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ABSTRACT: PsbU is a lumenal peripheral protein in the photosystem Il (PS 1) complex of cyanobacteria
and red algae. It is thought that PsbU is replaced functionally by PsbP or PsbQ in plant chloroplasts.
After the discovery of PsbP and PsbQ homologues in cyanobacterial PS Il [Thornton et al. P284)

Cell 16 2164-2175], we investigated the function of PsbU usingsbU deletion mutant APsbU) of
Synechocysti6803. In contrast to the wild type\PsbU did not grow when both €aand CI were
eliminated from the growth medium. When only@avas eliminatedAPsbU grew well, whereas when

Cl~ was eliminated, the growth rate was highly suppressed. AlthadRgbU grew normally in the presence

of both ions under moderate light, PS ll-related disorders were observed as follows. (1) The mutant cells
were highly susceptible to photoinhibition. (2) Both the efficiency of light utilization under low irradiance
and the chlorophyll-specific maximum rate of oxygen evolutiomAiRsbU cells were 60% lower than
those of the wild type. (3) The decay of the S2 statéisbU cells was decelerated. (4) In isolated PS

Il complexes fromAPsbU cells, the amounts of the other three lumenal extrinsic proteins and the electron
donation rate were drastically decreased, indicating that the water oxidation system became significantly
labile without PsbU. Furthermore, oxygen-evolving activityARsbU thylakoid membranes was highly
suppressed in the absence of GInd 60% of the activity was restored by NGut not by SG?~, indicating

that PsbU had functions other than stabilizing.GDn the basis of these results, we conclude that PsbU

is crucial for the stable architecture of the water-splitting system to optimize the efficiency of the oxygen
evolution process.

The photosynthetic electron transport system in oxygenic which consists of over 20 distinctive membrane proteins,
photosynthesis converts light energy to biochemical energy three lumenal extrinsic proteins, and several cofac®r8, (
and consists of three major large membrane protein com-10, 11). On the basis of this structure, PS Il extracts electrons
plexes, namely, photosystem | (PS Bytochrome (cyt}sf, from water molecules and exhausts molecular oxygen.
and photosystem Il (PS 1l) complexed).(Recently, all of Although both cyanobacterial and plant PS Il complexes
these complexes were crystallized, and the structural modelscontain three lumenal extrinsic proteins that play important
were presented at high resolution [2.5 A in cyanobacterial roles in PS Il-mediated water oxidation, only one of them
PS1@),4.4Ainplant PS18), 3.0 and 3.1 A in cybef (4, (PsbO) is shared in both complexes; PsbO, PsbU, and PsbV
5), and 3.2-3.8 A in PS Il 6—9)]. Among these complexes, in cyanobacterial PS Il and PsbO, PsbP, and PsbQ in plant
PS 1l is the most integrated membrane protein complex, PS Il (L0). Until now, no similarity was found in the amino

acid sequences and structures between the residual two
T This work was supported by funding from the NSF (MCB0215359, proteins (PsbU and PsbV vs PsbP and PstQ){-13).

H.B.P.) and grants from the Hyogo Prefecture (Y.K.) and the 21st  pshU was first foundsaa 9 kDa lumenal extrinsic protein

Century Center of Excellence Program (COE) from the Ministry of : : - e
Education, Culture, Sports, Science, and Technology, Japan (I.T. and'n @ highly active PS 1l complex isolated froRhormidium

Y.K.). laminosum which assisted oxygen evolution with PsbO
* Address correspondence to this author at the University of Hyogo. manganese-stabilizing proteiti4, 15). Another peripheral

Phone/Fax:+81 791 58 0185. E-mail: kashino@sci.u-hyogo.ac.jp. protein, cytochrome-550, was found irAnacystis nidulans

*Washington University. . : : .
s o§§k;”8r33ers’}t'§?rs' Y andMicrocystis aeruginos#l6, 17) and was attributed later

'University of Hyogo. as an important lumenal extrinsic protein of cyanobacterial
! Abbreviationsg, initial slope in light curve; Chl, chlorophyll; CP47  pg ) (PsbV) (8, 19). Both of the corresponding gengmsbU

and CP43, peripheral Chl binding proteins of 47 and 43 kDa in PS I, - -
cyt, cytochrome: DCBO, dichlorp-benzogquinone: DCMU, 3-(3.4- and psb\j were then found in all cyanobacterial genomes

dichlorophenyl)-1,1-dimethylure&p, Fr, andF,, initial, maximal, and ~ analyzed except for two strains BfochlorophytesProchlo-
variable fluorescence yield;, intensity at the onset of light saturation;  rococcus marinusMED4 and P. marinus SS120 20).

Km', Gnt, and Em kanamycin-, gentamycin-, and erythromycin-  Genetic and biochemical investigations on these two proteins
resistance cartridges, respectively; PS | and PS Il, photosystem | and

Il MES, 2-(N-morpholino)ethanesulfonic acid monohydraf@;ax have .been performed in the past decade. Shen et al.
maximum photosynthetic rate. genetically deletedpsbU and/or psbV genes from the
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cyanobacteriundynechocystisp. PCC 6803 and investigated susceptible to photoinhibition. The fluorescence rise kinetics
the effects of these deletiong1 22). Without PsbV, the showed that water oxidation in PS Il was slowedARsbU
cells did not grow autotrophically when &€aor CI- was mutant cells grown in normal BG11 and further if they were
eliminated from the growth media. Furthermore, tisbV grown without Ct. Light curves exhibited that the efficiency
deletion mutantAPsbV) showed unusual S-state transitions of oxygen evolution inAPsbU cells was remarkably lower
and exhibited an unstable oxygen-evolving activiB?)( than that of the wild type. The lifetime of the S2 state in
Although Shen et al. also detected modification of the S2 APsbU cells grown in normal BG11 was prolonged. The
state in thepsbU deletion mutant APsbU) by examining  absence of PsbU did not affect the stoichiometry of PS I
thermoluminescence, they did not observe a remarkableand PS I. In isolated thylakoids, oxygen-evolving activity
impairment in the growth rates under any growth conditions was highly suppressed, and part of the activity was restored
tested (normal BG11, BGHC&a", BG11-Cl") (21, 22). by the addition of monovalent anion, NO In the PS I
On the basis of these results, they concluded that PsbV wascomplexes isolated fromAPsbU cells by highly mild
important for the stability and function of the manganese conditions, the amounts of the PsbO, PsbQ, and PsbV
cluster in cyanobacterial PS Il, while they only suggested proteins and the electron donation rate were drastically
that PsbU would play roles in maintaining the normal S-state decreased. Unlike the original proposal for PsbU function
transitions and in the maximum affinity of PS Il for €a (10) as affinity sites for C& and/or Cf, the present results
and CI ions @1, 22). clearly indicate that PsbU is important in construction of a
Similar to the extrinsic proteins in higher plant PS Il stable architecture of the oxygen-evolving system in PS II.
(PsbO, PsbP, and PsbQ), PsbU and PsbV can also be
removed from isolated PS Il by high concentrations of salts MATERIALS AND METHODS
(11, 18, 19). Using isolated cyanobacterial and red algal PS
Il complexes, Shen and his group demonstrated that, without

PsbU or PshV, PS Il complexes require high concentrations
: ; i lacked PsbU or PsbO) were grown on a rotary shaker at 30
f C&" and CI for the high -evol tivitylQ, T
o an or the high oxygen-evolving activityLo °C under 5Q:mol of photonsm=2-s7* of white light in BG11

23). PshV can be reconstituted alone to the salt-washed PS ~ ) g .
Il complexes, whereas the assembly of PsbV and PsbO tomedium 60) usmg.plastlc? tissue cul_ture plates with 12 wells
the salt-washed PS Il is a prerequisite for the effective (CELLSTAR; Greiner Bio-One, Frickenhausen, Germany)

reconstitution of PsbU1©). With regard to the binding with 3 mL triplicates for each medium condition to measure

characteristics, PsbU and PsbV correspond to PsbQ and Pshf'€ 9rowth rates. The cells were grown with bubbling air in

in higher plant PS 1124). On the basis of these biochemical Pastic tissue culture flasks [250 mL (75 @nCorning,
analyses, it is generally accepted that the entities and €orning, NY] for the measurement of oxygen evolution. Prior

functions of PsbU and PsbV proteins were replaced with to growth measurements, cells that were cultivated in normal

: ; : ; BG11 for 3 days were washed three times with GaCl

grsobc(gsasngsl,?igyngoztg.ns, respectively, during the evOIUtlonaldepleted BG11 medium (BGHCaCIz)_and r_esuspended in _

Recently, we have found two proteins in the cyanobacterial the same medium. '!'hey were then diluted into the appropri-
PS 1l complexes fromSynechocysti$S803 which have ate media as described below to Q@mz_ 0.05-0.06.
homology to plant PsbP and PsbQ (sequence identities are C&*- and/or Cf-depleted BG11 medium was prepared
27.3% and 32.9% for PsbP and PsbQ betw&gmechocystis in plastic ware to exclude contamination of ions. Media were
6803 andArabidopsis respectively) {1, 27) although these  Prepared with either Ca [240 uM Ca(NG),] or CI~ (480
proteins are not found in the reported three-dimensional PS#M NaCl). Growth was monitored by measuring Qm
II structure from thermophilic cyanobacter@(9). Genome  ©n @ MQX200uQuant Universal microplate spectrophotom-
information also supports the presence of PsbP and Psbeter with operating software KC4 (Bio-Tek Instruments,
homologues in several cyanobacter2,(27). In addition, ~ Winooski, VT) and 96-well tissue culture plates (15D
Summerfield et al.Z8) demonstrated the association of the from each sample). The accuracy of this monitoring system
PsbQ homologue to the PS Il complex and the importance Was checked in advance by a DW2000 spectrophotometer
of this protein for PS Il stability irSynechocysti§803 @8), (SLM-Aminco, Urbana, IL).
and Ohta et al. reported the presence of a protein homologous Gene Cloning and Isolation of MutanfBhe upstream and
to plant PsbQ in a primitive red alg&yanidium caldarium downstream regions [29848297889 and 297469296961
(29). These findings of PsbP and PsbQ in cyanobacteria and(Cyanobase, http://www.kazusa.or.jp/cyanobase/)] of the
PsbQ in red algae throw doubt on the above-mentionedsll1194 (psbU gene ofSynechocysti6803 were amplified
hypothesis that PsbU and PsbV were functionally and by PCR using the following oligonucleotide primers (Figure
physically replaced by PsbP and PsbQ during the evolutional1A): 5-CGAAGCTTTGGAAAATAATG-3' (primer P1)
process to plant chloroplast5). Therefore, the functions  and 3-GAATTGTCTCCTATAACCAA-3 (primer P2) for
of PsbU and PsbhV in relation to those of PsbQ and PshP 298488-297889 and 5.GCGCGGAGCTCCATTATTCAT-
should be reexamined. In this study, we conducted detailed TGTCTAGATA-3' (primer P3) and 5 GCGCGGAGCTC-
analyses to clarify the function of PsbU using the deletion TTTTGATCAGTCATTTGGAA-3 (primer P4) withSad
mutant of thepsbUgene APsbU). Since Ca and CI are restriction sites (underlined sequences in the primers) for
well-known to be essential for oxygen evolution, we, first, 297469-296961. The PCR product from the upstream region
examined the growth of cells under the?Gaand/or Cf- (#1 in Figure 1) was cloned into TA cloning vector pPGEM-T
depleted conditions. The CHepletion resulted in a severer (Promega, Madison, WI) (Figure 1B). Then, the PCR product
suppression of growth rate ikPsbU cells than the absence from the downstream region (#2 in Figure 1), which had
of C&". We also found thatAPsbU cells were more been processed b§ad, was inserted into th&ad site of

Cyanobacterial Strains and Growth Conditions. Syn-
echocysti$803 cells (the wild type and the mutants which



12216 Biochemistry, Vol. 44, No. 36, 2005

Inoue-Kashino et al.
A =5 193 si1194 _\g) sir1298
2 Sin—
Sacl
.|
#1 (600 bp) #2 (520 bp) Sacl
B = = ©°
d"_’| a| a|
l |T Tl | | | ] PGEM-T vector
#1 T T
#2
#3  #4

(Km') (Gm")

Cc #1 #3 Km' (1,280 bp) #2
o ———————————————
sl1193 siIr1298

#1 #4 Gm' (880 bp) #2
= e OO

si1193 sir1298
P1 Xbal
D —> sli1193 $ll119¢ 1 sir1298
G—
#5 (1,530 bp) Xbl .l
E I 1" ] PGEM-T vector
sl11193 s111194 sIr1298
Xbal Xbal
F

1 2 3 4 5 6
kb
3.0
2.0
1.5

Ficure 1: Scheme for making constructs to delete and complemergshie gene (A-E). The solid bars which are expressed by #1, #2,

and #5 are the PCR products from genome DNA, and solid bars #3, #4, and #6 are the antibiotic-resistance cartfidges, & Enf

are the kanamycin-, gentamycin-, and erythromycin-resistance cartridges, respectively. Segregation of the deletion and complementation
mutations of thepsbUgene was examined by PCR (F). The PCR products obtained with the P1 and P4 primers using genomic DNA from
Synechocysti6803 cells were subjected to electrophoresis. Lanes: 1, 1 kb DNA ladder (Promega, Madison, WI); 2, wild type (1.53 kb);

3, APsbU (2.43 kb); 4APsbU complement (2.97 kb); BPsbU/HT3 (2.04 kb); 6APsbU/HT3 complement (2.97 kb). Numbers in parentheses
are the expected lengths of PCR products. For details, see Materials and Methods.

the resulting plasmid (Figure 1B). The orientation of these and cleavage by several appropriate restriction enzymes (data
two inserts was checked by PCR using the above primersnot shown). A kanamycin-resistance cartridd&) (Km', #3
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in Figure 1) or a gentamycin-resistance cartridg®@ (Gn,
#4 in Figure 1) was introduced into tiiRst site or Sal site
of the resulting plasmid, respectively, which was located

Biochemistry, Vol. 44, No. 36, 2003.2217

for the assay of PS ll-mediated activity in whole cells.
Isolated PS Il samples and thylakoid membranes were used
at 2ug of Chl/mL and 1Qug of Chl/mL, respectively, in a

between the two inserts (Figure 1B). These two constructs buffer containing 50 mM MESNaOH (pH 6.0), 10 mM

(Figure 1C) were used to delete thebUgene from the wild-
type and HT3 (K strains ofSynechocysti6803, respec-
tively. The HT3 strain, which has a hexahistidine tag on the
carboxyl terminus of CP473@), was a generous gift from

MgCl,, 5 mM CaCl}, and 0.5 M sucrose for PS 1l complexes
and 50 mM MES-NaOH (pH 6.5), 10 mM MgGCl 5 mM
CaCh, and 1 M betaine for thylakoids. The CHepleted
reaction mixture was prepared using sulfate salts. Chl

Prof. Terry M. Bricker at Louisiana State University. The concentration was determined by the method of Porra et al.
Km' cartridge in the HT3 strain had been inserted into the (38). Steady-state oxygen evolution was measured with a
genomic DNA to select the intended mutation to generate Clark-type electrode in the presence of 1 mM 2,6-dichloro-
the histidine tag 33). The APsbU/wild-type strain which  p-benzoquinone (DCBQ) for PS Il complexes and 0.5 mM
carries the Krhcartridge was used from Figure 2 through 2,5-DCBQ for thylakoids as an electron acceptor. An Oriel
Figure 6 and all figures in Supporting Information, and the 66180 halogen lamp (Stratford, CT) supplied actinic light
APsbU/HT3 strain which carries both the Kmand Gm through an OG 570 long-pass filter (Schott, Mainz, Ger-
cartridges was used in Figures 7 and 8. To complement themany). Light intensity was adjusted by use of a neutral

deletion of thepsbU gene, the region including thesbU

density filter and determined using a quantum photometer

gene was amplified by PCR using primers P1 and P4 (Figure(Licor, Inc., Lincoln, NE). The photosynthetic rate)(was

1D). This region (#5 in Figure 1D) was cloned into the TA
cloning vector pGEM-T (Figure 1E). The erythromycin-
resistance cartridge34) (Em', #6 in Figure 1) was then
inserted into theXbd site at 38 bp downstream 111194

in the resulting plasmid (Figure 1E). Accordingly, the
complemented strain froddPsbU/wild-type carries the Em
cartridge. This complemented strain was used in Figure 5.

The APsbO mutant was engineered by inserting a spectino-

mycin-resistance cassette in BanH| site of the psbO
(sllo427) gene ofSynechocysti§803. The accuracy of all

plotted against the light intensity)(and the curve was fitted
to the equations described belo39) using a data analysis
program, KaleidaGraph version 3.6 (Synergy Software,
Reading, PA):
P=P, .1 — expEal/P,.)]
Ik = Pma>/0*

wherePnaxis the maximal photosynthetic ratejs the initial

PCR products used in Figure 1 was checked by sequencingslope (light utilization efficiency), antk is the irradiance at

The complete segregation of the mutation was demon-
strated by PCR (Figure 1F).

Isolation of Thylakoid Membranes and PS Il Complexes.
Thylakoid membranes from wild-type andPsbU strains and
the PS Il complexes from the HT3 aldPsbU/HT3 strains
were isolated as previously describedil)( Thylakoid
membranes were also prepared with or withoutiGhs from
wild-type andAPsbU stains. The cells were broken by glass
beads as was described in deff, and then the membranes
were washed twice by a solution containing 50 mMN2-(
morpholino)ethanesulfonic acid monohydrate (VENROH
(pH 6.5), 10 mM MgCJ, 5 mM CaC}, and 1 M betaine or
a solution containing 50 mM MESNaOH (pH 6.5), 10 mM
MgSQO,, 5 mM CaSQ, and 1 M betaine. The resulting

the onset of light saturation.

The lifetimes of S2 and S3 were measured on a bare
platinum electrode (Artisian Scientific Co., Urbana, IL) based
on a procedure described in #® with modification. Cells
that were dark adapted for 10 min were illuminated by a
single activation flash followed by another 10 min dark
incubation. A single activation flash (for S2 measurement)
or two consecutive actinic flashes with an interval of 300
ms (for S3 measurement) were then supplied, followed by a
variable period of dark incubation. This period, which
included the polarization period of 30 s, was the delay time
for the analysis of S2 and S3 decay kinetics (the shortest
delay time was 30 s). A train of 50 flashes at 3.33 Hz was
supplied after this delay time. The oxygen yields at the

thylakoid membranes were resuspended in the respectivesecond (for S2) or the first flash (for S3) during this 50 flash

solutions. The measured Ctoncentration was 36.4 mM
for the former solution and less than the detectable lim&Qq
uM) for the latter solution.

Electrophoresis and Immunodetecti®@DS-PAGE and
immunoblotting were performed using a gel containing 20%
acrylamide ad 6 M urea (Figures S3 and S4, Supporting
Information) or a gel containing a 4% acrylamide
gradient ad 6 M urea (Figure 7)35, 36). Antisera raised
against CP1-e (PsaA/B), CP47, CP&)( PsbO (kindly

series were used for the analysis of the lifetimes of S2 and
S3 states.

The calculation method of the decay kinetics of S2 and
S3 states was modified from that described previougby. (
The difficulty in obtaining an accurate fit is a result of the
absence of the initial values of S2 or S3. In the report by
Young et al. 40), the value 80 s was taken as the initial
value. However, tira 0 s should have been designated as
20 s, because Young et al. waited for 20 s for polarization

provided from Prof. Louis A. Sherman at Purdue University), of the electrode after the delay time (30 s in our experiments),
and PsbQZ7) were used, and the respective cross-reactive which was inevitable with this system. Thus, the lifetime of
bands were detected by chemiluminescence (WestPico;the S2 state was calculated as follows. (1) The 4-fold value
Pierce, Rockford, IL). Heme was detected by chemilumi- of the average oxygen yield at the last four flashes—47
nescence using WestFemto (Pierce) reagents after electro50th flashes) was designated as the maximum value for the

phoresis 86).
Oxygen kolution AssaysCells that had grown for 3 days

oxygen yield, and the oxygen yield at every flash was
normalized against this value. This is a reasonable assump-

in normal BG11 medium were washed and resuspended intion because at approximately 50 flashes, the oscillation is

fresh BG11 at 1&g of chlorophyll (Chl)/mL and were used

damped and the S-states are evenly distributed into four
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Table 1: S-State Distribution and Parameters Determined by Analyzing Oscillation Patterns of Flash Oxygen Yield

S-state distribution S-state parameters
S0 (%) S1 (%) S2 (%) S3 (%) miss hit (%) double hit (%)
wild type 26 (1.6) 71(1.8) 1.7 (0.27) 0.94 (0.59) 12 (0.59) 2.0 (0.047)
APsbU 30(2.1) 64 (3.4) 1.5(1.5) 4.0 (0.90) 14 (0.90) 2.0 (0.40)

aThe S-state parameters were analyzed using a simple four-step, homogeneoug @o@ellé were grown in normal BG11 medium. Numbers
in parentheses are standard deviatians=(3 for wild type andn = 7 for APsbU).

states, and the oxygen yield at such flashes can be considered Photoinhibition Measurementwo-day-grown cells were

as one-quarter of the maximum yield. (2) The relative washed and resuspended into a fresh growth medium at 2
population of the S1 state in the dark-adapted cells, which ug of Chl/mL. The cells were placed in a water bath (30
was determined by analyzing the oscillation pattern of the °C) in the presence or absence of 1@fJmL chlorampheni-
flash oxygen yield (Table 1), was considered as the initial col and were exposed to high light at 5Q00mol of
value of the S2 state. This is because only the reaction centerphotonsm=2-s™1 using an Oriel 66187 halogen lamp through
in the S1 state after dark adaptation are responsible for thea water filter of 6 cm thickness to eliminate the heat from
oxygen yield at the second flash after the delay time. The the light source. To assess the recovery after photoinhibition,
miss hit was also incorporated, but a double hit was the cells were washed twice to eliminate chloramphenicol
disregarded since it was negligible (Table 1). The amount after a 60 min exposure to high light and then placed under
of S2 ([S2]) after a given delay time, @hich includes the 20 umol of photonsm™2-s7* at 30 °C. At the appropriate
polarization period of 30 s) is expressed as follows if the time during the photoinhibition and recovery process, small

decay kinetics contains two componend§)( parts of the cells were applied to the fluorescence measure-
5 ment to take the ratio of variabld-{) and maximal )
[S2] = {[S1],(1 — m)}(1 — m){p, exp(—a,t) + fluorescence. Prior to the measurement by a single saturating

P, exp—a,0)} = [SLl(1 — m)3{ p, exp(—ayt) + lziif]huzigrg;tar;edlzal;k%owl), the cells were incubated for 2
P, exp(—a,t)} Spectroscopic Measuremendssorption spectra at room
temperature were measured using a UVIKON 922 spectro-
photometer (Kontron, Milan, Italy). Scattering was corrected
according to the method described in #&£ Fluorescence
emission spectra at 77 K were measured using a H-20 UV
monochromator (Jobin Yvon, Cedex, France) with a MIC-7
controller (Horiba, Tokyo, Japan) which was operated by
the software Okinawa version 2.1 (Horiba, Tokyo, Japan).
Chromophores were excited by light supplied by a halogen
lamp which was passed through a 4-96 band-pass filter

where [S1) is the relative population of S1 after dark
adaptation (Table 1)nis the miss hit (Table 1), andp;
are distribution factors of the two componenps ¢ p, =
1), qx and g, are time constantd, = In 2/g; or In 2/qy),
{[S1]o(1 — m)} is the relative population of “S2” before the
delay time, and (1I- m)? is a factor originating from the
two flashes after the delay time.

Similarly, the lifetime of S3 was calculated from the

equation: (Corning, Corning, NY). Alternatively, it was measured on

a Fluoromax-2 fluorometer (Jobin Yvon, Cedex, France

[S3] = {[SL(L ~ M (L~ m{p, exp(-ayt) + R ( )
p, exp(—a,t)} = [S1]y(1 — m)¥{( p, expat) + Chloride DeterminationThe concentration of Clin the

D, expa,t)} media was assayed using a &Gelective electrode (model
2 2 8002-10C; Horiba) with a reference electrode (model 2565A-

where{[S1]«(1 — m)3} is the relative population of “S3” 10T; Horiba) in the presence of 0.1 M KN@s a supporting
before the delay time and (& m) is a factor originating  electrolyte.
from the single flgsh _after the delay time. o RESULTS

Fluorescence Kinetic&luorescence induction kinetics was
measured using a double-modulation fluorometer, FL-100 Effects of Ca&" and CI- on Growth.The growth of the
(Photon System Instruments, Brno, Czech Republic), with a wild-type and mutant cells was examined unde#'‘Cand/
built-in analyzing program, FluorWin, at room temperature or Cl~-limited conditions. The growth was also compared
(42). Normal BG11 was used as an assay medium for cells. with that of theAPsbO mutant, which is one of the well-
A solution containing 50 mM MESNaOH (pH 6.0), 10 mM documented cell lines lacking peripheral lumenal proteins
MgCl,, 5 mM CaC}, 25% glycerol, and 0.04% dodegyip- (43—48). Wild-type cells showed logarithmic growth during
maltoside was used as an assay medium for the purified PShe initial ~20 h and then entered a stationary phase in
II. If necessary, 2M 3-(3,4-dichlorophenyl)-1,1-dimethy-  normal BG11 medium (Figure 2A). ThePsbU andAPsbO
lurea (DCMU) was added. The samples were dark adaptedmutant cells grew at almost the same rate as the wild-type
for 5 min. The duration of each actinic flash wag$, and cells in the normal BG11 medium, althougtPsbO cells
the light intensity was one-fifth of the saturating amout) showed a lag phase. Under®alepleted conditions (Figure
Alternatively, fluorescence kinetics was measured on a pulse2B), the growth rate of the wild type and thd>sbU mutant
amplitude modulation fluorometer, PAM 101 (Walz GmbH, did not show any remarkable differences, whereaa\fagbO
Effeltrich, Germany), and the fluorescence signal was mutant cells did not grow during the time tested. The effect
recorded on a digital oscilloscope, VP-5710A (Panasonic, of CI~ depletion from the growth medium was drastic in
Osaka, Japan). APsbU (Figure 2C); the growth rate afPsbU cells was
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Ficure 2: Effect of C&" and/or CI on cyanobacterial growth. Cells were cultivated in normal BG11 medium for 3 days, washed three
times, and resuspended in BG1CaCh. They were then diluted to Ofgh,m~ 0.06—-0.07 into BG11 (panel A), BGHICa&" (panel B),
BG11-CI~ (panel C), or BG1+CaCk medium (panel D). Cells were grown on a rotary shaker &30ander 5:mol of photonsm=2-s1

for each medium condition. Key: solid circle, wild type; solid squa&kBsbU; solid triangleAPsbO. Error bars show the standard deviation

(n = 3). CI" concentration in BG11Cl~ and BG11CaClL media was less than the detectable limi2Q uM).

suppressed more markedly than that of the wild type. The col, the PS Il activity promptly recovered, showing that the
APsbO cells did not grow under CGHepleted conditions  biosynthesis system was normal. The results confirm that
(Figure 2C). When Cd and CI were depleted (Figure 2D), the stability of PS Il was lost upon deletion of PsbU.
the APsbU mutant and thAPsbO mutant were unable to Electron Flow Assessed by Fluorescence Kinetics in Cells.
grow. Figure 4 shows fluorescence rise kinetics, which reflects the
Sensitiity to Photoinhibition in CellsThe PS Il activity electron flow in the PS Il reaction center. In the cells, the
in cells determined by thE,/F, value gradually decreased apparent levels of the initialFg) and maximal F.,) fluo-
at the same rate in both the wild type and AfésbU mutants  rescence yields on a Chl basis increased imRsbU mutant
in the absence of chloramphenicol under a light intensity of compared to the wild type both in the presence and in the
500umol of photonsm~2-s™1 (Figure 3). After being washed, absence of DCMU (Figure 4A,C), implying that electron
the cells were placed under low light (20mol of flow defects in the PS Il reaction center had occurred in the
photonsm2-s7%), and the PS Il activity recovered to the APsbU mutant. The fluorescence paramef&eft,, which
initial level during the followiryg 3 h in both strains. The  reflects the PS Il reaction center activity, was 0.40 in the
decrease of PS Il activity under high light in the presence wild type and 0.29 in theé\PsbU mutant. The lower value
of chloramphenicol and its recovery under dim light after of F./Fn, in the APsbU mutant suggests that water oxidation
the removal of chloramphenicol were almost the same in in PS Il was also slowed in the mutant cells.
the wild type as those measured in the cells which did not The effect of CI depletion on the PS Il electron flow
experience chloramphenicol (Figure 3). In contrast, the was assessed since growth of thBsbU mutant cells was
APsbU mutant was highly susceptible to photoinhibition if highly reduced under Ctdepleted conditions (Figure 2C).
chloramphenicol was present, indicating that PS Il was When the wild-type cells were grown under &lepleted
unstable without PsbU. After the removal of chlorampheni- conditions, the fluorescence kinetics in the presence and
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photonsm~2-s71)]. The ratio of these values is comparable
i to that of F,/F (0.29 vs 0.40 for mutant and wild type,
Figure 4A,C). In addition, the apparent maximum value of
the activity Pmaxin Table 2) was approximately 40% lower

in APsbU mutant cells than in wild-type cells [360 vs 588
umol of OJ/(mg of Chth)]. The light intensity at which the
photosynthesis begins to saturatg it Table 2) was also
lower in APsbU mutants than in the wild type, indicating
that inAPsbU the maximum light intensity at which the rate
of water oxidation in PS Il was able to follow the flux of
incident light was highly reduced. This apparently impaired
oxygen-evolving activity should not be attributed to the
difference of the PS I/PS Il ratio because the ratio was almost
the same between these strains as observed from fluorescence
emission spectra at 77 K (see below). This feature of the
APsbU mutant was different from that of thé>sbO mutant
(Figure 5 and Table 2), in which the, Pmax, andly values
were even smaller than llPsbU. When thesbUgene was

FvIFm (% of initial values)

20 | T .
f/,///;é_,_,

0 50 100 _ 150_ 200 250 300 complemented, the light curve and, consequently, the pho-
Time (min) tosynthetic parameters were restored to almost the same level
Ficure 3: Sensitivity to photoinhibition. Cells (2g of Chl/mL) as those of wild-type cells (Figure 5 and Table 2).
were exposed to 50@mol of photonsm=2-s71 at 30 °C in the Effect of Remaal of psbU on the Decay of S2 and S3

absence (open symbols) or presence (closed symbols) ofid.00 . . .
of chloramphenicol/mL, an&/F., was measured. After a 60 min ~ States.Since PsbU is located at the lumenal side of PS |I

exposure to high light, the cells were washed twice to eliminate complexes§, 8, 9), the decay kinetics of S2 (Figure 6) and
chloramphenicol and then incubated a0l of photonsm-2s2 S3 states were measured to assess the intactness of the water-
at 30°C. The duration of the washing is shown as a shaded bar. gxidizing machinery. The S2 state decayed apparently slower
Key: circle, wild type; squareAPsbU. in the APsbU mutant than in the wild type. On the other
absence of DCMU (Figure 4B) were similar to those of the hand, the decay of the S3 state AsbU did not show a
APsbU mutant which was grown in normal BG11 medium significant difference from that in the wild type (data not
(Figure 4C). This indicates that even wild-type cells could shown). The decay patterns of S2 states both in the wild
also suffer some effects on their electron flow under such type and inAPsbU were well fitted by double exponential
conditions. However, theéF,/F, value remained higher decay R > 0.999) rather than a single exponential decay.
(Fv/Fm = 0.35) than that oAPsbU mutants grown in normal  The lifetimes and relative amounts of the two phases (fast
BG11 medium. In contrast, the effect of Gllepletion was and slow phases) in the S2 state are shown in Table 3.
prominent in theAPsbU mutant. Both of the apparelfg Interestingly, the lifetimes of the two components of S2
and F,, levels increased in thé\PsbU mutant, and the decay were the same in the wild-type akBsbU cells. The
difference in fluorescence levels at time 0.1 s was very small relative amount of the slow component was markedly
with or without DCMU (Figure 4D), which reflects the low  increased in thé\PsbU mutant.
activity of the PS Il reaction centeF{/F, = 0.15) under Effect of Remaal of psbU on the Spectroscopic Properties
Cl—-depleted conditions. Results similar to those of Figure of the Cells.Wild-type cells showed the (band of Chl
4 were obtained using PAM fluorometer with independent peaking at 682 nm irrespective of the presence or absence
cell cultures although the fluorescence parameters somewhaof CI~ in the growth media (Figure S1, Supporting Informa-
varied. For example, the values &/F, were 0.396 tion). However, the peak wavelengths originating from the
(£0.013) and 0.31040.001) for wild-type cells grown with ~ Q, band of Chl inAPsbU cells grown under both normal
or without CI, respectively, and 0.3480.009) and 0.286  BG11 and Cf-depleted conditions blue shifted by 1 nm from
(£0.009) for APsbU cells grown with or without CJ that of wild-type cells. The peak wavelengths of phycobilins
respectively it = 3). TheFo values were 6.9140.163), 7.04 were also blue shifted by 3 and 2 nm in the normal grown
(40.033), 7.04£0.188), and 8.7040.496) (arbitrary units)  and CI-depleted cells, respectively. When the wild-type and
for those cells, respectively. mutant cells were grown under Gllepleted condition, the
Effect of Remeal of psbU on the Steady-State Oxygen absorbance ratio of phycobilins to the, @Qand of Chl
Evolution in Cells.Figure 5 shows the PS ll-mediated oxygen increased compared to the cells grown in normal BG11.
evolution measured in cells grown in normal BG11 medium.  The fluorescence emission spectrumdisbU cells at 77
The maximum rates of oxygen evolution under light-saturated K was identical to that of wild-type cells when they had been
conditions were approximately 60% and 30% that of wild- grown in normal BG11, indicating that the stoichiometry of
type cells inAPsbU andAPsbO cells, respectively. Under PS Il to PS | is almost the same in these strains if grown in
light-limiting conditions, the activities were constantly lower normal BG11 (Figure S2, Supporting Information). The same
in APsbU and even lower inPsbO mutants than in the wild  result was obtained when the cells were illuminated by 420
type. The photosynthetic parameters obtained from Figurenm light to exclusively excite Chls (data not shown).
5 are summarized in Table 2. The efficiency of light Additionally, because the cells were illuminated by light
utilization (@ in Table 2) in APsbU mutant cells was which can also excite phycobilins in this measurement, it is
approximately 35% lower than that in wild-type cells assumed that the absorption cross section is almost the same
[0.294 vs 0.449 gmol of O)J(mg of Chkh)])/(umol of between these strains in this growth condition (Figure S2,
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Ficure 4: Fluorescence rise kinetics of cells grown in BG11 or BGCL~ medium. Panels: A, wild-type cells grown in normal BG11;
B, wild-type cells grown in BG1%ClI~; C, APsbU cells grown in normal BG11; APsbU cells grown in BG11Cl~. Key: open symbols,
no addition of DCMU; closed symbols, 20M DCMU. The samples were adjusted tqug of Chl/mL.
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Ficure 5: Effect of light intensity on steady-state oxygen evolution.

Oxygen evolving activity was measured at®8®with 1 mM DCBQ

as an electron acceptor. Data were fitted according to a ma#el (
Key: solid circle, wild type; solid squaréyPsbU; solid triangle,

APsbO; solid diamond, complement pgbU

Supporting Information). When wild-type cells were grown

Table 2: Photosynthetic Parameters Obtained from the Light Curves
(Figure 5) for Cells Grown in Normal BG11 Medidm

o Prmax Ik
wild type 0.449 588 1300
APsbU 0.294 360 1230
C-psbU 0.382 552 1440
APsbO 0.174 181 1040

aq, [umol of O/(mg of Chkh)]/(umol of photonsm=2-s71). Prasx
umol of OJ(mg of Chth). Iy, umol of photonsm=2-s71. Cpsbhy,
complemented strain aAPsbU.

indicating the remarkable increase in the relative content of
PS Il to PS I. This was also observed when the cells were
illuminated by light which was passed through a combination
of 4-96 (Corning) and VR-42 (Toshiba, Tokyo, Japan) band-
pass filters to specifically excite Chls. The emission from
phycobilins increased inPsbU cells of Ct-depleted condi-
tion.

Effect of Remaeal of psbU on the Content of PS Il and
PS | ComplexesWhen wild-type cells were grown under
Cl~-depleted condition, the relative amounts of CP47 and

under Ct-depleted condition, the ratio of PS Il to PS I, which CP43 (peripheral Chl-binding proteins in PS II) to that of
can be roughly estimated by the ratio of peak heights at 696 PsaA/B slightly increased compared to those in wild-type

and 727 nm, slightly increased. WhexPsbU cells were

cells grown in normal BG11 (Figure S3, Supporting Infor-

grown under Ci-depleted condition, the ratio of the peak mation). These data are consistent with the result in Figure
height at~695 nm to that at 727 nm increased notably, S2 (Supporting Information). The stainability of cg#550
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l ' ' Table 4: Cf Effects on Q Evolution in Isolated Thylakoid
1 - Membrane%
rates of Q evolution
[umol of O*(mg of Chlyt-h™
0.8 - wild type APsbU
3 30 mM NaCl 304 (5) 101 (3)
> 30 mM NaNQ 190 (3) 61 (5)
8 06 i no addition 221 (5) 5(3)
g a2 Oxygen-evolving activity was measured at 30 with 0.5 mM
o 2,5-DCBQ as an electron acceptor. The reaction mixture contained 50
K | mM MES—NaOH (pH 6.5), 10 mM MgSQ 5 mM CaSQ, and 1 M
& 0.4 betaine, and the Clconcentration was less than the detectable limit
(<20uM). When 30 mM NaCl was added, the measured s 37.2
mM, and when 30 mM NaN@was added, the measured @Vas less
0.2 i than the detectable limit{20 uM). The Chl concentration was 1@/
) mL. Numbers in parentheses are standard errrors B).
Wild type S~ e
0 L ! ! L Table 5: Effects of Ci on O, Evolution during Preparation of
0 100 200 300 400 Thylakoid Membrané’s
rates of Q evolution
Time (s) [umol of Ox*(mg of Chly*-h™1]
FicURe 6: Decay kinetics of the S2 state in wild-type aAB'sbU wild type +CI- 227 (8)
mutant cells grown in normal BG11 medium assessed by the —CI- 97 (2)
measurement of oxygen flash yield. The decay kinetics are shown  Apspu +Cl- 80 (7)
after normalization to the initial values. Key: solid circle, wild type; —ClI- 37(0)

solid squareAPsbU.
q A a2 Thylakoid membranes were prepared withrGl~) or without

(—=CI7) CI~ ion. Oxygen-evolving activity was measured at*8with
0.5 mM 2,5-DCBQ as an electron acceptor. The reaction mixture

Table 3: Lifetimes of S2 States Determined from Data Shown in

Figure 6 contained 50 mM MESNaOH (pH 6.5), 10 mM MgGl 5 mM CaC},
half-lifetime (s) relative content (%) and 1 M betaine, and the measured €bncentration was 36.4 mM.
- The Chl concentration was /mL. Numbers in parentheses are
wild type 20 (1.3) 71 (3.0) standard errorsn(= 3). Yog
140 (17) 29 (3.0)
APsbU 22 (2.0) 57 (3.8)
140 (14) 43(3.8) in Figure S4, Supporting Information). If thylakoid mem-
aThe fast and slow components are listed. Numbers in parenthesesbranes were washed in the absence offtit in the presence
are standard errors. of SO27, cyt c-550 (PsbV) seemed to be partially lost both

(PsbV) increased much more in the cells of @epleted in wild-type and inAPsbU thylakoids (Figure S4, lanes B

condition. WherAPsbU cells were grown in normal BG11 and P Supporting Informat|onf buF see below), .
(Figure S3, lane C, Supporting Information), both Chl- Cl~ Effects on Oxygen #6lution in Isolated Thylakoid

specific amounts of PS Il (CP47 and CP43) and PS | (PsaA/MémbranesTable 4 shows the rate of oxygen evolution in
B) subunits decreased compared to those of wild-type cellsthylakoid membranes. The activity of thylakoid membranes

grown in normal BG11, maintaining the PS Il to PS | ratio isolated from theAPsbU mutant was lower than that of the

at almost the same as that in wild-type cells. WiePsbU wild type even when Clions were present in the reaction
cells were grown under Cidepleted condition, the relative ~Mixture. If CI", which affected the growth rate @PsbU

ratio of CP47 and CP43 to PsaA/B increased notably CelIS much more than €g was not added to the reaction
compared to that of normal-growkPsbU cells (Figure S3, mixture, the rate of oxygen evolution in mutant thqukmds
Supporting Information). Accordingly, the stained heme in Was reduced to=10% compared to that measured in the

cyt ¢-550 (PsbV) increased to a detectable levehiRsbU presence of Cl, while 70% of activity was retained in the
cells of Ch-depleted condition. The Chl-specific amounts wild-type thylakoids. It is noteworthy that monovalent anion,
of both PS Il and PS | in CkdepletedAPsbU cells were NOs™, restored the activity to around 60% of that measured

also lower than those of wild-type cells (Figure S3, Sup- [N the presence of Clin APsbU thylakoids while it did not

porting Information). increase thg oxygen-evolving activity of wild-type thyllall<oulds.
The decrease of the Chl-specific amounts of both PS 11 Divalent anion, SG, was unable to restore the activity in

and PS | was also observed in isolated thylakoid membranes2PsSbU thylakoids t_)ecause all of the measurements in Table

(Figure S4, Supporting Information). All of the relative 4 Were performed in the presence of 15 mM.50

amounts of PsaA/B, CP47, and PsbO in thylakoids isolated Table 5 shows the rate of oxygen evolution in thylakoid

from APsbU cells grown in normal BG11 were lower than Mmembranes prepared with or without CEven in wild-type

those in wild-type thylakoids (Figure S4, Supporting Infor- thylakoids, the activity decreased to about 40% if prepared

mation). Still, the relative content of PS Il to PS | seems to Without CI~ but in the presence of 15 mM $O. The

be maintained iMPsbU cells at almost the same level of 0xygen-evolving activity iMPsbU thylakoids also decreased

wild-type cells. The apparent low content of PsbO and cyt t0 ~50% if prepared without Cl

¢-550 (PsbV) was observed corresponding to the low content Polypeptide Profile of the PS 1l Core CompleRS I

of PS Il complexes im\PsbU thylakoids (lane C vs lane A complexes were isolated from HT31 33) and APsbU/
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Ficure 7: Polypeptide profile of purified PS Il complexes. Lanes:
1, molecular mass standards; 2, HIBS Il complex; 3 APsbU/
HT3—PS Il complex. Samples equivalent toi/g of Chl were
loaded in each lane. The molecular mass of the standards is show
on the left. Bands were visualized by Coomassie blue staining.
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Table 6: Relative Amounts of Extrinsic Polypeptides in Purified PS

Il Complexes ¢
HT3 APsbU/HT3
PsbO +++ +
PsbVv 4+ +
Psbu +++ -
PsbQ 4+ +
Psb28 +++ +++
Psb27 +++ +++

@ The relative amount of each protein band was estimated using the
image processing program ImageJ (http://rsb.info.nih.gov/ij/index.html).
Key: +++, original amount in HT3-PS Il complexes or comparable 0.4
amount &70%) to the corresponding polypeptide in HIBS II; +,
40—20% of the corresponding polypeptide in H¥BS II; +, <20% 0.2 ‘ ‘ !
of the corresponding polypeptide in HF®S II; —, absent. 0 05 1 15 2

HT3, and their polypeptide components were analyzed Time (sec)

(Figure 7 and see reffl). HT3—PS Il complexes showed a FIGURE 8: Fluorescence rise kinetics of the PS Il complexes purified

> - . from HT3 andAPsbU strains. Panels: A, PS Il complexes isolated
typical polypeptide profile (see refl). As expected, PSbU o 4T3 B and C, PS Il complexes isolated franPsbU/HTS.

was not detected iM\PsbU/HT3-PS Il complexes. It is  Note that the time scale is different between panels B and C. Key:
notable that other extrinsic polypeptides such as PsbO, PsbhVppen symbols, no addition of DCMU; closed symbols, /2@

and PsbQ also markedly decreasedAiRsbU/HT3-PS Il DCMU. The samples were adjusted tq.g of Chl/mL.
complexes (Table 6). No remarkable change was recognized o ] ) .
in other PS Il polypeptides. of actinic light (Figure 8B,C). These observations imply

Electron Flow Assessed by Fluorescence Kinetics in defects of electron donation from the water-oxidizing system
Purified PS 1l ComplexesPS Il complexes purified from i APsbU.
the HT3 strain showed a prompt increase of fluorescence in
the presence of DCMU (Figure 8A). Without DCMU and DISCUSSION
artificial electron acceptors, the fluorescence increased slowly
and reached, levels approximately 0.5 s after the onset of  Even without PsbU, the other three lumenal extrinsic
actinic light. In the PS Il complex isolated fromPsbU/ proteins (PsbO, PsbQ, PsbV) might be able to associate with
HT3, the fluorescence rise in the presence of DCMU was their own binding sites in PS Il complexes in vivo. This can
extremely slowed, starting at a higher apparen{Figure be deduced from the fact that tAd®sbU mutant cells grew
8B,C). The fluorescence rise in the absence of DCMU and at almost the same rate as wild-type cells in normal BG11
artificial electron acceptors was further decreased; it took 2 medium (Figure 2A), although several defects were found
s until the fluorescence reached theg level after the onset  that will be discussed later. Furthermore, unliké&sbU
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mutant cells, the double deletion mutantpsbhOand psbV illuminated at 77 K by blue light which was passed through
(APsbOAPsbV) did not grow even in the normal BG11l a 4-96 band-pass filter to excite both Chls and phycobilins
medium unless it was supplemented with glucose (data not(Figure S2, Supporting Information), the fluorescence spectra
shown, but see red8). The light curve and the resulting were almost identical in both strains, indicating that the
photosynthetic parameters (Figure 5 and Table 2) alsoenergy distribution to photosystems was not so different
support the idea that other extrinsic proteins can associatebetween the two strains. The room temperature absorption
with PS Il complexes in vivo without the aid of PsbU. When spectra implied that the amount of phycobilins relative to
the PsbO protein was lost from PS I, the valuesxodind Chls was maintained at almost the same level between the
Pmax Were decreased more than those in AfgsbU mutant  two strains when grown in normal BG11 (Figure S1,
(Table 2). Indeed, comparable amounts of PsbO (Figure S4,Supporting Information).
lane C, Supporting Information) and PsbQ (data not shown) The room temperature absorption spectra revealed a blue
were detected in isolated thylakoid membranes. The actualshift of the peak wavelength by 1 nm around 685 nm in
amount of PsbV remained ambiguous in this work because APsbU cells (Figure S1, Supporting Information). This blue
heme staining depends on the redox state and source of thehift implies a decrease in the relative amount of Chls
heme 86, 49). belonging to PS I. However, the relative content of PS Il to

Nonetheless, it was found that, in PS Il complexes isolated PS | was almost identical betweePsbU and wild type as
from APsbU mutants, a large amount of lumenal extrinsic is described above (Figure S2, Supporting Information and
proteins (PsbO, PsbQ, PsbV) were lost during the isolation refs50 and52). Instead, the Chl-specific amount of subunit
process (Figure 7 and Table 6) despite the highly mild proteins belonging to both PS Il and PS | decreasexHsbU
isolation method11, 36). This finding indicates that, without  than those in wild type (Figures S3 and S4, Supporting
PsbU, the conformation of the water-oxidizing complex at Information). This suggests an increase in the amount of Chl-
the lumenal space of PS b became highly fragile, leading  binding proteins which were degrading but still retaining Chls
to the slowed electron donation which was shown by the during the degradation process. This could result from the
extremely decelerated fluorescence rise even in the presencéagility of PS Il complexes upon the deletion of PsbU.
of DCMU in isolated PS Il (Figure 8B,C). Our current results Actually, a broad smear was sometimes detected by antisera
revealed the structural importance of the PsbU protein in against Chl-binding proteins inPsbU thylakoids (data not
assisting the ordered conformational architecture of the water-shown). The concomitant decrease of the content of PS |
splitting system. This contrasts with the previous studies, could be a result from the stoichiometric regulation in the
which reported that PsbU was not essential to PS Il function cells. Then, the Chls bound to these degrading Chl-binding
(21, 22). protein(s) will contribute to the increase Bf level, which

Due to the loss of conformational stability of the water- was observed in Figure 4C. Furthermore, Clarke and Eaton-
oxidizing system and the decrease in the electron donationRye 60, 52) reported that thé,/Fr, value in APsbU cells
rate upon the deletion of PsbU, the mutant cells becamehad been unusually smaller than that expected from the
highly sensitive to photoinhibition (Figure 3), which is content of PS Il although they had used hydroxylamine
consistent with the result reported by Clarke and Eaton-Rye during the measurements. Their observation could also be
(50). The structural function of PsbU also explains the result explained by the increase in the degrading Chl-binding
reported by Kimura et al. that thePsbU mutant was more  protein(s) and the resulting increase in fhglevel. Some
sensitive to heat stress than the wild typ&)( although they ~ part of the decrease &f,ax (Figure 5 and Table 2), but not
argued that the PsbU protein, as well as the PsbO and Psb\Wy, in APsbU cells could also be attributed to the increase in
proteins, stabilized the oxygen-evolving machinery against such Chls.
high-temperature stress. Shen et al. demonstrated that the peak temperatures of both

Considering the function of PsbU described above, it is the B and Q bands in thermoluminescence were increased
reasonable that the values @f Pnax, andlx were notably by 4 °C in APsbU mutant cells compared to those in wild-
reduced inAPsbU mutant cells compared to those in the type cells, suggesting modification of the S2 st&i#)(In
wild-type cells (Table 2). Generally, when the value our analysis, the decay of the S2 state deceleratadPsbU
decreased, three possibilities could be considered: (A) amutant cells compared to the wild-type cells (Figure 6). The
decrease in the relative content of PS Il, (B) a decrease indecay kinetics of the S2 state consisted of two components
the antenna size of PS Il, and (C) a decrease in the water(fast and slow phases) even in the wild-type cells (Table 3).
oxidation rate in individual PS II. As discussed above, the Surprisingly, only the relative amount of the slow compo-
observed property in the preselPsbU mutant belongs to  nents was prominently increased in tihd®sbU mutant,
the case of C. The lownax and l¢ in the APsbU mutant leaving the lifetimes of the two decay components un-
cells can also be attributed to this low efficiency of water changed, which could not be detected by the measurement
oxidation in PS Il function. The former two possibilities (A  of thermoluminescence2q). This indicates that PsbU
and B) could be excluded because the fluorescence emissiorsupports normal S2 transition, and once PsbU is lost, a
spectra indicated otherwise. When th&sbU cells grown  portion of the S2 state that has a redox potential lower (slow
in normal BG11 were illuminated at 77 K with 420 nm light phase) than the normal S2 state (fast phase) becomes
to exclusively excite Chls, the fluorescence spectrum was dominant 63, 54), which could be inextricably linked, at
almost the same as that of the wild-type cells (data not least partly, to the low values af andPnaxin APsbU cells
shown). This indicates that the relative quantities of PS Il (Figure 5 and Table 2).
to PS | are almost the same in both strains, which is The effect of Ct on the growth ofAPsbU cells (Figure
consistent with the observation reported by Clarke and Eaton-2) was in distinct contrast to those reported earlg, @2,
Rye (60, 52). When the cells grown in normal BG11 were 28); the growth rate oAPsbU was largely suppressed under
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Cl~-limited conditions in this study. We used plastic ware

Biochemistry, Vol. 44, No. 36, 2008.2225

is absent, which can also be achieved by other monovalent

for the preparation of culture medium and the measurementsanions such as N§. These results suggest that PsbU has

of growth and excluded the possible contamination of ions.

some structural properties resembling to monovalent anion

One of the reasons for the difference between studies maysuch as Cl and NQ~, and both PsbU and Chre important

be the improved CHimiting conditions achieved in this
work. This is supported by the fact that th&>sbO mutant
was unable to grow in our Cllimiting conditions although
photoautotrophic growth under Climiting conditions had
been reported4). It is also possible that the discrepancy
between studies may result from the difference in light
intensity used in the two experiments. We useg:5tl of
photonsm~2-s7! for the measurement of growth, whereas
Shen et al. used 3@mol of photonsm=2-s7 (21, 22). The
higher irradiance possibly affected PS Il function more
severely in theAPsbU mutant since the absence of PsbU
caused fragility in the oxidizing side of PS Il as discussed
above (Figures 3 and 5 and Table 2).

to keep the proper structural architecture of the oxygen-
evolving system. Accordingly, we prefer the idea that PsbU
may stabilize only C#, and not Cf, through its structural
nature although it is generally accepted that the PsbU protein
may provide the binding site for Cland C&" ions (10, 23)

as is thought for the PsbP or PsbQ proteins in higher plant
PS 11 (10, 12, 24). This idea could also be supported by the
structural information on PS 1l complexes frofhermo-
synechococcus elongat8). Since the three-dimensional
structure of PS Il fromT. elongatusis now available &;
Protein Data Bank accession number 1S5L), we have
depicted the structure of PsbU and evaluated the electrostatic
property of PsbU, which may be a key feature to the binding

On the basis of the results obtained here, we conclude thatof ions (data not shown), using Deep View [spdbv 38)[.

ClI~ can substitute the function of PsbU protein to some
extent (Figure 2A,B), but G4 cannot. Interestingly, the
removal of C&" from the growth medium together with Cl
had an additional effect; th&aPsbU mutant cells could not

The huge negative potential is prominent around PsbU, which
might be realized by Clions if PsbU is absent from the
water-splitting system of PS Il. This huge negative potential
may contribute to maintain the optimal concentration of'Ca

grow anymore, at least during the time tested, which is near the Mn cluster50).

consistent with the report by Summerfield et &8); If the
APsbU cells were grown under Climited conditions (but
in the presence of C&), the relative content of PS Il

increased (Figures S2 and S3, Supporting Information).

However, the amount of active PS Il was significantly

The effect of NQ~ on the APsbU thylakoids is a clear
contrast with that on spinach PS II, in which ACtakes
the place of Ct but does not support a high rate of oxygen
evolution @G0, 61). Although spinach PsbP and PsbQ may
constitute a diffusion barrier for the Cbinding site in

decreased (Figure 4D). The decrease of the active PS lIspinach PS 11§2), the difference between results (Table 4
should have been partly compensated by the increase of P&nd refs60 and61) is not attributed to the absence of PsbU

Il content. Again, the Chl-specific amounts of both PS II
and PS | subunits decreasedAfPsbU cells compared to
those in wild-type cells if grown under Gldepleted condi-
tion (Figure S3, Supporting Information). This is also
explained by the increase of the degrading Chl-binding

in APsbU thylakoids and the presence of PsbP and PsbQ in
spinach PS Il complexes. This is deduced from the result
that only short time exposure of wild-type thylakoids to the
Cl™-depleted and N@-supplemented medium was enough
for the substantial decrease in oxygen-evolving activity

proteins inAPsbU cells as is described above. The unusual (Table 4). It is known that Br can fully substitute for Cl

increase inFy (Figure 4D) could be attributed to the Chls

in spinach PS Il §0, 61) and cyanobacterial cell$38).

bound to degrading Chl-binding protein(s) and the increase However, different from Br, NOs;~ did not fully support

of inactive PS Il. It is interesting that the level of the stained
cyt ¢-550 (PshV) increased even in wild-type cells if they
were grown under Cldepleted condition (Figure 2).

In addition, if CI- was depleted during the preparation of
thylakoids, some part of cy-550 (PsbV) seemed to be lost
(Figure S4, Supporting Information) and the oxygen-evolving

the oxygen-evolving activity il\PsbU thylakoids (Table 4)
and further the growth aAPsbU mutant under Cllimited
condition at 18 mM N@ (Figure 2C). In this sense, the
action of NG~ to the cyanobacterial PS Il may be different
from the well-known function of Cl on the water oxidation
reaction in PS 1. The ionic radius of these monovalent anions

activity decreased (Table 5). Instead, oxygen evolution was may be responsible for these different effects on oxygen-

highly supported by CI in isolated APsbU thylakoid
membranes as well as in wild-type thylakoids (Table 4).
Interestingly, 60% of the activity was recovered by an
addition of monovalent anion NO in APsbU thylakoids,
although a slight inhibitory effect was observed for wild-
type thylakoids (Table 4). Different from NO, a divalent
anion, S@, was not effective to restore the activity in
APsbU thylakoids (Table 4). The effect of monovalent cation,
Na", on the oxygen-evolving complexs®) could be ne-
glected, because both Chand NQ~ were added as sodium

salts, the pH of the reaction mixture was adjusted by NaOH,
and 5 mM C&" was present in all measurements. Therefore,

we can distinguish two effects of Cbn PS Il function. One

is a generally accepted function to support the oxygen-

evolving process (e.g., refs0, 56, and 57) which was
observed typically in wild-type thylakoids (Table 4). Another

evolving activity.

It is noteworthy that S¢~, which is thought to be
effective to deplete Clfrom PS Il ©4), does not seem to
inhibit the activity in the wild-type thylakoids at 15 mM in
the presence of 30 mM Cland also not so much in the
absence of Cl (Table 4). This contrasts with the case in
spinach PS Il whose oxygen-evolving activity was totally
lost by 1 mM MgSQ at a very low concentration of Cl
(less than M free CI") (65), implying a different structural
and functional architecture between cyanobacterial and higher
plant oxygen-evolving complexes. Accordingly, thesbU
strain will become a useful source to investigate the function
of CI~ and other anions on the oxygen-evolving complex in
cyanobacterial PS II.

Through our investigation, it can be concluded that PsbU
provides a stable structural architecture of the water-splitting

is a capability to substitute the function of PsbU when PsbU system, and maybe electrostatic environment, to ensure a
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smooth water oxidation process. This function of PsbU is 8.

different from that proposed for PsbP and PsbQ in plant
chloroplasts to serve as binding sites for’Cand/or CI

(10). This conflicts with the conventional model that PsbU
and PsbV were replaced by PsbQ and PsbP during the
evolutional processig, 19, 25, 26) but is consistent with

our recent model that PsbU and PsbV are present together

with PsbQ and PsbP in cyanobacterial PS Il complexes and 11,

have a different role(s) from PsbQ and PsBP)(
Still, it is true that C&" and CI are necessary for effective
water oxidation. With regard to the habitat of cyanobacteria,

the physicochemical environment is highly variable, e.g., 12.

from seawater to freshwateé8§—68). Oceanic cyanobacteria

can import as much Caand CI as they need because the
concentration of Cd is approximately 10 mM and that of 43
Cl~ is around 0.6 M. However, for the freshwater cyano-
bacteria and land-living cyanobacteria, the availability of such
ions might be limited and highly variable depending on their
environments §9), for example, 0.05 mM Ca and 0.14
mM CI~ in very soft lake water or 4.5 mM Caand 4.2

mM CI~ in very hard underground water. PsbU may play 1>

an important role to maintain an effective water oxidation
under any salinity environment especially for the freshwater

cyanobacteria and land-living cyanobacteria. In this sense, 16.

it is interesting that the two strains of mariReochlorophytes
do not carry genes homologous fiebU (20). 17
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