fax: 302-695-
9183; E-mail: bruce.a.diner@usa.dupont.com.

NOVEMBER 18, 2005« VOLUME 280-NUMBER 46

protein complexes, including PS II,> bacterial light-harvesting com-
plexes LHC II, and recently in plant PsbS where they may have a role in
non-photochemical energy quenching (1). Among photosynthetic reac-
tion centers, carotenoid photooxidation is unique to PS II, which uses
light energy to catalyze the oxidation of water to molecular oxygen. The
process of water oxidation involves highly oxidizing species that can
also oxidize a carotenoid molecule. Carotenoid radical cations have
been identified as intermediates in the secondary electron transport
pathway of PS II (2—6).

Detergent-solubilized PS II core complexes contain up to 25 dif-
ferent integral membrane and extrinsic polypeptide subunits,
including the D1/D2 complex and light-harvesting pigment-protein
complexes CP43 (PsbC) and CP47 (PsbB). Light energy is absorbed
by the chlorophyll-containing light-harvesting antenna and trans-
ferred to the primary donor chlorophyll(s) coordinated by the D1/D2
polypeptides. The term “PS Il reaction centers” describes a structure
that includes the D1 and D2 polypeptides, cytochrome bz, (Cyt
bss0), Psbl, and protein-bound cofactors that include six chlorophyll
a (Chl a) molecules, two pheophytin a (Pheo a) molecules, a tightly
bound plastoquinone (Q,) and an exchangeable plastoquinone (Qj).
The primary photochemical reactions in PS II are initiated by the
absorption of light energy by the primary chlorophyll donor (most
likely chlorophyll B,) (7-9). The excited state of this chlorophyll
drives charge separation, producing a reduced pheophytin (Pheo, ™)
and a chlorophyll radical cation species, Pyg,". The charge separa-
tion is stabilized by transfer of the electron from Pheo, ™ to Q,,
forming the state, Pyg,™ Q.. Under normal physiological condi-
tions, the very high potential oxidant, Pg,", is reduced by electrons
from the oxygen-evolving complex via a redox-active tyrosine (Y).
However, there are several conditions known, some of them of phys-
iological relevance, in which the donation of an electron from the
oxygen-evolving complex to Pyg," is inhibited or retarded, allowing
the highly oxidizing Pgg* (Ey, ~ 1.1-1.3 V) (10) to abstract an
electron from other sources. Chlorophyll, (Chl,), Cyt bsse, and

3 The abbreviations used are: PS Il, photosystem II; 8-DM, n-dodecyl-B-p-maltoside; Car*,
carotenoid radical cation; Car, carotenoid; Chl, chlorophyll; Chl,, an oxidizable chlo-
rophylllocated at the periphery of the PS Il reaction center; CP43, chlorophyll-binding
protein encoded by psbC; CP47, chlorophyll-binding protein encoded by psbB; Crtl,
purple bacterial phytoene desaturase (encoded by crtl); HPLC, high pressure liquid
chromatography; MES, 2-(N-morpholino)ethanesulfonic acid; Pgg, first stable elec-
tron donor of PS II; Pds, cyanobacterial phytoene desaturase (encoded by crtP or pds);
Q,, primary quinone electron acceptor; Qg, secondary quinone electron acceptor;
WT, wild type; Zds, cyanobacterial {-carotene desaturase (encoded by crtQ or zds); Cyt
bsso, cytochrome bsso.
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FIGURE 1. Electron transfer pathways of Photo-
system Il. The principal electron-transfer pathway
is shown in solid arrows involving the photoactive
oxidized electron donor chlorophyll Pggot (the
cation is localized primarily on P,), tyrosine Y, and
the tetra-manganese cluster (Mn,). An alternate
electron-transfer pathway, shown using dashed
arrows, involves B-carotene (Car), the accessory
Chl,p, (in the D2 subunit), and cytochrome bssq
(Cyt bsso). The chlorophyll and pheophytin tails
have been removed for clarity. This figure is
adapted from the x-ray crystallographic structure
described in Ref. 14 (PDB code 1S5L).
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carotenoid (Car) have been identified as electron donors to Pyg,™
and are thought to comprise an alternate electron transfer pathway
that has been suggested to protect PS II against uncontrolled oxida-
tive reactions of the strong oxidant Pyg, ™.

Cytochrome by, and the Chl, accessory chlorophylls (Chl,,; and
Chl,,) are located at the periphery of the PS Il reaction center (Fig.
1). Because these species can be oxidized by P, " despite their loca-
tion =30A away, it has been postulated that 3-carotene enables long
distance electron transfer in PS Il from Cyt by, to Peg, * by acting as
an electron wire, forming an intermediate cation radical. Earlier
studies suggested that the carotenoid molecule is the primary donor
to Pugo " at low temperature, followed by subsequent oxidation of
Chl, and Cyt b5, (3, 5). Recently, evidence has been obtained for the
involvement of two carotenoid molecules in this pathway, most
likely the all-trams-B-carotenes in the reaction center (6, 11).
Although four crystal structures of PS II core complexes have been
determined, the location of the carotenoids in the D1 and D2
polypeptides remains uncertain because of the limited resolution of
the diffraction data, 3.2—-3.8 A (12-15). Because of the snake-like
structure of carotenoids, they are difficult to identify in the electron
density, although a carotenoid was modeled in a very similar location
in the D2 polypeptide in two of the structures. In two of the x-ray
crystal structures, a second carotenoid was modeled in the D2
polypeptide, but with different orientations. No carotenoids have
been modeled in the D1 polypeptide even though the accessory Chl
ligated to His-118 in D1 (Chl,,) can be photooxidized (16), and a
carotenoid located in the D1 subunit would supply a feasible pathway
for electron transfer. However, a pathway for electron transfer from
Chl,p,, to Pygy™ through intermediate chlorophylls in CP43 has been
suggested (17).

The uncertainty in the location of the carotenoid molecules in the
structure of PS II also means that the exact pathway of the alternate
electron transfer is unknown. To increase our understanding of the role
that carotenoids play in this electron transfer pathway, we decided to
alter the carotenoid reduction potential and to study the effect of this
alteration on the alternate pathway. The PS Il reaction center binds two
B-carotene molecules, which have 11 conjugated double bonds each
(18, 19). It is known that, as the number of double bonds of the polyene
backbone increases, the wavelength maximum of the S2-S0 optical
transition increases, and the molecule is easier to oxidize. Therefore, by
decreasing the number of conjugated double bonds the carotenoid will
be more difficult to oxidize, likely altering electron transfer through the
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secondary electron transfer pathway. There have been recent sugges-
tions indicating that the reduction potential of Pg,"/Pyg, might be
higher than previously thought (20, 21). Replacing B-carotene with a
carotenoid that is more difficult to oxidize would also test the oxidative
capacity of Pegy ™.

Exchanging cofactors in proteins has been demonstrated for many
systems and has been useful in determining energy differences
between redox cofactors. Extraction of carotenoids from PS II reac-
tion centers has been demonstrated (22). However, this extraction
requires harsh conditions, resulting in the loss of Chl molecules.
Reconstitution of carotenoids into solvent-extracted PS II and into
carotenoid-less bacterial reaction centers has, however, been
reported (23-25). A more gentle approach to this problem is to alter
the carotenoid composition of PS II by changing the types of caro-
tenoids available in vivo to be incorporated into the pigment-protein
complex. As in green algae (26), we have found that cyanobacteria
grown in the presence of carotenoid biosynthesis inhibitors do not
assemble PS II, even in the presence of carotenoid supplements,
presumably because the cells are unable to take up carotenoids from
the growth medium. Therefore, this is not a viable method to replace
B-carotene in PS II with another carotenoid.

We show here that we can produce carotenoids that are not native to
Synechocystis sp. PCC 6803 by modifying the carotenoid biosynthetic
pathway of this organism. We have learned what types of carotenoids
can be incorporated into PS II. We have found that gene deletions that
block B-carotene formation do not result in PS II formation (27). How-
ever, expressing phytoene desaturase from Rhodobacter capsulatus in
Synechocystis in place of the endogenous {-carotene and phytoene
desaturases, results in the accumulation of carotenoids that can be
incorporated into PS II. In this way, PS II core complexes from Synecho-
cystis sp. PCC 6803 can be genetically modified to produce carotenoids
with fewer than 11 conjugated double bonds.

Herein, we report the construction of Synechocystis sp. PCC 6803
carotenoid mutants and characterization of PS II core complexes from
the carotenoid mutant cells. Using low temperature visible and near-IR
spectroscopy to detect the formation of new carotenoid radical cation
species, we measure the formation and decay of the carotenoid and
chlorophyll radical cations to probe the sequence of electron transfer
steps in the secondary electron transfer pathway. Overall, these exper-
iments provide new insight into the role of carotenoids in the secondary
electron transfer pathways and assembly of PS II.
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MATERIALS AND METHODS
Construction of Mutants

Deletion Mutants—The genes for phytoene desaturase (pds) and
{-carotene desaturase (zds) were deleted separately in the genome of the
wild type (WT) Synechocystis sp. PCC 6803 and replaced by a kanamy-
cin resistance cassette. A PCR copy of the gene to be deleted (zds or pds)
that included 500 bases upstream and downstream of the gene was
ligated onto a pGEM-T plasmid vector (Promega A1360) using T4 DNA
ligase and amplified in XL1-Blue Escherichia coli-competent cells
(Stratagene 200249). These plasmids were named pA-zdsg, or
pB-pdss,,, respectively. The 500 bases flanking each gene together with
the ligated pGEM-T plasmid vector between them were copied by PCR
using primers designed to give unique restriction enzyme sites to the
termini of the PCR product. The PCR product was digested with the
appropriate restriction enzymes and then ligated using T4 DNA ligase
to a kanamycin resistance cassette with the same sticky ends as the PCR
product. The final plasmid construct was then amplified in XL1-Blue
E. coli-competent cells and used to transform the WT Synechocystis sp.
PCC 6803 strain.

Single Replacement Mutant (Pdscapl)—The zds gene in the Synecho-
cystis WT His tag strain (28) encodes {-carotene desaturase (Zds),
which converts {-carotene to lycopene, converted in turn by lycopene
cyclase to B-carotene. This gene was replaced by the crtl gene of R.
capsulatus, which encodes a phytoene desaturase, which converts phy-
toene to neurosporene, converted in turn by lycopene cyclase to B-zeac-
arotene (see below). This gene replacement should result (Fig. 2) in the
loss of B-carotene expression with 11-double bonds and its replacement
by B-zeacarotene with 9 conjugated double bonds. Plasmid pA-zdsg,,,
above was copied by PCR, excluding the zds gene using primers that
gave unique restriction sites to the termini of the PCR product. The
primers introduced a Kpnl site in place of the gene ATG start codon and
a Xbal site in place of the TAA stop codon. This PCR product was
digested with the appropriate restriction enzymes and then ligated to
PCR-amplified R. capsulatus crtl designed with the same sticky ends as
the PCR product. The R. capsulatus crtl was derived from plasmid
pGABX2 (29). The primers introduced a Kpnl site 100 bases upstream
of the NCBI designated start codon for this gene and an Xbal site 24
bases downstream of the TGA stop codon. Following ligation, the new
plasmid, called pA-crtly,,, ,, was then amplified in XL1-Blue E. coli-com-
petent cells and digested with Xbal, which gave a single cut. A strepto-
mycin resistance cassette with Xbal sticky ends was ligated into the cut
plasmid using T4 DNA ligase. The final plasmid construct was then
amplified in XL1-Blue E. coli-competent cells and used to transform the
WT Synechocystis sp. PCC 6803 His tag strain.

Double Replacement Mutant (Pdscap2)—To more completely chan-
nel the conversion of phytoene to B-zeacarotene, the endogenous Syn-
echocystis pds gene, still present in the single replacement mutant was
also replaced with the R. capsulatus crtl gene. Plasmid pB-pdsg,,, con-
taining the Synechocystis pds gene was copied by PCR, excluding the pds
gene, using primers that gave unique restriction sites to the termini of
the PCR product. The primers introduced a Kpnl site in place of the
gene ATG start codon and an Xbal site in place of the TAA stop codon.
This PCR product was digested with the appropriate restriction
enzymes and then ligated to PCR-amplified R. capsulatus crtl as
described above to give plasmid pB-crtly,,,. This plasmid was amplified
in XL1-Blue E. coli-competent cells and digested with Xbal, which gave
a single cut. A kanamycin resistance cassette with Xbal sticky ends was
ligated into the cut plasmid using T4 DNA ligase. The final plasmid
construct was then amplified in XL1-Blue E. coli-competent cells and

NOVEMBER 18, 2005« VOLUME 280-NUMBER 46

used to transform Pdscapl. This gave a double replacement mutant
with two copies of the R. capsulatus crtl gene.

Transformation of Synechocystis sp. PCC 6803 WT (His-tagged)*
strain with the deletion and single replacement constructs made above
was as described in Nixon et al. (30). Successful transformants were
selected on Petri plates containing BG-11 plus 5 mMm glucose with 50
pg/ml kanamycin or 100 ug/ml streptomycin and grown in very dim
light (~0.1 wmol of photons m~?s~") at 30 °C. Antibiotic-resistant col-
onies representing successful transformants were replated seven times
in BG-11 plus 5 mM glucose plates with 200 ug/ml kanamycin, for the
deletion mutants or 100 ug/ml streptomycin, for the single replacement
mutant, to obtain full segregation. Deletion mutations and single
replacement mutation were confirmed by extracting total pigments
from the cells and analyzing for the complete absence of 3-carotene by
HPLC. The cells were also unable to produce B-carotene under non-
selective conditions (without kanamycin or streptomycin) indicating
complete segregation. For the double replacement mutant, the fully
segregated single replacement strain was subjected to another round of
transformation, this time using plasmid pB-crtly,,; with a kanamycin
resistance cassette ligated 5 bases after the stop codon of R. capsulatus
crtl. The transformation procedure was the same as above except that
incubation of the fully segregated single replacement strain with the
plasmid construct was done in dim light (~0.1 wmol photons m s~ ).

PS Il Preparation

Wild-type Synechocystis sp. PCC 6803 cells were grown in liquid
BG-11 plus 5 mMm glucose medium as described (31-33). The mutants
were grown in BG-11 with 5 mM glucose in very dim light (~1 wmol of
photons m ™~ s !). Isolation of the thylakoid membranes from these cells
was performed as previously described (31, 32). The thylakoid mem-
branes were suspended at a concentration of 1 mg/ml chlorophyll in
Buffer A (25% glycerol, 20 mm CaCl,, 5 mm MgCl,, 50 mm MES, pH 6.0).
After addition of a one-eighth volume of 10% (w/v) n-dodecyl-B-D-
maltoside (3-DM), the suspension was stirred for 20 min and then cen-
trifuged at 40,000 rpm in a 45-Ti rotor (Beckman-Coulter) for 10 min.
The supernatant was then loaded onto a nickel-nitrilotriacetic acid-
agarose resin of ~40 ml pre-equilibrated with Buffer B (Buffer A con-
taining 0.03% B-DM) in a fritted column. The mixture was made 5 mm
in imidazole by adding appropriate volumes of a 2 M imidazole stock
solution and nutated in the dark at 4 °C for 30 min. Afterward, the
column was drained and washed with 700 ml of Buffer C (Buffer A
containing 0.1% B-DM and 5 mm imidazole). His-tagged PS II was
eluted with 160 ml of buffer D (Buffer B containing 100 mm imidazole).
The eluant containing PS II was made 1 mm in EDTA and concentrated
in a Millipore concentrator utilizing a YM 100 Diaflo ultrafiltration
membrane. The concentrated sample was then desalted by passing it
through a gel filtration column (Econo-Pac 10 DG, Bio-Rad) pre-equil-
ibrated with Buffer B then further concentrated in an Amicon Ultra-4
concentrator (Millipore) with a 100,000 molecular weight cutoff. The
samples were then frozen in liquid N, and stored at —80 °C until use.

Manganese Depletion

PS II core complexes were manganese-depleted for low temperature
near-IR measurements. The complexes in Buffer B were diluted 1:1 with
Buffer B containing 10 mm hydroxylamine and 2 mm EDTA, and incu-
bated in the dark for 30 min. The samples were transferred to an Ami-
con Ultra-4 concentrator (Millipore) with a 100,000 molecular weight

4 His-tagged PS Il refers to the presence of a hepahistidine tag located at the C terminus
of CP47 (28).
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cutoff filter and centrifuged at 5,000 X g to reduce the volume to ~100
wl. The sample was diluted twice to a volume of 4 ml with Buffer B
containing 2 mM EDTA and concentrated to 100 ul. The Mn*"-de-
pleted sample was diluted and mixed with glycerol and Buffer B to a final
concentration of 63% glycerol, 20 mm CaCl,, 5 mm MgCl,, 0.03% 3-DM,
and 50 mm MES, pH 6.0.

Pigment Analysis

The chlorophyll content of the cells was determined by extraction
with 100% methanol and using the 79.24 ml/mg extinction coefficient of
Lichtenthaler (34) at 665 nm. For total pigment analysis, PS II core
complexes were extracted with a 50:50 acetone/methanol mixture
under dim light. The mixture was centrifuged for 2 min (10,000 X g),
and a 50-pul aliquot of the supernatant was immediately filtered (0.45
pm, Millex-LH polytetrafluoroethylene) and injected onto a reverse-
phase HPLC column (Zorbax-ODS, 4.6 mm X 15 cm, Rockland Tech-
nologies) equilibrated with methanol:ethyl acetate (68:32, v/v). The sep-
aration was performed in isocratic mode using the same solvent system
(35) at a flow rate of 0.25 ml/min for 60 min at room temperature. The
relative chlorophyll and carotenoid concentrations were determined by
measuring the area of their respective peaks in the HPLC chromato-
gram and dividing by the extinction coefficients according to Giorgi et
al. (35) and Britton (36). The eluted carotenoids were identified by their
absorbance spectra using the diode array detector of the HPLC (Agilent
Series 1100) and by their mobility using B-carotene and zeaxanthin
standards.

Visible Absorbance Spectra and Light-minus-dark Absorbance Difference
Spectraat 77 K

PSII core complexes were diluted to ~10 uM Chl in a buffer contain-
ing 20 mM MES/NaOH (pH 6.5), 5 mm MgCl,, 20 mm MgCl,, 0.02%
B-DM, 2 mM ferricyanide, and 65% glycerol. The sample (1.5. ml) was
placed in a plastic cuvette with a 1-cm path length, inserted into a liquid
nitrogen bath cryostat (DN 1704 from Oxford), and dark-adapted. The
cryostat was then cooled to 77 K with liquid nitrogen and centered in the
measuring beam of a Cary 1E UV-visible spectrophotometer (Varian)
using a home-built cryostat holder. Spectra were recorded with data
intervals of 0.1 nm, a scan speed of 60 nm/min, and a spectral bandwidth
of 1 nm. The difference spectra were obtained by subtracting the
absorbance spectrum in the dark-adapted state from those measured
after 2-min illumination of the sample with continuous white light from
a 200-watt halogen lamp.

Low Temperature Near-IR Spectroscopy

PS1II core complex samples were prepared in a buffer containing 63%
glycerol, 20 mm CaCl,, 5 mm MgCl,, and 50 mm MES (pH 6.0) and
transferred to a plastic cuvette (Sigma) with a path length of 1 cm. The
samples were treated with 100 uM potassium ferricyanide to oxidize Cyt
bsso, dark-adapted for 1 h, slowly frozen in a liquid nitrogen bath, and
transferred to an Oxford Optistat cryostat mounted in a PerkinElmer
Life Sciences A-20 spectrophotometer. All experiments were performed
on samples equilibrated at the specified temperature inside the Optistat
for at least 1 h or until the baseline was stable.

Samples were illuminated by a specified number of flashes at 532 nm
from the second harmonic of an Nd:YAG Q-switched laser LAB-
150-10 (Spectra-Physics) operating at 10 Hz. A beam splitter was used
to vary the laser power delivered to the sample. A 1064 nm filter was also
used to further reduce the level of first harmonic present in the laser
beam. Typically, the flash energy was 150 -180 m] per pulse. The laser
was coupled to the cryostat by a fiber optic cable (Schott-Fostec). Illu-
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mination of the sample by a series of pulses was achieved by manually
triggering the laser Q-switch every 2—5 s, as specified below. In some
cases, the laser Q-switch was triggered by a home-built laser controller
device. The device is a counter that detects a transistor-transistor logic
pulse from the laser indicating that the flash lamp has fired. After the
specified number of flashes (or time since the laser operates at 10 Hz),
the laser controller device triggers the Q-switch electronically. The total
number of flashes and repetition rate (<10 Hz) can be specified by
binary input into the laser controller device. In some cases, the samples
were illuminated by a 150-watt halogen lamp filtered by a 6-inch water
bath and a heat-absorbing filter (Schott KG-5).

Scattered illumination light was filtered from the measuring beam of
the PerkinElmer Life Sciences A-20 spectrophotometer by a dichroic
mirror that blocks 532 nm (Spectra Physics) and a high band pass filter
with a 750 nm cutoff to reduce interference from chlorophyll fluores-
cence (Oriel 59550).

RESULTS

Modification of Carotenoid Biosynthesis Pathway in Synechocystis sp.
PCC 6803—In W'T Synechocystis, {-carotene is converted to lycopene
(linear, 11 conjugated double bonds) by {-carotene desaturase, Zds, and
both ends of lycopene are cyclized by lycopene cyclase to form 3-caro-
tene (2 B-ionylidene rings, 11 conjugated double bonds, see Fig. 24).
However, the lycopene cyclase gene has not yet been definitively iden-
tified in the Synechocystis sp. PCC 6803 genome. Because we could not
delete this gene to prevent formation of B-carotene, we instead opted to
delete other genes that would prevent the formation of lycopene in an
attempt to modify the carotenoid content of PS II. We used three dif-
ferent strategies to modify carotenoid expression in Synechocystis sp.
PCC 6803. Separately, we: 1) deleted the gene encoding phytoene
desaturase (Apds®) or {-carotene desaturase (Azds®); 2) replaced the
zds® gene with the crtl gene of R. capsulatus (Azds® crtl*, strain called
Pdscap1); and 3) replaced both the pds® and zds® genes with the crtl gene
of R. capsulatus (Azds® Apds® 2crtI™, strain called Pdscap2).

Separate deletion of pds® or zds® produced cells that accumulate phy-
toene (3 conjugated double bonds) or {-carotene (7 conjugated double
bonds), respectively, and no B-carotene (Fig. 24). This strain required
glucose and dim light for growth and contained functional Photosystem
I (PSI) but no PSII, as indicated by the absence of a variable chlorophyll
fluorescence yield upon illumination of dark-adapted cells (27). Failure
to isolate PS II core complexes using chromatographic methods also
confirmed the absence of PS II centers in this strain.

Because linear carotenoids with shorter conjugated chains like phy-
toene and {-carotene apparently do not substitute for 3-carotene in PS
IT assembly, we employed an alternative strategy, that of replacing the
zds gene with the crtl gene of R. capsulatus. In this strain, designated
Pdscapl, much of the phytoene is diverted to the formation of neuro-
sporene, a linear carotenoid with 9 conjugated double bonds, rather
than to {-carotene (Fig. 2B). We expected that only one end of the
neurosporene would be cyclized by lycopene cyclase because of the
absence of a double bond in the C7-C8 position of neurosporene (37).
The product of this cyclization reaction would be B-zeacarotene. That
this is indeed the case is shown below. Because lycopene cyclase does
not change the number of double bonds in a carotenoid, B-zeacarotene
and neurosporene both have 9 conjugated double bonds and should
differ little in their redox behavior. In the Pdscap1 strain, PS Il accumu-
lates, although to only ~10% of WT levels. That PS Il accumulates at all
is probably because B-zeacarotene more closely resembles the structure
of B-carotene than does {-carotene or phytoene. However, the cells can
tolerate brighter light conditions than the pds and zds deletion strains.
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FIGURE 2. A, carotenoid biosynthetic pathway
starting from geranylgeranyl pyrophosphate
(GGPP) and producing p-carotene in WT Synecho-
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The Pdscapl strain can also grow on minimal media, but at a much
slower rate than WT. In addition to 3-zeacarotene, neurosporene and
{-carotene were also detected in the cell extract. No B-carotene is
detectable in this strain.

We reasoned that diverting more of the phytoene to B-zeacarotene,
might well increase the number of PS II centers per cell. A mutant was,
therefore, constructed from the Pdscap]1 strain in which the native pds
gene was also replaced by a copy of the crtl gene of R. capsulatus. This
strain, Pdscap2, or Azds® Apdss 2¢rtl®, has two copies of the crtl gene of
R. capsulatus. Pdscap2 is able to produce slightly more PS II reaction
centers per cell (~15-20% compared with WT levels) and is able to
tolerate even brighter light conditions than Pdscapl despite the com-
plete absence of B-carotene. Surprisingly, however, this strain does not
grow on minimal medium, which could arise from secondary effects
associated with the loss of pds, possibly influencing the expression of
crtB (phytoene synthase), which is located immediately downstream of
pds (crtP) in the Synechocystis genome. Such secondary effects could
include destabilization of other pigment-protein complexes. Examples
include coupled transcription of crtl and crtB in Rhodobacter spha-
eroides and its role in the assembly of light-harvesting complex 2 (38).

The visible absorbance spectra of the Pdscap2 and the WT PS II core
complexes measured at 77 K show major differences in the carotenoid
region (Fig. 3), where the carotenoid absorbance bands are shifted to
shorter wavelengths, consistent with the replacement of 3-carotene by
carotenoids with shorter m-conjugation. There are also differences in
the Qy region, where, compared with the WT, the Pdscap2 mutant
shows the marked loss of the chlorophyll absorption peak at 677.5 nm
and a small (~0.5 nm) shift to the red of the Qy absorbance maximum.

Pigment Analysis of Photosystem II Core Complexes—TABLE ONE
summarizes the Chl a and carotenoid compositions of the His-tagged
WT PSII core complexes, and the His-tagged PS II core complexes from
Pdscapl and Pdscap2 mutant strains of Synechocystis sp. PCC 6803. The
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FIGURE 3. Visible range absorption spectra of WT and Pdscap2 PS Il core complexes
measured at 77 K. The data were normalized at A, in the Qy region of the spectrum.

pigment compositions were normalized to two pheophytin a (Pheo a)
molecules, because it is generally accepted that each PS II reaction cen-
ter contains two such molecules (39). Both the WT and mutant core
complexes contain ~38 Chl 2 molecules as reported by Tang and Diner
(32) in their determination of the pigment content of non-His-tagged
WT PS II core complexes.

HPLC analyses of carotenoids in WT PS II core complexes from
Synechocystis sp. PCC 6803 cells have identified the main carotenoid as
B-carotene and minor components as hydroxylated derivatives, includ-
ing B-cryptoxanthin, zeaxanthin, and a trace amount of myxoxantho-
phyll or echinenone (4). Here, we find that the WT His-tagged PSII core
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TABLE ONE

Chl a and carotenoid compositions of the purified His-tagged WT and
carotenoid mutant PS Il core complexes from Synechocystis sp. PCC
6803
Pigment component | Molar ratio
WT
Pheo a 2
Chla 37921
Carotenoid 126 + 1.4
B-Carotene 113 1.1
B-Cryptoxanthin/isocryptoxanthin 02 *0.1
Zeaxanthin 09 *0.2
Pdscapl
Pheo a 2
Chla 384 *1.6
Carotenoid 10.5 0.8
B-Zeacarotene 4.7 0.2
cis-3-Zeacarotene 21*+03
OH-B-zeacarotene 1.5+0.1
Neurosporene 20=*0.1
{-Carotene 0.2 *0.1
Pdscap2
Pheo a 2
Chla 38.6 £ 1.4
Carotenoid 132 +13
B-Zeacarotene 83*+04
cis-[3-Zeacarotene 0.7 =0.2
OH-B-zeacarotene 1.9*0.1
Neurosporene 1.9 = 0.4
{-Carotene 04 *0.2

complexes contain ~13 carotenoid molecules dominated by B-caro-
tene. The other carotenoids present in the WT His-tagged PS II core
complexes include B-cryptoxanthin and zeaxanthin. All three mole-
cules have the same number of conjugated double bonds, 11, and have
identical UV-visible spectra. Pigment analyses of PS II reaction center
preparations have identified two 3-carotene molecules bound to the D1
and D2 polypeptides (18, 19, 22). Both of these B-carotenes have been
reported to be redox-active (6, 11).

HPLC analyses of the carotenoid content of the PS II core complexes
from Pdscapl and from Pdscap2 (Fig. 4 and TABLE ONE) show both
the complete absence of B-carotene and the presence of a major carot-
enoid (peak 7, A, 406, 428, and 454 nm) that has an absorbance spec-
trum blue-shifted by ~16 nm and with less sharp features than neuro-
sporene (peak 6, A, 416, 441, and 469 nm), both indicative of end
cyclization (37). Either one or both ends of neurosporene might be
cyclized to form B-zeacarotene or 7,8-dihydro- 3-carotene, respectively,
which have nearly identical spectra. To distinguish between these pos-
sibilities, two plasmids that in concert produce 7,8-dihydro- 3-carotene,
were used to transform Escherichia coli strain BL21(DE3) (Invitrogen).
The first plasmid, pAC-NEUR (37), produces neurosporene, whereas
the second plasmid, a full-length Arabidopsis B-cyclase cloned as an
in-frame fusion in pBluescript SK- (40), transforms neurosporene to
mainly 7,8-dihydro-B-carotene. Transformed E.coli cells
extracted with 50:50 (v/v) acetone/methanol mixture in the dark, after
which the extract was run in the HPLC under the same conditions as the

were

pigment extracts of the PS II core complexes (see “Materials and Meth-
o0ds”). We observed that the principal carotenoid peak in Pdscap2 (Fig. 4,
peak 7) with a spectrum analogous to 3-zeacarotene or 7,8-dihydro-8-
carotene elutes much earlier (32 min) than the 7,8-dihydro-B-carotene
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FIGURE 4. An HPLC chromatogram, detected at 430 nm, of a total pigment extract of
the Pdscap2 core complexes, performed in isocratic mode using methanol:ethyl
acetate (68:32, v/v). The components were identified as follows: 17, Chl derivative; 2,
Chl; 3, OH-B-zeacarotene; 4, pheophytin; 5, cis-B-zeacarotene; 6, neurosporene; 7,
B-zeacarotene; 8, {-carotene. The absorbance spectra are shown for components
6and7.

standard (eluting at 46 min, not shown) under the same HPLC condi-
tions. As peak 7 could only be B-zeacarotene or 7,8-dihydro-B-caro-
tene, we therefore assign to B-zeacarotene the principal carotenoid
expressed. We conclude that in Synechocystis sp. PCC 6803, as in the
case of Synechococcus sp. PCC 7942, only one end of neurosporene can
be cyclized by lycopene cyclase, likely because of the absence of a double
bond in the C7—C8 position of neurosporene (37).

The PSII core complex of the Pdscap2 strain contains about one-third
more cis- plus trans-B-zeacarotene than does that of Pdscapl (TABLE
ONE), most probably because the former has two copies of the crtl gene
of R. capsulatus. This observation is a reflection of the increased expres-
sion of B-zeacarotene on a per chlorophyll basis observed by HPLC
analysis (at 430 nm) of total pigment extracts in whole cells of Pdscap2
compared with Pdscapl (not shown). Other minor carotenoid compo-
nents were also identified in the Pdscapl and Pdscap2 PS II core com-
plexes, including OH-B-zeacarotene, neurosporene, and {-carotene
(Fig. 4). The presence of {-carotene (7 conjugated double bonds) can be
readily explained in Pdscapl, because the native pds gene is still present
in that strain where it catalyzes the formation of {-carotene from phy-
toene. However, there is still some {-carotene produced in the Pdscap2
strain where the native pds gene has been replaced by the cr¢I gene of R.
capsulatus. It is conceivable that the dehydrogenation of phytoene by R.
capsulatus Crtl is a two-step reaction: formation of {-carotene from
phytoene, followed by the conversion of {-carotene to neurosporene.
Some of the first reaction product may dissociate from the enzyme
before the second reaction occurs. Consistent with this suggestion is the
detection of trace amounts of B-zeacarotene in R. capsulatus.

Carotenoid and Chlorophyll Oxidation—PS II core complexes from
the Synechocystis WT and Pdscap2 strains were manganese-depleted
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(see “Materials and Methods”) and pre-treated with 100 uM potassium
ferricyanide to pre-oxidize Cyt bs,. Carotenoid is oxidized by Pgg, " in
PS 1I following the formation of Py, "Q, ™ at low temperature under
conditions where normal donor side electron transfer is blocked. At
cryogenic temperatures, only one stable charge separation is possible
per reaction center, because Q, can only be reduced once to form the
radical anion. Therefore, the maximum number of radical cations (Car ™
and Chl" combined) is one per reaction center. Fig. 54 shows the
near-IR light-minus-dark difference spectrum of Car* and Chl*
formed in both WT and Pdscap2 mutant core complexes, suspended at
the same chlorophyll concentration, after a series of 160 saturating laser
flashes (Nd:YAG laser at 532 nm, one flash/30 s) at 20 K, at which point
the radical cation concentrations have reached a steady state. The Chl*
largely contributes to the absorption at just above 800 nm with an
extinction coefficient of about 6000 M~ 'cm ' (41). The B-carotene
Car™ spectrum in the WT PS II core complex has an absorbance max-
imum at 984 nm, in agreement with previous results (2, 5, 11) and with
a much higher extinction coefficient (ranging from 6.3 X 10* to 2.1 X
10° M 'em™ ') (42-45). The Car’ spectrum in the Pdscap2 mutant
complex (Fig. 5), on the other hand, has an absorbance maximum at 898
nm, consistent with both the absence of B-carotene and the oxidation of
a carotenoid species with nine conjugated double bonds. These obser-
vations are in agreement with the observed carotenoid composition of
the sample (TABLE ONE).

Fig. 54, as well as experiments in a subsequent paper in preparation,”
show that the accumulation of Car™ per center in the Pdscap2 cores is
only ~25-35% of that of WT on a per chlorophyll basis. The apparently
lower Car™ yield in the mutant compared with WT can arise from a
number of sources. 1) There may be a greater percentage of inactive
centers in the mutant resulting in lower Car " formation on a per chlo-
rophyll basis. 2) The extinction coefficient of the B-zeacarotene Car™
cation radical could be less than that of B-carotene. 3) Carotenoid oxi-
dation by Pgg, " in the mutant could be slower in the mutant, competing
less well against Pgg,"Q,~ charge recombination, producing a lower
Car” flash yield. 4) The oxidized carotenoid could, as a result of its
higher reduction potential, oxidize other species, including chlorophyll,
and so accumulate less Car ™ but more Chl™ than in WT.

> E. Schlodder, J. A. Bautista, C. A. Tracewell, F. X. Cunningham, B. W. Brudvig, and B. A.
Diner, in preparation.
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The following experiments and arguments provide some tests of
these possibilities. 1) Single saturating flash measurements of photore-
ducible Q, in PS II core complexes, measured in terms of Q, /Chl,
indicate a 20% lower ratio in the mutant than in WT. This observation
implies that ~80% of the reaction centers in the mutant are active for
charge separation, providing only a partial explanation for the defi-
ciency in the formation of Car* in the Pdscap2 cores. The presence of
some inactive centers in the mutant may either reflect an impairment of
center assembly in vivo or a more facile loss of Q, during purification
of the centers. 2) There is very little information in the literature on the
extinction coefficients of carotenoid cation radicals. However, based on
a study of radical cations of linear polyenes (46), there should be a
general tendency toward a decrease in extinction coefficient of the
carotenoid cation radicals with decreasing extent of 7-conjugation.
Jeevarajan et al. (45) have compared, in the infrared, the extinction
coefficients of the monocation radicals of 7',7’-dimethyl-7’-apo-3-car-
otene (10-conjugated double bonds) and B-carotene (11-conjugated
double bonds). Although the extinction coefficient of the neutral form
of the former is 11% less than that of the latter, the extinction coeffi-
cients of the cation radicals are similar (6.3 X 10* M~ 'cm ™). B-Zea-
carotene has one fewer conjugated double bonds than does 7',7'-di-
methyl-7'-apo-B-carotene, it is likely therefore that the extinction coef-
ficient of the cation radical of B-zeacarotene is somewhat less than that
of B-carotene. How much less cannot be estimated precisely, although
certainly less than a factor of two based on a comparison with linear
polyenes (46). 3) After correction for the inactive centers,” the flash yield
of stabilized charge separation ([Q, ~]/flash) in a series of light flashes is
identical for the WT and Pdscap2 strains indicating that the rates of
oxidation of carotenoid by Pgg,* and of charge recombination are not
perturbed by the change in carotenoid composition. 4) Experimental
evidence that the difference in the carotenoid cation yield for the
Pdscap2 mutant and WT core complexes is at least in part due to the
enhanced oxidation of Chl at the expense of Car" in the mutant is
provided below.

Fig. 5B shows, following normalization to the Car™* absorption, that
the ratio of Chl* (represented by the absorbance peak at 814 nm in both
the WT and mutant) to Car™, generated upon illumination is about
2-fold higher in the mutant than in the WT. Also the absorbance peak at
814 nm is more marked in the mutant than in the WT. Assuming that
the extinction coefficient of the radical cation of B-zeacarotene is >50%
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of that of B-carotene, it is likely that at least some of the Car" is lost to
the oxidation of Chl™. Fig. 6 shows a visible light-minus-dark difference
spectrum of PS II core complexes recorded at 77 K for WT and the
Pdscap2 mutant following illumination with continuous light for ~120
s in the presence of 2 mm K;Fe(CN),. The spectra are normalized to the
C550 signal, an electrochromic band shift of pheophytin that is a linear
indicator of Q,~ formation (47). As shown in Fig. 5B, the experiment
indicates an enhanced oxidation of Chl, (~1.25 times at 666 nm) (48) in
the mutant as compared with WT. Both of these observations indicate a
displacement of the Car"Chl, < CarChl, " equilibrium to the right in
the Pdscap2 mutant, consistent with the presence in the mutant of
shorter r-conjugated chain carotenoids with higher reduction
potentials.

Variation of Car* Spectra with Temperature of lllumination—The
near-IR absorbance spectra of the carotenoid cations of WT Synecho-
cystis and Pdscap2 mutant PS II core complexes were also determined
following a series of 160 laser flashes given at different temperatures
(Fig. 7). The laser flash illumination was performed at the same temper-
ature at which the spectra were recorded. The yield of Car™ is observed
to decrease as the temperature increases, which likely stems from the
faster rate by which Car™ is reduced at higher temperatures, by charge
recombination with Q,~ (5) and by reduction by Chl. The absorbance
maximum of the Car™ absorption band in the Pdscap2 sample is seen to
red shift from 898 nm at 20 K, to 907 nm at 120 K, and to 913 nm at 160
K, whereas in the WT, at the same temperatures, the absorbance max-
imum increases from 984 nm, to 993 nm, and to 996 nm, respectively.
The bandwidth (full width at half maximum) is also observed to increase
with temperature. Previous studies of WT PS II core complexes have
shown that the shift and broadening is due to two overlapping Car™
species (11).

The shift in absorbance maximum as a function of temperature may
be due to inhomogeneous broadening of a single carotenoid cation or to
the generation of a different population of carotenoid cations. To test
the origin of the shift with temperature, the Pdscap2 sample was illumi-
nated at a higher temperature, 160 K, and then cooled to 20 K. Re-illu-
mination at 20 K resulted in the formation of additional Car™ having an
absorption maximum of 900 nm (data not shown). Therefore, the peak,
which forms at warmer temperature, is an independent species from the
peak formed at 20 K. The Pdscap2 PS II sample was also illuminated at
160 K by white light for initially 30 s followed by increasing time incre-
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ments (see Fig. 7C). Gaussian deconvolution of the Pdscap2 spectrum at
160 K demonstrates that the carotenoid radical cation absorbance fea-
ture is composed of three absorbance bands centered near 900 nm, 940
nm, and 990 nm. For the interpretation of these spectra, see below.

Decay of Car*—The ability to generate Car™ in PS II core complexes
containing carotenoids with different reduction potentials provides a
handle by which to investigate the mechanism of Car™ reduction. The
decay of the Car ™" species was measured in the dark at the Car ™ absorb-
ance maximum following laser-induced Car" formation. Both the WT
and Pdscap2 mutant PS II core complexes were studied as a function of
temperature (Fig. 8 and replotted as a normalized comparison of mutant
and WT in Fig. 9). Tracewell et al. (5) have shown in WT Synechocystis
PS II core complexes, that Car™ is reduced mainly by Q, ~ and that the
rate of reduction increases with temperature. Fig. 8 shows that the decay
profiles of both the WT and Pdscap2 samples are multiphasic, indicat-
ing inhomogeneity in the Car™ environments. The faster decay rates at
higher temperature indicate that Car™ reduction is thermally activated,
probably reflecting a charge reorganization that accompanies charge
recombination and diversity in the locations of the carotenoids that are
involved in recombination. Paradoxically, the carotenoid cation appears
to decay more slowly in the Pdscap2 mutant strain than in WT.

DISCUSSION

Importance of the B-Ionylidene Ring—Although able to assemble PS T
complexes, the Apds and Azds strains of Synechocystis sp. PCC 6803 are
completely devoid of PS II. The absence of PS I in these deletion strains
is most likely a consequence of the inability of the mutants to assemble
PS II centers in the absence of B-carotene. It is likely that neither phy-
toene nor {-carotene can substitute for B-carotene in PS II assembly.
However, both the Pdscap1 and the Pdscap2 strains are able to accumu-
late PS IT with the Pdscap2 mutant strain producing more {-carotene
and more PS II than strain Pdscapl. The carotenoid composition of PS
II core complexes isolated from Pdscap2 is higher in 3-zeacarotene, and
we were also able isolate more PS II cores per cell from this strain than
from cells of Pdscapl. These results suggest that carotenoids play a
structural role in PS II assembly and that the presence of a carotenoid
containing at least one B-ionylidene ring is a necessary condition for
such assembly. The chlorophyll to pheophytin ratio of the His-tagged
Pdscapl and Pdscap2 PS II core complexes is the same as that from the
His-tagged WT strain. This observation suggests that the Chl 2 mole-
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cules are tightly bound in the PS II core complexes and that this tight
association with the protein environment is not affected by the replace-
ment of B-carotene with B-zeacarotene. Thirty-five to thirty-six chlo-
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rophylls were reported in the x-ray crystallographic structures of the PS
IT core complexes from Thermosynechococcus elongatus and vulcanus
resolved to 3.2-3.8 A (12-15). This number is slightly smaller than the
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38 Chl a/PS II we measure, but within the range of uncertainty of the
values reported here. The difference could reflect residual uncertainty
in the x-ray structures, species differences, or different preparation
methods. There are small differences in the low temperature absorb-
ance spectra of the core complexes in the Qy region. A peak present in
the WT complex at 677.5 nm is reduced to a shoulder in the mutant
strains, suggesting that there is a change in the environment of a small
fraction of the chlorophylls within the complex. The location of this
chlorophyll or chlorophylls is not known. The overall similarity in struc-
ture of the His-tagged WT and Pdscap2 PS II core complexes as sug-
gested by the cofactor content suggests that the PS II pigment-protein
complex in the Pdsdcap2 cells is intact, allowing us to evaluate the
consequences of the change in redox properties of the carotenoid cofac-
tors on the secondary electron transfer pathways.

Blue-shifted Carotenoid Cation Spectrum—Illumination of the
Pdscap2 PS II sample at 20 K results in the formation of a near-IR
absorbance band at 898 nm instead of at 984 nm where the Car™ peak is
observed in WT PS II, a shift of 86 nm (see Fig. 5). In a study of chemi-
cally generated carotenoid cation radicals, Deng et al. (49) observe a
blue shift of approximately ~48 nm for each incremental decrease in the
total number of conjugated double bonds for a series of carotenoids
having 12, 11, and 10 conjugated double bonds. This predicts an approx-
imate 96 nm blue shift in the absorption max for a decrease in conjuga-
tion by two double bonds and implies that the Car* in the mutant has
only 9 conjugated double bonds. Although the blue shift of the Car™
peak observed here is 10 nm less than the predicted value, it is likely that
the absorption spectrum of the carotenoid radical cation also depends
on the dielectric environment and conformation of the carotenoid
(degree of twist that reduces the 7m—r conjugation) in the protein. The
near-IR absorption maxima of B-carotene radical cations (8-Car™)
observed in spinach and WT Synechococcus and Synechocystis PS 11
samples have been observed in the range of 980-1000 nm (11). The
terminal double bonds of B-carotene are located within the B-ionyli-
dene rings, which are forced out of the plane of conjugation with the rest
of the polyene chain because of steric repulsion between the methyl
groups on the ring and the polyene chain. The absorbance spectrum of
B-Car™ is thus less red-shifted than it would be if the terminal double
bonds were not associated with the B-ionylidene rings (see Fig. 2).

According to the HPLC analysis (Fig. 4 and TABLE ONE), the Pdscap
PS II core complexes contain two types of carotenoids that have 9 con-
jugated double bonds: neurosporene and fB-zeacarotene. The initial
carotenoid photooxidized is likely bound to the D1/D2 polypeptides
and is known to be B-carotene in WT PS Il reaction centers. The appar-
ent selectivity of the carotenoid binding site for a B-ionylidene ring
suggests that B-zeacarotene, which has one B-ring, and not neuro-
sporene, which is linear, would be bound to the D1/D2 polypeptides.

Reduction Potentials for Carotenoid Oxidation—Reduction poten-
tials for carotenoid radical cations have been reported by several groups
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measured in different environments. The reduction potential for
B-Car™ has been reported for B-carotene dissolved in micelles prepared
from mixtures of Triton X-100 and Triton X-450. This hydrophobic
environment is similar to that of a membrane protein and results in
values between 1.03 and 1.06 V versus normal hydrogen electrode (50,
51). Electrochemical oxidation has been measured in dichloromethane
for a series of carotenoids containing 12, 11, or 10 conjugated double
bonds. The reduction potential was found to decrease by ~45 mV per
unit increase in the number of double bonds (49). Using these values, we
estimate the reduction potential of a carotenoid radical cation contain-
ing nine conjugated double bonds to be between 1.12 and 1.15 V versus
normal hydrogen electrode.

As mentioned above and in more detail elsewhere,” the fraction of
centers able to generate Car* plus Chl* on each of a series of light
flashes is the same for PS II core complexes containing carotenoids
having 9- or 11-conjugated double bonds. Earlier estimates of the reduc-
tion potential of Pgg, " were ~1.12 V (52), which is very close to the
estimated value for the reduction potential of a carotenoid with 9 con-
jugated double bonds. More recently, a reassessment of the Pheo™ /Pheo
redox couple by Rappaport and coworkers resulted in an increase in the
estimate of the reduction potential of Pyg, ™ to 1.26 V (20, 21). The
independence of the amount of stabilized Car™ plus Chl" radical to
the degree of conjugation of the PS II carotenoids appears more con-
sistent with the higher value.

Chlorophyll/Carotenoid Cation Equilibrium—A mixture of Car*
and Chl™ radical cations are formed in the Pdscap2 PS II core com-
plexes, as observed previously in the WT. However, a striking difference
between the WT and the Pdscap2 PS II core complex is the larger pro-
portion of Chl™ relative to Car* (Fig. 5) and of Chl™ relative to Q, ~ (Fig.
6) observed in the mutant PS IT sample. Although the higher Chl™/Car™
in the Pdscap2 mutant may be due in part to a lower extinction coeffi-
cient for Car™, the higher Chl*/Q,~ in Fig. 6 indicates clearly a dis-
placement to the right of the redox equilibrium between the carotenoids
and their neighboring chlorophylls: Car" Chl < CarChl". As described
above, a carotenoid radical cation containing 9 conjugated double
bonds has a higher reduction potential than B-carotene. Therefore, the
larger amount of Chl™ in the mutant PS 11 is due to the higher reduction
potential of the carotenoid in the mutant, which makes it a better oxi-
dant of Chl than B-Car ™, shifting the equilibrium to the right (Fig. 10).

Temperature Dependence of Carotenoid Oxidation—Tracewell and
Brudvig (11) showed that the Car* band in W'T Synechocystis can be fit
by two Gaussians, one centered at 982 nm (Car, ") and another at 1027
nm (Cary"). Although both Car, " and Car,,* are B-carotenes, the dif-
ference in the absorbance maxima was attributed to differences in the
local environments of the two carotenoids. Car, " is dominant at 20 K
and decreases in intensity at higher temperatures. Cary " is more stable
at higher temperatures and becomes equal in intensity to Car, ™ at
around 150 K. A similar phenomenon appears to be at work in the
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FIGURE 10. Relative positions of the reduction potentials for the PS Il alternate path-
way cofactors in WT and Pdscap PS Il core complexes.

Pdscap2 PSII core complex with two or more carotenoid cation radicals
contributing to the absorbance spectrum as the temperature increases.
We observe a shift of the carotenoid radical cation absorbance maxi-
mum to longer wavelength and the peak broadens as the temperature of
illumination is increased from 20 to 160 K. Gaussian deconvolution of
the broad low energy tail on the Car™ peak suggests that the shift in
absorbance maximum is the result of the formation of two absorbance
bands at ~940 and ~990 nm and a decrease in the 900 nm absorption
band. These higher wavelength features cannot be due to more highly
conjugated carotenoids as the Pdscap2 core complexes do not contain
carotenoids with more than 9 conjugated double bonds. It is likely that
the 940 and 990 nm components correspond to cations derived from
9-conjugated double bond carotenoids in different environments. It is
possible that at higher temperatures, electron transfer between the
carotenoids in the D1/D2/Cyt b, reaction center and those in CP43
and CP47 becomes energetically feasible resulting in the oxidation of a
carotenoid bound to one of the more peripheral light harvesting pro-
teins of the core complex. An increase in the width of the Car " absorb-
ance peak was noted in W'T PS II core complexes as the Car™ species
decayed and is likely an indication of a similar Car ™ heterogeneity (11).

There is evidence for carotenoid cation formation in PS II through a
mechanism different from the one described here, and that is thought to
occur both within and outside the PS II core complex. In higher plants,
non-photochemical quenching of fluorescence occurs under conditions
of illumination at high light intensity that produces an over-acidifica-
tion of the thylakoid lumen. The major form of non-photochemical
quenching occurs in the antenna and originates in the PsbS protein,
where the quenching species is formed when violaxanthin (9 conjugated
double bonds) is replaced by zeaxanthin (11 conjugated double bonds).
The mechanism of non-photochemical quenching in PsbS involves the
formation of a quenching species and a charge transfer complex involv-
ing a chlorophyll radical anion and carotenoid radical cation (53, 54).
The formation of the radical pair in a chlorophyll/carotenoid het-
erodimer charge transfer complex requires that the reduction potential
of the carotenoid be sufficiently low to be apt for oxidation, with the
11-double bond zeaxanthin easier to oxidize than the 9 double bond
violaxanthin. Recently, a zeaxanthin-independent non-photochemical
quenching mechanism localized in the PS II core complex was reported
(55) and suggested to occur by a similar mechanism. It is likely that the
sensitivity to light observed in the Pdscapl and Pdscap2 mutant strains
reflects a decreased capacity for the quenching of Chl triplet states,
although an increased difficulty in generating a Chl~ Car ™ radical pair as
the product of the quenching reaction upon substituting 3-zeacarotene
for B-carotene could contribute as well.
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Reduction of Car™ by Q; —As described above, Car* reduction may
occur by charge recombination or Chl* formation. According to Fer-
reira et al. (14), Car 48 is within 7 A of Chl,,, and at its closest point ~21
A from P,* (the principal location of the P cation). Car 53 is about the
same distance from P, but at 26 A from its closest point to Chl.,,,. Car
48 and 53 are within 6 A of each other at their closest points. In light of
these distances, it would appear likely that Chl,,, oxidation by Car* 48
is faster than its own oxidation by P (via Car 53 or not) making it likely
that Chl,,, oxidation occurs simultaneously with Car™ formation. The
timescale of minutes and hours that we observe for the decay of Car*
(Figs. 8 and 9) is very likely the result of charge recombination with Q.
The mechanism of charge recombination between the donor and
acceptor sides of the PS II reaction center is thought to occur through
Pego Qa - Were this route to apply to Car™ decay, then the recombi-
nation would be expected to proceed as shown in Reaction 1 at temper-
atures low enough to prevent electron donation by tyrosine Y. Tyro-
sine Y}, is presumed to be already oxidized and to be too weak an oxidant
to generate significant amounts of Pg,", and the secondary acceptor
side quinone, Qg, is missing from the core complexes.

CarPggoQa~ S CarPggo "Qa~ — CarPygyQa

REACTION 1

Because [3-zeacarotene has a higher reduction potential than B-caro-
tene for cation formation, the foregoing equilibrium should shift to the
right in the mutant, compared with WT, accelerating the rate of charge
recombination. The decay kinetics of Car™ in the WT and Pdscap2
mutant PS IT core complexes are directly compared at 20 K and 160 K in
Fig. 9. This figure shows that, contrary to the prediction of the above
reaction, Car™* decays more slowly in the Pdscap2 mutant than in WT.
This observation indicates that Car™ either does not equilibrate with
DPego ! or that it does not generate a sufficient equilibrated concentration
of Pegot for Py "Q,~ to contribute significantly to Car™ decay. We
conclude that charge recombination is instead direct between Car* and
Q4 although possibly involving Pheo/Pheo™ equilibrated with
Qu/Qs"

The multiphasicity of charge recombination kinetics reflects the
inhomogeneous composition of the PS II protein complex. This was
observed previously for Car"Q, ™~ recombination in WT PS II and was
attributed to freezing the sample in multiple conformations that have
different recombination rates. This is also occurring here, but we also
note that the distribution of fast and slow decaying components is dif-
ferent for Pdscap2 and WT PSII (Fig. 9). For the Pdscap2 PS II sample,
in addition to having a higher reduction potential of the carotenoid
radical cation, the conjugation length of the carotenoid is also
decreased. This reduces the distance over which it can act as an electron
wire to bridge two redox components. In the case of B-zeacarotene,
another point to consider is how the molecule binds to the -carotene
binding site. B-Carotene has C, symmetry. However, B-zeacarotene,
with only one B-ionylidene ring, may be able to bind to each carotenoid
binding site in either of two orientations. The distance between Q,~
and the end of the conjugated chain would then depend on the orienta-
tion. Such heterogeneity of orientation would further contribute to the
multiphasic decay kinetics, observed in the Pdscap2 PS II core complex.

We have demonstrated that 3-zeacarotene can replace B-carotene in
PS I allowing assembly of this pigment-protein complex in Synechocys-
tis sp. PCC 6803. We also show that P.g,™ is capable of oxidizing a
carotenoid containing 9 conjugated double bonds (B-zeacarotene), con-
sistent with recent estimates of a higher reduction potential for Pgg,"/
Pgso- A consequence of the higher reduction potential of the carotenoid
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cation generated in the mutant is that the amount of chlorophyll cation
radical produced at the expense of the carotenoid cation radical is
enhanced relative to what is observed in the WT. In a subsequent report
in preparation,” we will examine the kinetics and flash yield of oxidation
of the carotenoid in the Pdscap2 mutant relative to WT, providing addi-
tional insights into the mechanism of carotenoid and chlorophyll
oxidation.
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