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ABSTRACT. The terminal part of the electron pathway within the photosystem | (PSI) complex includes
two [4Fe-4S] centers,F/and kg, which are coordinated by the PsaC subunit. To gain new insights into

the electron transfer mechanisms through PsaC, we have generated three mutant strains of the alga
Chlamydomonas reinhardtin which two positively charged residuesgkand Rs, near the k center

have been altered in different ways. The mutationsSKR:sD and KsP/RssD lead to a strong
destabilization of PSI. The third mutant:36/RssA accumulates PSI to 30% of wild-type levels and
shares the same residues between two of the cysteine ligandsasfthe PsaC homologue in the green
sulfur bacteriumChlorobium limicola,in which K has a higher redox potential thap fNitschke, W.,

Feiler, U., & Rutherford, A. W. (1990Biochemistry 29 3834-3842]. Low-temperature electron
paramagnetic resonance (EPR) studies reveal that, in contrast to wild gyipg@réferentially photoreduced

in this mutant, as was also observed @irlimicola. The preferential photoreduction of Eould be due

to changes in the redox potential of Rnd/or to slight structural modifications of the PsaC subunit.
However, room temperature optical measurements show that stable charge separation still occurs and,
surprisingly, that electron transfer from PSI to ferredoxin proceeds at normal rates in the mutadt. As
limicola, the Ks,S/Rs3A and Ks,S/Rs3D C. reinhardtiimutants are photosensitive when grown aerobically,

but can grow photoautotrophically under anaerobic conditions.

Photosystem | (PSl)s a multiprotein complex located in  sequence of PsaC is highly conserved among species
the thylakoid membranes of higher plants, algae, and (Golbeck, 1992). It contains two CxxCxXCxxxCP motifs
cyanobacteria and acts as a light-driven plastocyanin found in [4Fe-4S] center binding proteins. Cysteines 11,
ferredoxin oxidoreductase. At least five chloroplast-encoded 14, 17, and 58 and cysteines 21, 48, 51, and 54 have been
subunits (PsaA, -B, -C, -I, and -J) as well as six nuclear- shown to coordinate the iron atoms of centerdhd R,
encoded polypeptides (PsaD, -E, -F, -G, -H, and -K) form respectively (Zhao et al., 1992). Sequence comparisons
this complex (Golbeck, 1992). The redox components of jndicate that PsaC shares structural features with bacterial
the complex are bound by PsaA, PsaB, and PsaC. The largeoluble ferredoxins containing two [4Fe-4S] clusters, and a
(80-85 kDa) PsaA and PsaB subunits bind the primary model based on the structure Beptococcus aerogenes
donor P700 (a c_hlorophyll dimer), the mtermet_jlate acceptors ferredoxin has been proposed (Dunn & Gray, 1988: Figure
Ao (a monomeric chlorophy#), A; (a phylloquinone), and 1). PsaC contains an additional internal loop probably
Fx (a [4Fe-4S] center) (Golbeck, 1992). The®8kDa PsaC  iniaracting with the PSI core and a C-terminal extension

tSUbL:mt is Iolczztlr:ed zg the sttrom[gl f(;;\ce ?_‘; PSI s_r&d bitndls the \yhich are absent in ferredoxins (Naver et al., 1996). The
wo terminal [4Fe-45] centers\Fand s (Hayashida et al., PSI crystal structure at 6 and 4.5 A resolution clearly

1987; Hgj et al., 1987; Oh-Oka et al., 1987). The two core . . L .
. ' X ' o indicates the position of the [4Fe-4S] centers, one being
subunits PsaA and PsaB can stably asseritbleizo in closer to Ik and the other closer to the stromal surface

mutant strains of the cyanobacteBgnechocystisp. PCC
6803 andAnabaenauari)z/ibilis ATC?29413 I)allckir?g PsaC (Kragss et al.,, 1993; Schubert et al., 1995). Hovv_ever, the
(Yu et al., 1995; Mannan et al., 1991). In contrast, PsaC is identity of these centers has not yet been determined.
required for stable accumulation of PSI@hlamydomonas An important and unsolved question is the exact electron
reinhardtii (Takahashi et al., 1991). The amino acid pathway betweenyand soluble ferredoxin. Some insights
into the role of ik and ks have been gained through site-
T This work was supported by a grant from the Human Frontier directed mutagenesis of their.CySteine 'ig‘?‘”qs' One app_roach
Science Program to P.S. and J.-D.R. and by Grant 31.34014.92 fromhas taken advantage of amvitro reconstitution system in
the Swiss National Fund to J.-D.R. which a functional PSI complex is generated from the P700-
68*6%?:;;5;(;:”%2%ha;;ggcngﬂﬁié :}ﬁz 7026187. FAX: 4122702 £ core and recombinant PsaC protein containing altered
* University of Geneva. cysteine residues. (Zhao etal., 1992; Yu et al., 1993, 1995).
$CNRS. Recently,in vivo mutagenesis of one cysteine ligand ef F
7 Abstract published imdvance ACS AbstractRecember 15, 1996 jn Anabaenavariabilis has shown that this center is not
Abbreviations: PSI, photosystem I; TAP, Triacetate-phosphate; . .
HSM, high-salt medium (minimal medium); chl., chlorophyll; EPR, €ssential for electron transfer from PSI to ferredoxin (Mannan
electron paramagnetic resonance; DPIP, 2,6-dichlorophenolindophenol.et al., 1996). Similar mutations i€. reinhardtii strongly
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indicator of air exclusion) and bubbled with, ffor 15 min.
NaHCGQ; was added to a final concentration of 18 mM before
inoculation. The Generbag anaer system (Binewx) was
used for anaerobic growth conditions on plates.

Nucleic Acid TechniquesProcedures for the preparation
of recombinant plasmids and DNA sequencing were per-
formed as described (Sambrook et al., 1989). The bacterial
host used wag. coliDH5a. C. reinhardtiitotal DNA was
isolated as described previously (Rochaix et al., 1988).
Southern blotting and hybridization were carried out as
described (Southern, 1975; Sambrook et al., 1989). Site-
directed mutations affectingsKand Rz were introduced into
the psaCgene using the following 36-mer oligonucleotide:
5-GACTGTGTAGGTTGC(T/C)CAG(C/A)TTGTG AAA-
CAGCTTGT-3. Together with two other oligonucleotides
FicUre 1: Model proposed for the structure of the PsaC subunit complementary to the' and 3 ends ofpsaCcarrying aNdd
(Dunn & Gray, 1988). Cysteines which act as ligands for the two and aBglll restriction site, respectively, we used the single
iron—sulfur centers kand Fs are numbered. Approximate positions  tbe polymerase chain reaction procedure described by Picard
of amino acids K, and Ry are indicated. et al. (1994) to generate the mutapsaC genes. The
destabili;e the PSI complex (_Takahashi et al., _1992). The ilrgg lgfg Bgm"a‘afnrg%rlgigtj i\r/]vgtehgepllgsr::fildegétggisées?jxvnh
observation that PsaC is required for accumulation of PsaA[NdeI/BgIII]. This plasmid contains a 5.8 caRI—Pst

and PsaB m.C' re'r.‘h?“.dt" but not in Synechocyfsnsp. fragment from the chloroplagicaRl fragment R23 (Rochaix,
PCC6803 or irA. variabilis suggests that there are significant 1978) with two uniqueNdd and Bglll restriction sites
differences in the assembly and/or stabilization of the PSI introduced at the'Tand 3 ends of thepsaCcoding sequence
complex in Lhese or%aljlsms. . B hiah d by a similar site-directed mutagenesis technique. This vector
In most photosynthetic organisms, Ras a higher redox ., naing glso amadAexpression cassette conferring spec-
potential than b, and f is preferentially photoreduced at i,omycin and streptomycin resistance @ reinhardiii

15 K. However, the situation is reversed in the green sulfur (Goldschmidt-Clermont, 1991) inserted #bal site 800 bp
bacteriumChlorobium limicola This organism contains a upstream ofsaC. ’

PSl-like complex with a PsaC homologue of 24 kDa that Chloro - .
, . N plast Transformation.Chloroplast transformation
binds the two terminal [4Fe-4S] centers (Bier etal., 1992). in C. reinhardtiiwild-type cells was carried out as described

Center Iz has a lower redox potential tha Which is the (Boynton et al., 1988) with a helium-driven particle gun

first center to Ee photgreduced a_1t|15 KI' In aldg(i)tion\,/ both adapted from the one designed by Finer et al. (1992). Wild-
centers must have redox potentials at least MV MOr€yhe cells were grown at 25C in liquid TAP media and

) ) o ; . ‘?Jlated on TAP plates supplemented with 1&§mL spec-
chemically reduced by sodium d'th'o"?'te at high pH (Nitsch- jnomycin. Once the plates were dry, cells were bombarded
ke et al., 1990). 'Sequer}cg-: comparison between F;sac ana\/ith tungsten microprojectiles coated with the appropriate
the 24 kDa protein oC. limicola shows that only 20% of DNA. The bombarded cells were incubated for 2 weeks at
the residues are conserved, mainly the cysteines involved in25 °C under low light (5«E m2 s™1). Growing colonies

coordinating the [4Fe-4S] centers. The 24 kDa protein has were restreaked on fresh TAP plates containing AG@nL
a long positively charged N-terminal extension and many spectinomycin and characterized

substitutions when compared to Fhe PsaC sequen'dm@u Thylakoid Membranes and PSI Complex Purificatidrhe

et al, 1992_)' Am_ong those differences, wo positively procedure of Chua and Bennoun (1975) was slightly modi-
charged amino aC'.dS O.f PsaC, Lys52 and Args53, Io_cated fied and carried out at 4C with minimal light exposure of
between two cysteine ligands of fare replaced by serine  yho samples. Cells in exponential growth ak 2L(° cells/
and alanine irC. limicola(Figure 1). This observation raised mL were harvested by centrifugation at 2§0®ashed in
the idea that these positively charged residues might be partlyol3 M sucrose/25 mM HepesKOH (pH 7.5)/1 mM MgC},

responsible for the less electronegative redox potential of ;4 resuspended in the same buffer containing 1 mM PMSF
Fa found in most photosynthetic organisms (Feiler & Hauska, o5 . 18 cells/mL. Cells were broken in a chilled French

1995). To test this hypothesis, we have created several r ka/cRror re. The homoaenate w. n-
mutatipns whic_h alter _rgsidues Ly_352 and Arg53 in the PsaC ?riﬁjsgsa'?etdﬁafstOZOgécfoF 1eosfnuineand tﬁe r?ellgtg Eesifper?jegein
subumt_ofC. remhqrdtuand examined the electron transfer 4 5o/ crose/5 mM HepesKOH (pH 7.5)/10mM EDTA.
properties of PSI in these mutants. The membranes were collected by centrifugation at 29000
for 10 min, and the pellet was resuspended in 1.8 M sucrose/5
MATERIALS AND METHODS mM Hepes-KOH (pH 7.5)/10 mM EDTA. This suspension
Strains and Media. C. reinhardtivild-type and mutant  was overlaid with an equal volume of 1.3 M sucrose/5 mM
strains were grown as described (Harris, 1989). If necessaryHepes-KOH (pH 7.5)/10 mM EDTA and an equal volume
the media [Tris-acetate-phosphate medium (TAP) and of 0.5 M sucrose/5 mM HepeKOH (pH 7.5)/10 mM
high-salt minimal medium (HSM)] were solidified with 2% EDTA and centrifugated at 800§@or 1 h. The thylakoid
Bacto agar (Difco) and supplemented with spectinomycin membranes floating at the 1.3 and 0.5 M sucrose interfaces
(Sigma). For anaerobic liquid cultures, HSM medium was were collected, diluted with 3 volumes of 5 mM Hepes
supplemented with 6 mM N&,0O; and 4uM Resazurin (an KOH (pH 7.5)/10 mM EDTA, pelleted by centrifugation at




Preferential Reduction ofghin PSI Mutant Complex Biochemistry, Vol. 36, No. 1, 19905

10000@ for 1 h, and resuspended in 5 mM Hepé&OH ferredoxin reduction at 580 nm were recorded at 296 K with
(pH 7.5)/10 mM EDTA for EPR measurements or in 400 a microsecond time resolution as described previouslf(Se
mM sorbitol/15 mM NaCl/10 mM MgGlfor PSI complex & Bottin, 1994, 1995). Low-temperature EPR spectroscopy
purification. was performed with a Bruker ESR300D X-band spectrometer
To obtain PSI complex, the procedure of Takahashi et al. equipped with an Oxford Instruments helium cryostat. Spin
(1991) was slightly modified. Thylakoid membranes were quantitations were performed as described in Lelong et al.

pelleted by centrifugation at 200§0washed with HO, (1994). For these measurements, EPR conditions (20 K, 2
pelleted at the same speed, and resuspended@ndi a mW of microwave power) were chosen in order to avoid
chlorophyll concentration of 0.8 mg/mL; 10% (w/#dode- microwave saturation of the signal due to iresulfur centers

cyl maltoside (CalBiochem) was added to a final concentra- and radical signals which were eliminated before integration.
tion of 0.9%, and the mixture was incubated for 20 min on The ratio [ls~/Fa~] was determined by estimating the relative
ice. The solubilized thylakoids were centrifuged at 20900 areas of the absorption-like peaks in the low-field regign (
for 10 min, and the supernatant was loaded on a-0.M peaks) under nonsaturating conditions for both the wild type
sucrose density gradient containing 5 mM TricitiéaOH and the mutant. This estimation can be performed when the
(pH 8.0)/0.05%p3-dodecyl maltoside. The gradients were otherg-values of the species under consideration are known
centrifuged at 1700@for 16 h. The lower bands containing (Aasa & Vaangard, 1975).

the PSI particles were collected and diluted with 3 volumes

of 5 mM Tricine—NaOH, pH 8.0. The PSI particles were RESULTS

centrifuged at 2500@Pfor 3 h, and the pellet was resus-
pended in the smallest possible volume. Note that this
procedure does not include a NaBr wash of the thylakoids
before solubilization. We noticed that this step often
produced PSI complex with poor photochemical activity.

Site-Directed Mutagenesis of the psaC Genge used
an oligonucleotide with 2-fold degeneracy at the; ldnd
Rss codons, allowing the generation of DNA fragments
carrying four different combinations of mutations (see
Western blot analysis was performed using the chemilu- Materials and_ Methods for dgtails). Lys52 could be changed
minescence detection system (Supersignal, Pierce). TheSither to serine or to proline and Args3 to aspartate or
amounts of protein detected were quantified using a Phos-alan'ne'_ After poly_merase chain reaction, the product_s were
phoimager (Biorad) with a chemiluminescence screen. cllonec_idmto plz_ism|d pBSEPS.ﬁadAf[Ndd/BgIIIf]. Th'ﬁ
Flash-Absorption and EPR Spectroscopi€dash-induced plasmid contains a o-&EcaRI—Psl ragment from the
absorption changes of P700/P70@ere measured at 820 chloroplast genomic fragment R23 (Rochaix, 1978) with two
nm for both wild-type and KS/RwA PSI complexes. uniqgueNdd and Bglll restriction sites introduced at thé 5
Subsaturating laser intensities were used in order to minimizeand 3 ends of thepsaCcoding sequence. This vector also

changes due to the decay of antenna triplet states. Forwild-cont_ams anaadA exprgssion_ cassette C(_)nferrin_g spectino-
type PSI, three main phases are observed with half-times of mycin and streptomycin regstance@o remhardtu_(GoId—
104 (9%), 22 ms (46%), and 1.2 s (45 %). The major part schmidt-Clermont, 1991) mserted at a Sall site 800 bp
of the fastest phase is probably due to decay of triplet Statesuhpstreamfobsac(Takahagh| et al_i,deQZ).CWe f'][ISt tE séed
of antenna chlorophyll as its proportion decreases consider-:3 atrtlrans ormants contalnllng awl -tlypea gene f?:n eC d
ably at lower flash intensities. The slowest phase depends y the new sites accumulate normal amounts of PsaC an

on the DPIP concentration and can be ascribed to reductionha\’e da ghenotyp%identicz%_lhto W”(lj type dunder allbcopdigon_sh
of P700" by reduced DPIP in reaction centers where electron €Stéd (data not shown). Three plasmids were obtained wit

escape from [ Fg]~ to an exogenous acceptor (régkhas the following combinations of mutations: s§S/Rs3A; Ks,S/

occurred. The intermediate phase presumably correspond553D_; KsP/ReaD. These mutations also remove a Psp1406l
to the recombination reaction between P7@@d [F Fg]~ restriction site that allows one to detect the mutation and to

(rate k). However, this recombination reaction competes assess its degree of homoplasmicity in the transformants.

with escape from [F Fg]~ so that the observed rate These constructs were introduced into wild-typerein-
Corresponds td;r + ke The ratio between the intermediate hardtii cells via biolistic transformation (Boynton et al.,
and the slowest phase Correspondk(m, thus a”owing us 1988) Transformants were selected on TAP plates Supple-
to derive the value ok, (~15.9 s%). The absorption decay ~mented with 15Q:g/mL spectinomycin and grown in dim

is more complicated in the case of PSI from theHRs:A light (5 uE m™2 s7%). After recloning the transformants 3
mutant, with the presence of four different phases (half-times times on the same media, Southern blot analysis was
of 20 us, 1.6 ms, 27 ms, and 1.2 s with proportions of 14, Pperformed to confirm the presence of the mutations. Trans-
13, 37, and 36%, respectively). The two slowest componentsformants containing homoplasmic genomes could be obtained
can be interpreted similarly to the equivalent components for the three sets of mutations (Figure 2). The WT/80 lane
observed in wild-type PSI. Electron escape from fg] shows that a single remaining wild-type genome copy could
exhibits about the same rate as the recombination reactionde detected under the hybridization conditions used.

(k/ke =~ 1, as in wild-type PSI), and the recombination rate  Analysis of the Transformantsvieasurements of fluores-
can be calculated13.0 s). The two fastest phases are cence transients were performed on cells grown on TAP
mostly due to intrinsic components of PSI photochemistry plates in dim light (5uE m™2 s71) and dark-adapted for 15

as their proportions decrease little at lower flash intensities. min.  Strains containing the #S/RssD and KsP/RssD

The 20us phase may correspond bott#Ry00 decay formed  mutations displayed fluorescence transients characteristic of
from the primary radical pair [P700A,] and to a PSI-deficient strains (Chua et al., 1975; Bennoun et al.,
recombination reaction between P708nd A~. The 1.6 1977). In contrast, the fluorescence transients of thSK

ms phase may be due to a recombination reaction betweerRssA mutant are very similar to wild type, suggesting that
P700" and F~. Decay kinetics of P700at 820 nm and PSl is functional in this mutant (Figure 3).
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FIGUrRe 2: (A) Southern blot analysis performed on total genomic

DNA from wild type and transformants carrying the mutations3<

RsaA, KsP/Rs3D, and Ks;S/Rs3D. The DNA was digested with

Hinfl and Psp1406I restriction enzymes, separated by agarose gel : 2 il
electrophoresis, blotted, and hybridized witfR-labeled radioac- . PsaE
tive probe spanning thgsaC coding sequence. Lane WT/80

contains an 80-fold dilution of wild-type DNA to determine the

sensitivity of detection. (B) Map of the chloroplgstaCregion in

wild-type and mutant strains. Restriction sites, expected fragments

after digestion, and the probe used for Southern hybridization are k- L R N K N N D1
indicated.

FicurRe 4: Western blot analysis of total cell extracts of wild type,
Ks52S/Rs3A, KsP/Rs3D, Ks,S/Rs3P, and of a strain lackingsaG
grown in liquid TAP medium in low light (sxE m=2 s71). 15 ug

of total proteins was loaded per lane except for WT 50% and WT
25% where these relative amounts were loaded, respectively.
ApsaC Proteins were separated on a 15% SIPA\GE, electroblotted on

a nitrocellulose membrane, and probed with antibodies raised
against subunits PsaA, PsaD, PsaE, and D1. The signals obtained

g were quantified as described under Materials and Methods. Panels
3 are separated and do not correspond to the molecular weight of
g the proteins.
E WT
@ . .
;; KE2S/RE3A Table 1: Growth Properties gfsaCMutant$
& K52P/R53D WT  AC  KeS/RA  KsS/RD  KsP/ResD
= K528/R52D TAPo + + * + +
. TAP. + - slow - -
8 TAPy + - - - -
3 HSMo. + - slow - -
S HSM_ + - - - -
w HSMi, + - - - -
TAPL,AN + - + slow -
HSML'AN + - + slow -
| : aDL =5uE m2s% L =60uE m?st HL = 600uE m2s;
Time [s] 1 2 AN = anaerobiosisAC, mutant lackingpsaC

sensitive but is able to grow slowly on minimal medium in
dim light (5 4E m~2s™%) or on TAP medium under a higher
Ficure 3: Fluorescence transients of dark-afdapted_cellls kqf wild light intensity (60uE m~2 s7%). This phenotype cannot be
E’Sp:é(zsézg%‘;’é‘bgfés\/@?fér'égj?%f%g?%&;nsfg%:,n”g"’l‘%(g'g explained by the lower PSI content because other mutant
m~2 s%) and dark-adapted for 15 min before measurements. strains also affected in PSI accumulation (down to 10% of
wild type levels) are able to grow on minimal medium at 60
Western blot analysis was performed on total cell extracts uE m™2 s™* light intensity (Kevin Redding and Mark
from liquid cultures grown in dim light to measure PSI Fleischmann, unpublished results).
accumulation. Figure 4 shows that mutants3{RssD and Characterization of the PSI Complex from Wild Type and
KsP/RssD accumulate very low amounts of PSI, similar to the Ks;S/RsA Mutant. In order to examine and compare the
the level found in a strain in whichsaChad been deleted biochemical and electron transfer properties of the PSI
(Fischer et al., 1996). This shows that these two sets of complex from K,;S/RssA mutant and wild-type cells, thy-
mutations destabilize the whole PSI complex. In theSK lakoid membranes and PSI complex were purified from these
Rs3A mutant, the PSI complex accumulated to-BD% of two strains (see Materials and Methods). Previous work has
wild-type levels. The signals obtained with D1 antibody shown that the PsaA, PsaB, and PsaD subunits are required
show that PSII accumulation is not affected in these strains. for the stable integration of PsaC within the PSI complex
Growth phenotypes of the transformants and of the control (Li et al., 1991). Further, the PsaD and PsaE subunits do
strains grown on different media and under different light not assemble stably in PSI complex lacking PsaC (Yu et al.,
conditions are shown in Table 1. As expected, mutagtSK  1995). We first tested that the PSI complex isolated from
Rs3sD and Ks,P/Rs3D are unable to grow on minimal medium  the Ks;S/Rs3A mutant had retained the subunits interacting
and are photosensitive. Mutants48/Rs3A is also light- with PsaC that could have been destabilized by pikaC
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Fg~ are considerably smaller than those gf F As a control,
the same experiment was performed with wild-type thyla-
koids (lower part of Figure 6). Here too, thg .~ ratio
is rather large, though slightly smaller than in PSI. An
unusual EPR signal is also observed arogre 1.911 in
the difference spectrum (marked by * above dotted line).
Due to the fact that it is also found in the thylakoid spectrum
(*), this signal is probably not due to some damage of PSI
but to an intrinsic feature of PSI i@. reinhardtii which is
currrently under investigation [see also Hallahan et al.
(1995)].

Similar experiments performed with the PSI complex from

the KgS/ mutant reveal that thed~ signal is largel
FIGURES: Western blot analysis of PSI complex purified from wild- Ke2S/ReoA & Sig gey

type and K;S/Rs3A strains. Proteins were separated as described domlnatlng the SpeCtn{m @F/Fa] = 1.86+ 0.4). Only
in Figure 4 and probed with antibodies raised against subunits PsaA the low-field peak of k™ is clearly observablegtvalue of
PsaD, and PsaE on the same blot. Signals corresponding to Psai2.049 in PSI and approximately 2.045 in thylakoids). The

were weaker and needed longer exposure. The signals werehigh-field peak of ik~ is seen only as a shoulder on the
quantified as in Figure 4 to determine the amounts of PsaD and prgader high-field peak of &= whereas the middle disper-
PsaE relative to the PsaA subunit sion-like peak of k™ is probably obscured by the middle
peak of B~. The observedy-values for g~ differ only
slightly from those observed in wild type (2.074, 1.931, and

E @ <« PsaA

== <« PsaD

l i

~—= <« PsaE

mutations and therefore lost during purification of the
complex. Western blot analysis of purified PSI complex . . X
from the mutant showed that it contained similar amounts 1'87.5 n PSI and Zi(073 n Lhylﬁkaﬂs). f il oh
of subunits PsaA, PsaD, and PsaE as compared to the wild- It is important to know whether the preferential photore-
y ' : - duction of ks in the mutant is accompanied by a change in
type complex (Figure 5).The intensities of the three bands - ; . .
were quantified (see Materials and Methods), and the the global efficiency of charge separation relative to the vvﬂd
amounts of PsaD and PsaE relative to the PsaA subunit weretype' In th'e present study, th.'sl was testedh by pe}rformlgg
found to be over 90% identical between wild-type and mutant Sﬁ:cgrgﬁggtgaggt? Z (()i(i:in'\e/zlgt\?vrilti ivﬁ‘g? Mee;nodd?%u tg’:,: Pt ST
complexes. These mutations do therefore not appear to af'fecfj P yp

strongly the physical interactions between PsaC and PsaA,C0mplexeS. which were carefully a_d]uste_d to the same
; : concentrations of reaction centers with their full content of
PsaD, or PsaE and the integrity of the PSI complex.

) ] PSI redox components, determined by measuring the absorp-
Measurements of flash-induced absorption changes at 82Qion transients at 820 nm (see above). This comparative
nm revealed that 73% of theskS/RssA PSI complexes have  gnalysis revealed that the efficiency of charge separation is
retained all the redox cofactors of PSI and are able to performgjmilar in both types of PSI (Table 2). We conclude that
a stable charge separation between PZ0f [R Fg] ™ (data  sjgnificantly less k and more E are reduced in the mutant
not shown, Table 2, see Materials and Methods for the than in the the wild-type PSI complex.
measurement of the rate of recombination and escape from gpRr Spectra of Highly Reduced Sampl&mples were
[Fa Fg] ). These measurements also revealed that the mutaniyrepared in the presence of sodium dithionite at pH 10 and
PSI is partially damaged with some complexes missing \yere illuminated before and after freezing in order to promote
functional Fa and Fs (13%), thus undergoing a recombination  the (photo)reduction of all three PSI iresulfur centers K,
reaction between P700and F~. Another portion of the  F_ and K. All three centers are observable at 15 K (part
mutant PSI complexes (14%) appears to be damaged at they of Figure 7) although theE signal is broadened at this
level of the iron-sulfur center k or the phylloquinone A temperature. It is well established that when boghaRd
which are either absent or not functional as electron acceptorsg, centers are reduced, some new EPR signals emerge
(see Materials and Methods for details). whereas some peaks ascribed to eithgr Br Fs~ alone
Light-Induced EPR Spectra at Low Temperatutehas disappear. This is due to magnetic interactions betwegen F
long been recognized that PSI undergoes a stable chargand ks~ which have been recently interpreted in a detailed
separation between P70and [F Fg] ™ at low temperature.  model for the cyanobacterial PSI complex (Guigliarelli et
This can be easily observed by EPR experiments performedal., 1993). In the latter, which is rather similar to PSI from
below 30 K with samples poised with ascorbate and DPIP higher plants (except for some broad side pealsjalues
and preincubated at room temperature in darkness in orderat 2.050, 1.941, 1.916, and 1.885 are found for the coupled

to reduce P70Q Upon photoreduction at low temperature,
Fa~ and g~ can be distinguished by their different EPR
g-values ¢ ~ 2.05, 1.94, and 1.86 foraF; g ~ 2.07, 1.92,

[FAo~ Fg7] spin system. The spectrum for{F Fg™] in C.
reinhardtii reveals some novel features (Figure 7, part A,
WT): g-values at 2.044, 1.962, 1.938, and 1.891 (indicated

and 1.89 for E~). The upper part of Figure 6 shows the by dotted lines) are found with a shoulder around 2.06. The
difference EPR spectrum (light minus dark) recorded at 15 [Fa~ Fg~] spectrum of the mutant PSI complex differs
K with wild-type PSI. A striking feature of this spectrum slightly from its wild-type counterpart witlg-values found

is the rather large amount ofF (g-values of 2.070, 1.932, at 2.051, 1.962, 1.941, 1.903, and 1.891 and a shoulder
and 1.878) indicated by dotted lines on the KR spectrum, around 2.07. Spin quantitations were performed from both
compared to k (g-values of 2.047, 1.945, and 1.857) spectra and are shown in Table 2. Similar values are
marked by dotted lines on the WT spectrumg(ffFa"] = obtained for wild type and mutant, indicating that the content
0.65 £ 0.2; see Materials and Methods for g[ffFa~] in iron—sulfur centers is comparable for both EPR samples.
determination). In most other species, the EPR signals of Part C of Figure 7 shows thg peak of k™~ for both PSI
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Table 2: Properties of Photosystem | from Wild-Type and tBgSKRs3A Mutant Strains ofC. reinhardtii

WT KR
(a) General Properties
chla/chlb 3.8 4.0
recombination rat& (5) between P700and [R, Fg]~ 2 159t,=22ms 13.0t1, =27 ms
ratio betweerk. and the rate of electron escape from,[Fg]~ 1.0 1.0
subunit content (PsaA, PsaD, PsaE) (%) 100 90
amount of damaged PSI estimated from flash absorption
studies (%) <1 25
(b) Reduction of Ferredoxin fror8ynechocysti§803
Measured at 580 nm
second-order rate constant {Ms™1) 3.5x 10° 5.6 x 10°
half-time of microsecond componenis) 11.0+15 115+ 15
ratio between submicrosecond component and microsecond
component 0.4%0.2) 0.3 &0.15)
ferredoxin-PSlI dissociation constant) 6.1 7.3
(c) EPR Properties
observed)-values for photoinduced signal at 15 K in
PSI complexes 2.047/1.945/1.85%(F 2.049 (R")
2.070/1.932/1.878 @) 2.074/1.931/1.875 @)
[Fe/Fa7] 0.65+0.2 1.86+ 0.4
amount of spins for charge separation between P700
and [R, Fg]~ ¢ 10.0+ 0.8 10.2+ 0.8
observedy-values for fully reduced PSI complexes 298.044/1.962/1.938/1.891 2.07/2.051/1.962/1.941/1.903/1.891
amount of spins for fully reduced samples 23®.0 31.4+5.0
gc-value of K~ 1.775 1.788
3P700 signal: ratio of signal amplitudes found in presence of
ascorbate and in fully reduced samples 0.04 0.19

aThe recombination ratikk was determined as explained under Materials and MetHd8ise text® See Materials and Methods for explanation.
d Superscript (s), shoulder.

under conditions which are better suited for the observation Synechocystisp. PCC 6803 (traces b, 2.021; and c, 8.02
of this center. Small differences are observed between theuM) for both types of PSI complexes. An absorption
two types of PSI, withg-values of 1.775 and 1.788 for the decrease due to electron transfer from the terminal [4Fe-4S]
wild type and the mutant, respectively. centers of PSI (for Fg) to the [2Fe-2S] center of ferredoxin
Under such highly reducing conditions, it is believed that is observed in both cases’{8& Bottin, 1994, 1995). On
electron transfer is blocked at the level of the primary atime scale of 6 ms (Figure 8, upper part), a concentration-
acceptor A~ due possibly to double reduction of the dependent rate is observed. On a faster time scale of 400
secondary acceptor, the phylloquinone (S&if & Bottin, us, ferredoxin reduction can be observed after subtracting
1989). Charge separation between P7@8d Ay~ is then the absorption changes in the absence of ferredoxin from
followed by a recombination reaction which gives rise to those in its presence (Figure 8, lower part). This subtraction
the formation of the triplet state of P700, which is strongly procedure is made necessary by the presence of microsecond
polarized by the radical-pair mechanism (Hoff, 1981). The components ascribed to some triplet state antenna decay in
2z peak of théP700 state is shown in part B of Figure 7 for the absence of ferredoxin. For both samples, a small
both types of PSI. Wild-type ands6S/Rs3A spectra were unresolved component faster tharud is observed as an
normalized in parts B, B and C of Figure 7 so that the immediate absorbance decrease with the present microsecond
intensities of the two triplet spectra observed in part B are time resolution of the setup. This component is followed
identical. This procedure is used in order to display EPR by a microsecond component with simildg, in both
signals corresponding to the same amount of core PSlsamples: 11.@& 1.5us and 11.5+ 1.5us in the wild type
containing at least the primary donor P700 and the primary and the mutant, respectively. The rate of this component is
acceptor A. Polarized P700 triplet was also recorded in not dependent upon the ferredoxin concentration. It can
samples prepared with ascorbate (pajt B-or wild type, therefore be ascribed to a first-order reduction of ferredoxin
the triplet signal amounts to about 4% of the maximal signal occurring in PSl/ferredoxin complexes which are performed
observed (part B) whereas this proportion increases to a valuebefore flash excitation ($i€& Bottin, 1995). The amplitude
of 19% in the mutant. These observations indicate that a of this microsecond component appears to increase with the
small portion of ik and/or A has been damaged in the ferredoxin concentration in parallel with the amplitude of
mutant PSI complex in agreement with the flash absorption the submicrosecond component. However, the magnitude
studies at 820 nm. of this last component is difficult to determine precisely
Ferredoxin Reduction by PSIFerredoxin reduction has owing to the poor signal to noise ratio of the present
been previously studied in the cyanobacterfiymechocystis ~ experiments. The ratios between the magnitude of the
sp. PCC 6803 by measuring absorption changes in the 460 submicrosecond component and that of the microsecond
600 nm region (S& & Bottin, 1994, 1995). Due to the  component are about 0.40.2) and 0.340.15) in the wild
larger antenna size of PSI fro@. reinhardtii, the present  type and the mutant, respectively. The sum of the magni-
study of ferredoxin reduction is restricted to a single tudes of these components is plotted as a function of
wavelength (580 nm). Figure 8 shows the absorption ferredoxin concentration in the upper part of Figure 9. These
transients observed without (traces a) or with ferredoxin from data were fitted assuming a simple binding equilibrium
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. WT Ficure 7: EPR spectra of PSI complexes from wild-type (WT)
KR

and Ks;S/Rs:A (KR) strains prepared under highly reducing
W"M conditions (parts A, B, and C) or under conditions identical to those

of Figure 6 (ascorbate/DPIP, part)BIn parts A, B, and C, both
Wnﬁ) samples were prepared in the presence of 20 mM sodium dithionite
o at pH 10 (glycine-NaOH, 100 mM) and were illuminated for 1
FiGURE 6: Light-induced EPR spectra of PSI complexes (upper min at room temperature before freezing under illumination. Spectra
part) and thylakoid membranes (middle and lower parts) from wild- of parts A and C were recorded in darkness whereas spectra of
type (WT) and K:S/RsA (KR) strains fromC. reinhardtii Each parts B and Bwere recorded under strong illumination. Part A:
of these spectra corresponds to the difference between spectraemperature, 15 K; microwave power, 2 mW; modulation amplitude,
recorded aftea 2 min illumination at 15 K and in darkness. The 1 mT. Dotted lines indicate peaks except for the first lines on the
region around 335 mTg(~ 2.0) exhibits a large radical signal due |eft of the spectrum which indicate shoulders (see text). Parts B
to P700 and is not shown. EPR conditions: temperature, 15 K; and B: 2z peak of theé¥P700 state; temperature, 4.2 K; microwave
microwave power, 20 mW; modulation amplitude, 1 mT; micro- power, 0.2 mW; modulation amplitude, 2 mT. Part G peak of
wave frequency, 9.435 GHz for PSI and 9.406 GHz for thylakoids; Fx~; temperature, 9 K; microwave power, 80 mW; modulation
sum of 8 scans (uppper part), 2 scans (middle part), or 16 scansamplitude, 1 mT. Microwave frequency: 9.437 for WT and 9.436
(lower part). Upper part: dotted lines indicate peaks ascribed to for KR. As in Figure 6, PSI complexes were prepared with identical
Fa~ and R~ on the wild-type and KR spectrum, respectively. The concentrations of stable P7005.0 uM) as determined by flash-
EPR tubes containing PSI complexes were prepared with identical absorption spectroscopy at 820 nm. For parts BaBd C, the KR
concentrations of stable P70¢5.0 M) as determined by flash-  spectra were multiplied by a factor of 0.77. This factor was chosen
absorption spectroscopy at 820 nm. This corresponds to 0.84 mgin order to normalize the intensities of tA@700 spectra observed
of chl/mL and 1.42 mg of chl/mL for the wild type and the mutated under highly reducing conditions (part B).
PSI, respectively. The chlorophyll concentration of EPR tubes

containing thylakoids is about 2.5 mg of chl/mL. In this case, the S . )
mutant spectra were multiplied by a factor of 2 in order to normalize accumulatesn vivo at levels sufficient to ensure photoau

the intensities of the £ signals that were recorded on the same totrophic growth was clearly in disagreement with the growth
tubes under highly reducing conditions. All samples were prepared phenotype of the KS/Rs;A mutant strain (Table 1). It is
in Tricine, 20 mM, pH 8, in the presence of 5 mM sodium ascorbate known that [4Fe-4S] centers are very sensitive to oxidizing
and 50uM DPIP. Tubes were incubated at room temperature for g pstances (Petering et al., 1971; Hardy & Burns, 1973) and
2 min in darkness before freezing in darkness. - ! ! ]

that centers oxidized beyond their normal oxidation state are
irreversibly damaged (Stiefel & George, 1994). To test
whether oxygen could be responsible for the mutant growth
phenotype, we grew mutant and control strains in minimal
and TAP media under anaerobic conditions in the presence

between PSI and ferredoxin, thus providing dissociation
constants of 6.uM and 7.3uM for the wild type and the
mutant, respectively. The lower part of Figure 9 displays
the dependence of the rate of the slow component on the® '~ .
ferredoxin concentration. The linear relationship found in ©f light. The results presented in Table 1 clearly show that
both wild-type and mutant shows that this component is due Under anaerobiosis thes}S/Rs:A mutant strain is able to

to a second-order process of ferredoxin reduction by PS|. 9"OW at normal rates on minimal and TAP media at a light

. - _2 —
Linear fits provide second-order rate constants of3.50° Intensity Of. 6OuE m s - Furthermore, the. KS/ReaD
M-1sand 5.6x 10° M1 s for the wild type and the mutant strain is capable of slow growth on minimal and TAP

media under the same conditions, suggesting that a least some

mutant, respectively. These experiments show that the : . A S
P y b functional PSl is assembled in this mutant under anaerobiosis.

mutant PSI complex transfers electrons to ferredoxin at rates

very similar to wild type and that the affinity of ferredoxin DISCUSSION

for this complex is not altered. Properties of wild type and

Ks:S/Rs3A PSI complexes that are described above are Preferential Photoreduction ofgsat Low Temperature in

summarized in Table 2. the PsaC K,;S/R3A Mutant. Earlier attempts to study the
Oxygen Sensitity of the Mutant Strains.The observation  electron transfer properties @. reinhardtii mutants with

that Ks,S/Rs3A PSl is able to perform charge separation and altered cysteine ligands of the [4Fe-4S] centessaRd ks

to transfer electrons to ferredoxim vitro and that it were unsuccessful because these mutants failed to accumulate
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Ficure 8: Flash-induced absorption changes measured at 580 nm

with PSI complexes front. reinhardtiiwith or without ferredoxin
from Synechocysti§803. Samples were prepared from the wild-
type (WT; left part) and the K&S/Rs3:A (KR; right part) strains.
The PSI complexes were suspended in 20 mM Tricine, pH 8, in
the presence of 0.03%DM, 30 mM NaCl, 5 mM MgC}, 1 mM
sodium ascorbate, andi®1 DPIP. The absorbances of the samples
were 1.33 at 678.9 nm and 2.92 at 679.7 nm for the wild type and

Fischer et al.

without destabilizing the entire PSI complex. We modified
charged residues located in close proximity of the [4Fe-4S]
center fx in the PsaC subunit of. reinhardtii. Residues
Ks2 and Rz were selected for two reasons. First, they are
located between & and G, that act as ligands for center
Fa (Zhao et al.,, 1992). Second, i6. limicola, which
possesses a PSl-like complex with a PsaC-related subunit
containing similar [4Fe-4S] centers, serine and alanine
residues are found in these positions. In this organism, the
redox potentials of  and R are inverted relative to
oxygenic photosynthetic organisms. HenceCinlimicola
Fg is preferentially reduced at low temperature instead of
Fa as in most photosynthetic organisms examined (Nitschke
et al., 1990). These observations raised the possibility that
residues K; and R could play some role in setting the redox
potential of Fx to a less negative value.

The Ks,S/RssA mutant strain accumulates 280% PSI
and displays fluorescence transients similar to wild type. The
most striking result revealed by EPR is thatiE preferen-
tially photoreduced at 15 K in the mutant as foundGn

the mutant, respectively. The corresponding concentrations of limicola. While we cannot exclude that structural changes

slowly recombining P700 concentrations (measured at 820 nm
and corresponding to electron transfer tq fg]) are respectively
0.130uM and 0.169uM for the wild type and the mutant. Traces
a are observed in the absence of ferredoxin whereas traces b an
were observed in the presence of 2.02 and @PRferredoxin,
respectively. In the lower part, ferredoxin reduction is displayed

d

within PsaC are responsible for this phenotype, the data
suggest that the redox potential of 5 more negative in

e mutant than in the wild type. Although it is not clear if
the relative populations of the states [Fs] and [Fa Fg7]
observed at cryogenic temperatures represent the equilibrium

on a faster time scale by subtracting curves a from curves b and c.petween the two states at room temperature (K. Brettel,

Traces are averages of 64 (WT) or 128 (KR) experiments. A delay
of 10 s was used between two consecutive flashes.

WT KR
8 L T L S T
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3 F 103
0 UM U T S N S |
0 2 4 6 8 0 2 4 6 8
[Fd] (uM) [Fd] (uM)
3000 F
=
22000 |
S 1000 F
: |
0 T NN T N N |

0
02 4 6
[Fd] (kM)

0 I 2 4 6 8
[Fd] (uM)

FIGURE 9: Kinetic characteristics of the ferredoxin reduction process

for both the wild-type (WT; left part) and theskS/Rs3A (KR; right

part) strains. Absorption changes similar to those shown in Figure

8

8 were used for computing these kinetic parameters (same sample

studied under similar conditions). The upper part shows the signal
amplitude measured at 6 after the flash on traces exhibiting
directly ferredoxin reduction (see traces& and e-a in Figure

8). These amplitudes are negative, and absolute values are showrt
here. Assuming that these signals correspond to bound ferredoxin™~"

personal communication), it is likely that this equilibrium is
also modified in the mutant at room temperature.

Optical Spectroscopic Analysis of the&/R3A Mutant.
Spectroscopic analysis at 820 nm of the PSI complex from
the Ks;S/RssA mutant revealed that it is functional as
measured by its ability to perform stable charge separation
between P700and [F Fg]~. However, this analysis also
revealed that the PSI complex from the mutant is more fragile
since close to 25% of this complex had damaged redox
cofactors.

The present study has allowed us to determine the kinetics
of ferredoxin reduction by PSI i€. reinhardtiiby measuring
the time course of absorption changes at 580 nm. This
transient comprises a fast phase with a half-time of41
corresponding to a first-order reduction of ferredoxin within
a PSHferredoxin complex. The dissociation constant of this
complex is around &M, which is circa 10-fold larger than
the corresponding value determined for complex formation
between ferredoxin fronsynechocystisp. PCC 6803 and
PSI from either spinach @ynechocystisp PCC 6803 (Sf
& Bottin, 1995). A dissociation constant ofM was also
found with both wild-type PSI and ferredoxin isolated from
reinhardtii (N. Fischer, P. S, and J.-D. Rochaix,

(see text), the two curves were fitted considering a simple binding Unpublished results). This suggests that the decrease in

equilibrium between free and bound ferredoxin. For fitting the data,

affinity of ferredoxin inC. reinhardtiiis due to some property

the PSI concentrations were assumed to have constant valuepf PS| fromC. reinhardtii which appears to be different in

corresponding to slowly recombining P70(®.130u«M and 0.169
uM for WT and KR, respectively). The dissociation constaKis,
were estimated at 6/M and 7.3uM for the WT and the mutant,

this respect from PSI of spinach ai®ynechocystis.The
slower kinetic compound reflects a second-order process of

respectively. The lower part shows the dependence of the rate offérredoxin reduction by PSI with a second-order rate constant

the slower phase of ferredoxin reduction on the concentration of
ferredoxin. A linear fit of the data is shown. It correspond&diQ
(s1) =[Fd] x (3.5 x 10® M~ s1) for the wild type and tdps

= [Fd] x (5.6 x 108 M~1 s71) for the mutant.

of 3.5 x 108 M1 s1 for the wild type which is similar in
the mutant. Hence, surprisingly, in spite of the preferential
photoreduction of g at low temperature in the $£S/Rs3A

PSI complex, the transfer of electrons to ferredoxin occurs

significant amounts of PSI (Takahashi et al., 1992). Here with rates and kinetics comparable to the wild-type complex.
we have taken an alternative approach aimed at creatingThe fact that no significant difference between mutant and
milder changes affecting electron transfer within PsaC wild type could be observed for the fast components of
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electron transfer to ferredoxin suggests that there is a rapidredox potential of k could allow higher rates of electron
electron exchange between the two centgrarkd ks which escape to exogenous acceptors, generating oxidizing sub-
is not limiting for forward electron transfer. Yu et al. (1995) stances under continuous illumination and high electron flux
reported that a [4Fe-4S] center (namead kganded by three  through PSI. Oxygen sensitivity may also account for the
cysteines and an aspartate in position 51 had a largelypartial instability of the K,;S/Rs3A PSI complex. In the KS/
modified redox potential of-630 mV but was functional at  RssD mutant, the negative charge should modify the redox
room temperature and NADReduction mediated by both  potential even more, leading to a more severe phenotype as
ferredoxin and flavodoxin was unchanged in this mutant observed in this study. In this context, it is also interesting
complex. The authors explained these results by the overallto note thatC. limicola grows exclusively under anaerobic
large Gibbs free energy change betwegrakd ferredoxin, conditions.
acting as a driving force against the modified redox potential.
Recently, a @D PsaC mutant o. variabilis lacking R ACKNOWLEDGMENT
was also shown to sustain normal rates of NAD&duction
(Mannan et al., 1996). The possibility that ferredoxin
reduction by PSI might not be the rate-limiting step in
NADP* reduction could explain these results. It is note-
worthy that low-temperature EPR reveals that the/Fs~
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