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ABSTRACT. Mutations D1-R64E, D1-R64Q, and D1-R64V in the putative calcium-binding lumenal
interhelical a-b loop of the photosystem Il (PSII) D1 protein were characterized in terms of impact on
growth, extrinsic protein binding, photoactivation, and properties of tb@-ékidation complex. The
D1-R64E charge reversal mutation greatly weakened the binding of the extrinsic manganese-stabilizing
protein (MSP) and, to a considerably lesser extent, weakened the binding of cytoctysr(eb50).

Both D1-R64Q and D1-R64E exhibited an increased requirement fér i@ahe cell growth medium.

Bare platinum electrode measurements gfe®@olving membranes showed a retarded appearance of O
following single turn-over flashes, especially in the case of the D1-R64E mutant. The D1-R64E mutant
also had a pronounced tendency to losee@olution activity in the dark and exhibited an increased
relative quantum yield of photoactivation, which are characteristics shared by mutants that lack extrinsic
proteins. $and S decay measurements in the isolated membranes indicate that D1-R64E and D1-R64Q
have faster decays of these higher S-states as compared to the wild-type. However, fluorescence decay in
the presence of DCMU, which monitors primarilyyQcharge recombination with PSII donors, showed
somewhat slower decays. Taken together, the fluorescence and S-state decay indicate that the midpoint
of either @~ has been modified to be more negative in the mutants or that a recombination path presumably
involving either @~ or Yp has become kinetically more accessible.

The photosystem Il (PSH)reaction center complex center chlorophyll P680 results in the formation of the
catalyzes the light-driven reduction of plastoquinone using neutral radical ¥ with the release of a proton occurring
electrons extracted from water via the oxygen-yieldin®H concomitantly upon transfer of an electron to P68The
oxidation reaction (for reviews on PSII see rgfsb). Light- mechanism of KHO-oxidation remains to be resolved; how-
driven charge separation results in the reduction of plasto- ever, proton-coupled electron transfer or hydrogen atom
guinone on the acceptor side of the photochemical reactionabstraction involving ¥ are among proposals currently being
center and the oxidation of P680, a dimeric chlorophyll considered3, 4, 6—9).
species, on the donor side of the PSII complex. PG8& Considerable progress toward determining the three-
strong oxidant capable of oxidizing water, angi¥the redox dimensional structure of PSII has been matle10—15).
active tyrosine 161 of the reaction center D1 protein. The Most recently, the structure of anp@volving PSII complex
sequential oxidation of the 4@-splitting enzyme causes it  isolated from the thermophilic cyanobacteriu8ynechoc-
to cycle through a series of intermediate redox states termedoccus elongatysvas solved to a resolution as high as 3.8 A
S-states (Swherei = 0—4), corresponding, at least in part, (1) (Protein Data Bank entry 1FE1). This complex contains
to the stepwise oxidation of a Mn tetramer (Mrat the at least 17 subunits, of which 14 are intrinsic membrane
catalytic site by P68Q The oxidation of Y by reaction proteins. While the current structural resolution does not
permit modeling of the amino acid locations within the
t This work was funded by the National Science Foundation (MCB  structuré? it has led to assignments of the major reaction

975%25r‘r2-sp0n ding author: Robert L. Burap. Phone: 405-744-7445 center core polypeptides with respect to their ransmembrane
Fax: 405-744-6790, E-mail: burnap@biochem.okstate.edu. helices. Helix assignments are made for the “photochemical

1 Abbreviations: Chl, chlorophyll; Cytsg, cytochromecsso encoded core” PSII complex, which contains at least six major
by thepsbVgene; DCBQ, 2,6-dichlorp-benzoquinone; DCMU, 3-(3,4-  membrane-spanning protein subunits: D1, D2, CP43, CP47,
dlchlorophgnyl)-l,1-d|methylu_rea, inhibits glectron transport between the psbl gene product, and the. and A subunits of

A and ; HA, hydroxylamine (NHOH); a—b loop, lumenally . S .
exposed interhelical loop situated between transmembrane helices ££ytochrome bso. These highly conserved intrinsic proteins
and b of the D1 reaction center protein; Hepes, 4-(2-hydroxyethyl)-1- bind the pigments and cofactors involved in light-induced
piperazineethanesulfonic acid; (Mnjetranuclear Mn cluster function-  charge separation and electron transport and are found in
ing in HO-oxidation; MSP, manganese-stabilizing protein, extrinsic
33 kDa PSII protein;psbA gene encoding the reaction center D1
protein;psbQ gene encoding the manganese-stabilizing protein; TMBZ, 2 Specific electron densities have been attributed to the redox active
(3,3,5,8-tetramethylbenzidine); X redox active tyrosine of the D1 tyrosines, ¥ and Yp, of the D1 and D2 proteins, respectively)(
protein acting as secondary electron donor of the reaction center. However, these are the exception in the current published structure.
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all organisms capable of oxygenic photosynthesis. An
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as contributing to the ion-pair stabilization of MSP binding

electron-dense region located in the lumenal portion of the (16, 26). This assessment is in line with the results of Isoagi

D1 protein has been ascribed to the (i) accordance

et al. indicating binding depends on a positively charged

with numerous biochemical and site-directed mutagenesissurface of the intrinsic protein2T). On the other hand, these
experiments indicating D1 provides ligands to the active site results have been questioned, and the involvement of

metal cluster (for review, see rgj. However, the locations
for C&" and CI ions, essential cofactors of the,®k
oxidation reaction, remain unresolved.

In addition to the intrinsic polypeptides, extrinsic PSII
subunits, associated with the,®toxidation domain, are
found in all PSlI-containing taxa. The extrinsic polypeptides
stabilize the (Mn), modulate the binding of Ca and CI
ions, and optimize the catalytic efficiency of the®+
oxidation reaction (see re%s 5, and16). Among the extrinsic

positively charged residues on MSP interacting with acidic
groups on the intrinsic subunits has been posig3). (Less
information is available on the binding sites of the other
extrinsic proteins. The binding of the 23-kDa protein to the
reaction center reportedly depends on the presence of bound
MSP according to several studie8(-30); however, release

of MSP is reported to occur without the concomitant release
of the 23-kDa protein31), and mutants unable to synthesize
MSP still bound the 23-kDa protein to the membrarg?.(

proteins associated with the WOC, the manganese-stabilizingSimilarly, the binding of cyanobacterial cytochromg, was

protein (MSP), encoded by thpsbOgene, is associated with
all taxonomic variants of PSIl. However, the remaining

reported to be partially dependent upon bound M&3} &énd
has been found to chemically cross-link with D2, MSP, and

complement of extrinsic proteins associated with the WOC the 12-kDa protein in situ3d). On the other hand, binding

exhibit what is essentially a dichotomous phyletic distribu-

of cytochromecsso was found to be independent of MSP

tion. On one hand, the WOC of all green plants and green binding in the red alg&. caldarium(19) and has functions
algae contains the 23- and 18-kDa proteins, which are independent of MSP35).

encoded by th@sbPandpsbQ respectively. In contrast to

higher plants and green algae, the WOC in all other PSII-
containing organisms contains a c-type cytochrome, cyto-

chromecsso (psbVgene product) and a-912 kDa protein
(psbU gene product), in addition to MSP. The function of
cytochromecssp remains unresolved. However, it has an
unusually low midpoint potential estimated to 250 mV
that is partly attributable to a bis-histidyl axial ligation of
the heme ironX7). Recently, the crystal structure of isolated
cytochromecsso from the cyanobacteriur8ynechocystisp.
PCC6803 has been solved to 1.26 A resolutiaB).( An
additional subunit, with an estimated mass of 20 kDa, is
associated with the WOC of the thermophilic red alga,
Cyanidium caldariumand appears to be involved in the
stabilization of the binding of the other three extrinsic
polypeptides of the WOC10).

The extrinsic proteins, together with interhelical loops

connecting the transmembrane portions of the complex, form
the large protein mass that extends approximately 55 A into

In this report, we describe the effects of substitution
mutations at the highly conserved arginine residue, R64, in
the a-b loop of the D1 protein. The-ab loop of the D1
protein is hypothesized to participate in the binding of PSII
Ca" and is situated in a region that may be involved in the
binding of MSP according to the crystal structur®).(
Previous analysis of mutations of strictly conserved acidic
groups revealed slow downs of the S-state transiti@s (
37) that are attributable to alterations on the donor side of
Yz (36) as well as a destabilization of the intermediates in
the light-driven assembly of the (Mn}37). Here we find
that mutations of the adjacent R64 residue impair the binding
of the extrinsic proteins, especially MSP, increase the
requirement for C& during cell growth, and alter the redox
properties of the KFD-oxidation complex.

MATERIALS AND METHODS

Construction and Growth of Strain¥he naturally trans-

the aqueous phase of the thylakoid lumen and contains theformable, glucose-utilizing strain oSynechocystissp.

H,O-oxidation domain of the complex). In the Synecho-
coccus PSII crystal structure, this mass remains largely
unresolved. However, approximately half of MSP and the
majority of cytochromeessg are identified within this mass.
The contact sites of MSP and cytochrorog, with the

intrinsic subunits remain unresolved in the crystal structure,

PCC6803 88) was used in the construction of all of the
strains described here. For routine manipulations, the wild-
type and mutant cyanobacterial strains were grown on a
rotary shaker in BG-11 media supplemented with 5 mM
glucose. To determine the autotrophic growth under calcium-
limiting conditions, 0.24 mM CaGlin the normal BG-11

but biochemical and genetic evidence has provided somemedium was replaced by 0.48 mM NaCl. Construction and

information in this regard (reviewed in re%s 5, and 16).

characterization of the D1-R64E, D1-R64Q, and D1-R64V

Several lines of evidence point to direct interaction between Strains were performed as previously descritti9) using
the lumenally exposed e-loop of CP47 and MSP, although the psbA2containing plasmid pRD1031 and the trigdsbA

contacts with additional intrinsic subunits are likely. Chemi-

deletion strain 4E-3, both generous gifts from Prof. R. Debus,

cal cross-linking and modification experiments have mapped University of California Riverside. The strain of 4E-3
probable contact sites between specific domains of MSP andtransformed by the psbA-containing plasmid pRD1031 was

the CP47 e-loop20—23), whereas deletion mutagenesis has

defined sets of residues in the same region as important for

the binding interaction24). Mutations of the pair of arginine

used as a control and designated wild-type h8. (

Isolation of Q-Evolving Membranes and Extrinsic Protein
Binding Assayslsolation of Q-evolving membranes was

residues at positions 384 and 385 on the e-loop (R384R385)performed with modifications of previously described pro-

were found to disrupt the binding of MSP to the reaction

cedures40, 41). Cells from 100 mL of late logarithmic phase

center 1). These results are consistent with data indicating cultures were harvested by centrifugation at 6000 rpm for

that positively charged residues on the intrinsic portion of

10 min at 4°C in a Sorvall GSA rotor. Following harvest,

the PSII complex and negatively charged residues on MSPcells were resuspended in approximately 1.2 mL of HMCS
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Ficure 1: Quantification of the amounts of MSP (panel A) and cytochragg (panel B) bound to isolated thylakoid membranes in
wild-type control and D1-R64 site-directed mutants. Histograms represent the results of densitometic analysis of electrophoretically separated
proteins in isolated and washed membrane samples. Washed membranes were subjected to gel electrophoresis and immunoblot analysis of
the manganese-stablizing protein (MSP) and in situ heme-stain analysis of cytoctym®DS-PAGE was performed with 12%
polyacrylamide separation gel@e M urea; cytochromes were detected by TMB®)( Immunoblot analysis of MSP involved transfer of
separated proteins to PVDF membrane reaction with polyclonal anti-MSP antibodies and detection of the-antigedy complex using
horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad). The error bars represent standard deviations of three experiments.

buffer (50 mM Hepes, 5 mM Cag&l110 MgCh, 1 M sucrose, tion and analysis system (Alphalmager/TotalLab, Alpha
pH 7.2) and supplemented with 1 mM each of PSMF, Innotec Corp., San Leandro, CA).

e-caproic acid, and benzamidine to inhibit protease activity ~ Fluorescence Measurementdeasurements of variable
and incubated on ice for 1 h. Cells were mechanically broken fluorescence yields were performed using a Walz PAM 101
by shaking 1 mL of the cell suspension with 0.6 volumes of chlorophyll fluorometer equipped with PAM 103 flash
0.1 mm glass beads using a Mini-Bead Beater machine (Bio- attachment (Walz Inc. Germany). Cells in late logarithmic
Spec Products, Bartlesville, OK, USA). After breakage, the phase of growth were harvested by centrifugation. After
glass beads, unbroken cells, and debris were pelleted frombeing washed with HN buffer (10 mM Hepes, pH 7.0, 30
the cell lysate by centrifugation in a microcentrifuge at 3000 mM NacCl), the cells were resuspended in HN buffer at a
rpm for 3 min at 4°C. The membranes from the resultant final concentration of 5Qig of Chl-mL~* and maintained
supernatant were collected by centrifugation at 70 000 rpm under dim light (less than 1 h) on the shaker at 150 rpm
for 30 min at 4°C in a Beckman TLA 100.3 rotor and before being used for experiments. Estimation of the
resuspended in 200L of HMCS buffer. The membranes concentration of charge-separating PSII centers was per-
were used immediately or were aliquoted and stored& formed essentially as described previougly{43).

°C. O, Ewvolution Measurements and Photoaetiion. O,

Assay for the binding of extrinsic proteins was performed evolution.measurements using a Clark-type electrode and a
with freshly broken cells using previously described proce- Pare platinum electrode to measure steady-state and flash
dures @2, 43). Cells were homogenized as above, and the yield activities were performgd as descnbed_prewmsvg.(
resultant lysates were adjusted to 4@pof chlorophyltmL Hydroxylamlr_1e (_HA) extraction of PSII Mn in whole cells
and treated with the nonionic deterggatiodecyl maltoside ~ @nd photoactivation of the resultant samples were performed
(Anatrace, Maumee, OH) at a final concentration of 0.03% &ccording to Cheniae and Martiag) with modifications as
to minimize the entrapment of unbound extrinsic polypep- described previously extracted samplés, 49).
tides in membrane vesicles. After incubation on ice for 10  Chlorophyll DeterminationThe chlorophyll a concentra-
min, the membranes were collected by centrifugation at tion in this paper was measured in methanol extracts
70 000 rpm for 30 min at 4C in a Beckman TLA 100.3 a_lc_cordlng to Lichtenthaler5Q) using the extinction coef-
rotor, the pellets were washed again with HMCS buffer ficient at 665.2 nm of 79.24 mg cm™.
containing of 0.03%53-dodecyl maltoside, and the washed RESULTS
membranes were resuspended in HMCS buffer atid6f
chlorophylkmL~!. SDS-PAGE was performed on a 12% Figure 1 depicts binding assays for cytochrocsg and
polyacrylamide separation gel contaigi6 M urea. Immu- ~ MSP to membranes using previously established methods
noblot analysis was performed as described earl®),( (42, 43). In these experiments, total cell lysates from mutant
except electrophoretically separated samples were immobi-and control cells were centrifugally separated into membrane
lized on PVDF membranes (Bio-Rad, Richmond, CA). and soluble fractions and analyzed for MSP and c-type
Cytochromecsso was detected on the basis of its heme- cytochrome content. Isolation and washing of the membranes
centered peroxidase activity using the chromogenic substratevas done in the presence of low concentrations of the
TMBZ (3,3,5,5-tetramethylbenzidine) as described by Shen nonionic detergent dodecyl maltoside to promote the release
et al. @4). Relative quantities of the amounts of extrinsic of unbound proteins from membrane vesicles. As shown in
proteins were estimated by densitometry of the correspondingFigure 1, the amounts of MSP and cytochrocgs retained
immunoblots and heme-stained gels using an image acquisi-on the washed thylakoid membranes were estimated by
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Table 1: Photosynthetic Characteristics of D1-R64 Site-Directed
Mutants of Synechocystis sp. PCC6803

autotrophic

rate of variable  autotrophic growth:
oxygen fluores growth: normal Ca*-limiting !
stains  evolutior® yield® BG-11 medium BG—11 medium ]
wild-type* 100 100 + + ]
R64E 35 44 + - ]
R64Q 76 71 + - .
R64V 97 97 + + 7

2 Normalized to control rate of 67@mol of O, (mg of Chl)~* h™%,
Oxygen evolution was measured at a chlorophyll concentration of 6.25
wg/mL in HN buffer (10 mM Hepes, 30 mM NacCl, pH 7.2) with the
addition of 750uM DCBQ and 2 mM KFe(CN)}. The data were an
average of three or more independent measuremeNtsrmalized to
a variable fluorescence yield of 0.47 for the control. Measurements
were taken in the presence of 20 mM hydroxylamine andM@®CMU
essentially as in refd6 and 47. The data were an average of three
independent measurements. A PAM 101 chlorophyll fluorometer with
a PAM 103 triggering attachment (Walz Inc. Germany) was used in
this experiment.

10 15
Flash Number

Amperometric Signal(rel. units)

-
[$)]

densitometry of immunoblots and heme-stained gels, respec-
tively (see Materials and Methods). As shown in Figure 1,
the amount of MSP bound to D1-R64E thylakoids decreased
to approximately 20% relative to the wild-type, whereas
the D1-R64Q and D1-R64V mutants showed little or no
significant decrease in the association of MSP with the
membrane fraction. The amount of cytochrocgg retained
by washed D1-R64E membranes was also decreased but not
as dramatically (approximately 40% retained in the mem-
brane fraction) as observed for MSP.

Table 1 shows the relative concentration of PSII centers
in mutant and control cells estimated by variable fluorescence
(51) as well as the maximal rates op@volution using the  Fgupe 2: Flash Q yields of isolated membranes. Oxygen

artificial electron acceptor DCBQ. Maximal rates of steady- production by dark-adapted wild-type and mutant membranes that
state Q evolution approximately paralleled the estimated have been centrifugally deposited upon the surface of a bare-
concentration of PSII. The parallel relationship is close except ﬁ';‘sﬁhneusmpe;%{‘fg ﬁgxsggfzg gl;‘ig?e”gﬁéﬁn“zfzgssgégagig% );enon
for Dl_RGA’E' which dlsplay§ a dlsproportlonaFer lower rate function of flash number by contro{ I?:Iosed gircles; R64Q, open
of O; evolution than the estimated concentration of PSII (35 circles; R64E, closed triangles; and R64V, open triangles. Panel
vs 44%). This may be due to the presence of a fraction of B: Oxygen signals of mutant and wild-type membranes. The
PSII centers capable of charge separation but incapable ofexponential rise times of the depicted signals are given in Table 2.
0, evolution. Alternatively, the D1-R64E mutation results g%%?n%n?&?“rﬁésthgg Eiheesccrii?)t: g ‘?‘;}agulr);gg’:ﬁg Sgﬁr?éi'ggrgto 1tgh990
na .slowed enzymatlc turnover of PSII af‘d a consequent xgo deposition on the electrode surface, membranes were given
slowing of the light-saturated rate og@volution. A slowed 3 sequenced of 20 pre-flashes, dark adapted for 10 min, and then
turnover rate is consistent with bare platinum electrode the measuring flashes were applied.
measurements (see below) that indicate that thee@ase
kinetics are retarded in this mutant. the lower concentration of PSII centers and lower maximal
The autotrophic growth characteristics of the R64 mutants rates of Q evolution present in these samples. However, the
in the presence and absence of addett @athe cell growth amplitude of the @ signals of D1-R64Q membranes is
medium were examined. Previous studies have shown thatdisproportionately lower than the whole cell measurements
certain mutations prevent growth in the absence of addedof maximal steady-state activity would otherwise suggest
Ca", whereas the wild-type is capable of growth without (Table 1). The mutation therefore renders thee@olution
added C#& relying on the relatively low background levels activity labile during the isolation of membranes. Addition-
present in the media prepared under standard conditions. Asally, the relatively large miss factor associated with S-state
with the proximally located mutations of D1-D59 and D1- turnover in the D1-R64E and D1-R64Q mutants probably
D61 in the a-b loop of the D1 protein46), both the D1- also contribute to the lowered per flash @elds, as could
R64E and D1-R64Q mutations abolish the ability of cells to the decreased stability of the 8nd S states (see below).
grow in the C&"-limiting BG-11 medium (Table 1). However, analysis (not shown) of these contributions indi-
Patterns of flash @yields of isolated membranes cen- cates that they would not fully account for the disparity and

-
T —TT

o
o

O, signal (rel. units)

80 100

60
Time (ms)

40

trifugally deposited on a bare platinum electrode provide
information of the S-state cycling kinetics of the WOC and
are shown in Figure 2A. The amplitudes of the €gnals

of the mutants are lower than the wild type consistent with

that lability of activity therefore appears to be the major cause
for the difference. The loss does not, however, correlate with
the loss of the extrinsic proteins since we observe little loss
of either cytochromesso or MSP in the isolated D1-R64Q
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absence of MSP results in slow downs afrélease kinetics,
the absence of MSP binding may be responsible for the
retarded Q release observed in the D1-R64E mutant. On

Table 2: S-State Decay Cycling Parameters
10 min dark

s-state double  O;releas@ -
distribution: misses hits  hits  ty, membranes the other hand, the D1-R64Q mutant also exhibits a slowed
strain  SYSYSHS(%) a, (%) B, (%) v, (%) (ms) O; release kinetic, and it does not appear to lose the extrinsic
RD1031  34/60/4/2 7 90 3 13 proteins during the isolation of membranes. Therefore, the
R64E 31/64/5/0 12 85 3 6.1 slow downs observed for these mutations are probably not
R64Q 31/64/5/0 12 85 3 3.5 due to the loss of extrinsic proteins.
R 64V 29/60/8/3 8 89 3 1.3

a Samples were given a series of 20 pre-flashes prior to the 10 min Flgwe 8 illustrates the results of measuremer.]ts -Of the dark
dark period preceding the series of measuring flashes. Numerical stability of the $ ‘,"md_ S states performed in isolated
analysis of the amplitudes was performed using either 4- or 5-state Meémbranes. The lifetimes of the, &ind S states were
models as described previously4( 75). The 4- and 5-state models  estimated using double flash techniqués, 37, 47). This
produced essentially equivalent results and no evidence for the presencenyolves flashing dark-adapted membrane samples to advance
of an S, "super-reduced” state in any of the samples could be oy 1o these more oxidized states of theOksplitting
demonstrated using the 5-step modél®xygen release kinetics were . . .
estimated from the rising portion of the,Gignal (Figure 2) using the enzyme. Then, a_fter VafY'ng time intervals, measured for the
exponential method as described previousi§) ( extent of relaxation as judged by the amplltude of the O
yield on the third flash as a function of the time interval

: : " between the first and second or the second and third, flashes,
membrane preparation (Figure 1). Thus, the lability of O for the S and S lifetimes, respectively. The dark decay of
gthe S and S states corresponds to the rereduction of the

H,O-splitting enzyme by electrons from the acceptor side

containing higher CaGl concentrations) did not reveal of the PSII complex, from the redox active tyrosine, termed

conditions restoring the activity. The oscillatory pattern of Y0» On the donor side of the complex, and ill-defined
0, yields with maxima on the third flash and a period four €ndogenous donors” (e.g., see 8. Accelerated S-states
oscillation thereafter in all samples indicates a fairly normal decays were observed in the D1-R64E mutant, and to a lesser

operation of the S-state cycling mechanism in the mutants, €Xtent in the D1-R64Q mutant, indicating that the mutations
Numerical evaluation of the yield patterns presented in Table &lter the redox properties of the recombining charge pairs

2 show that the D1-R64E and D1-R64Q mutants result in N terms of their reactivity toward each other. Since other
an increase miss factor. The increased miss factor, whichmutations in the &b loop of D1 appear to modify the redox

corresponds to a decreased probability that a given flash will Properties of the (Mn)cluster and also exhibit accelerated
be converted into a productive advancement of th®-H S-state decays, it is pos&blg_ that the acce_lerated S-state
splitting enzyme, results in the more pronounced damping decays are du_e to a more positive redc_)x potential of the {Mn)
of the oscillatory pattern as the flash sequence progressestluster resulting in a larger redox difference between the
The analysis does not, however, provide information as to donor and acceptor sides in these mutants (but see below).
which S-state transition(s) are affected by the increased miss If the accelerated S-states decays observed in the D1-R64E
probability. However, the decreased stability of the S-states mutant are due to changes in the midpoint potential of the
in these mutants, particularly the, State, (below) may S, and S states of the (Mny)cluster, then the recombination
contribute to the increased miss factor. of the SQa~ state, observable by monitoring the decay of
Kinetics of G, release during thes§Ss}-S transition are variable fluorescence following a flash, might also be
shown in Figure 2B and quantified in Table 2. It is observed expected to exhibit an accelerated rate of decay. Figure 4
that D1-R64Q and, especially, D1-R64E exhibit retarded depicts the fluorescence decays of the R64 mutants in the
kinetics of Q release. Since the D1-R64E mutant exhibits presence of DCMU. Clearly, an acceleration of S-state decay
impaired binding of the extrinsic proteins and since the is not detected, but instead a deceleration of fluorescence

evolution may be due to improper or weak binding of the
extrinsic proteins. The basis for this loss was not pursue
further, although experiments with different buffers (e.g.,

1 1
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Ficure 3: S-state decay. Decay of the Sate (panel A) and decay of the Sate (panel B) in membranes of the wild-type, closed circles;
R64Q, open circles; R64E, close triangles; and R64V, open triangles. Measurements of the lifetimes,dftéte Bas performed by
recording the amplitude of Lyield on the third flash under conditions varying the time interval between the first and second flashes.
Measurement of the lifetime of the; State in each of the different strains was performed by recording the amplitudgyaél® on the

third flash under conditions varying the time interval between the second and third fldSh&g,(78).
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Ficure 5: Dark stability of Q-evolving activity. A Clark-type
electrode was used to measure steady-statev@iution. Cells of
wild-type, closed circles; R64Q, open circles; R64E, closed
triangles; and R64V, open triangles. were incubated on a rotary
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Ficure 4: Fluorescence yield kinetics of AQ reoxidation. The

decays of Q@ in wild type and R64 mutant cells in the presence
of DCMU, following a saturating single turnover xenon flash as

measured by changes in the yield of chlorophyll a fluorescence

using a PAM fluorometer with a PAM 103 triggering attachment
(Walz Inc.). The cells were incubated in darkness for 5 min before

measuring pulses were switched on at 1.6 kHz and the flash was

shaker (Gyrotory Shaker-Model G2, New Brunswick Scientific Co.)
at 150 rpm in the dark, for recovery experiments, cells were
transferred to the rotary shaker and incubated under growth light.
Maximal rates of @ evolution were determined polarographically
at 30 °C using a Clark-type electrode at a final chlorophyll

concentration of 6.2&g-mL~1. Samples were resuspended in HN

given at 100 ms later in the presence of;#d of DCMU. Each m%uﬁer supplemented with 0.75 mM DCBQ and 2 mM potassium
rricyanide.

trace represents the average of 10 recordings performed on the sa
sample.

1.2

decay is apparent for the D1-R64Q and the D1-R64E
mutants. Numerical analysis of the decays, which could be
adequately fit by assuming two exponentially decaying
components, shows thatsQdecays are indeed decelerated
in the D1-R64Q and the D1-R64E mutants (not shown).
Since changes in the midpoint potential of the reactants of
the SQa~ state are expected to be revealed by the fluores-
cence measurements shown in Figure 4, the accelerated
S-state decays shown in Figure 3 are probably not due to
changes in the midpoint potential of the (Mo)uster. Rather,
the changes in the S-state lifetimes are probably due to
alterations in either the £¥ite or other reactants as discussed
below. b,
Previous studies have demonstrated that the absence or 1000 2000 3000 4000 5000 6000 7000
defective binding of the extrinsic proteins causes the Flash Number
relatively facile loss of the active site metal ions and loss of FIGURE 6: Photoactivation of hydroxylamine extracted samples as
O, evolution in vivo. The stability of @evolving activity 2;‘52‘;?82(}3‘;23?}2 rf-lllejtrsnhbeir'ir?ﬁﬂ\/r?lggtrpai?égic?lllgnc?f ?hsee\?vlijlgche
In whole cell samples incubated in the dark is s_hown N closed circles; R64Q, open circles; R64E, closed triangles);l and
Figure 5. Both the D1-R64E and D1-R64Q displayed Reav, open triangles. The photoactivating light consisted of a
pronounced declines in Qevolution in comparison to the  sequence of saturating, single turn-over xenon flashes given at a
wild-type. Brief illumination of these samples restored fixed frequency of 4 Hz. Cells were centrifuged to the electrode
activities to levels approaching-00%) their original pre- surface and subjected to the photoactivating flash sequence given
incubation values. Photoreversible loss of &volution without electrode polarization. Data points represent the normalized
e ) ) ampl!tudes of the @signal obtained as the average €ignal .
activity is associated with absence of MSB3,(54), absence  amplitude of the last four flashes of a 20 flash 4 Hz measuring
of cytochromecsso (55), and certain mutations in the e-loop flash sequence on the polarized electrode initiated 10 s following
of CP47 @2, 53—55). Because of the similarities with the the photoactivating flash sequence. Data points represent the
process of photoactivation, it has been assumed that the "ght_averages.of at least three exrgerlments.and the standard deviations
dependent restoration of,@volution is due to the re-binding atany point do not exceed 5% of maximal (1.0).
of Mn atoms lost during the dark incubation period. in Figure 6 all strains were capable of photoactivation under
Previous work has demonstrated an increase in the relativethese conditions with the D1-R64E strain exhibiting the
quantum yield of photoactivation in mutants that lack or have highest relative quantum yield of the group. Increases in the

© o
o o -

o

Relative Activity
SN

©
o

laa

i

0
0

impaired binding of extrinsic protein®%, 54). Cells were
extracted with hydroxylamine to extract the (Mrjuster
and subjected to flash illumination to study the light-driven
assembly of the (Mn)cluster (photoactivation). As shown

guantum yield of photoactivation have been hypothesized
to reflect increased access of Rnions to the site of

photoligation, although other possibilities such as an in-
creased relative pool size of the electron acceptor are not
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excluded. In related flash interval dependence photoactivationcytochromecsso are both weakened, albeit to a lesser extent
experiments (not shown), the D1-R64E mutant was shown for cytochromecsso, especially by the D1-R64E mutation.
to cause a pronounced decrease in the stability of theThis resultis qualitatively consistent with biochemical studies
intermediates of the photoactivation reaction similar to the that demonstrated a weak augmentation of cytochrosme
destabilization previously shown to be the result of mutations binding in the presence of bound MSPSnelongatug19),
at the nearby D1-D59 and D1-D61 positions. but in contrast to studies with the red algacaldarium(19).
However, our results indicate greater loss of cytochrogge
DISCUSSION binding than would be expected from previous resul®.(
The directed mutations of the strictly conserved arginine Furthermore, the observation that cytochrocag appears
at position 64 of the D1 protein, located in the lumenaba  to be situated a considerable distance from the resolved
loop, have a significant deleterious effect upon the binding portions of MSP in the crystal structurg)(and the finding
of MSP and, to a lesser extent, cytochromsg (Figure 1). that cytochromessg cross-links to the D2 proteirBé) make
Previous experiments analyzing different mutations in the a direct interaction between MSP and cytochramag less
lumenally exposed e-loop of CP47, using the same binding likely as an explanation to account for the correlated
assay 43), located specific arginine residues involved in weakening of binding of the two extrinsic proteins. Therefore,
MSP binding in a region of the CP47 protein previously we conclude that mutation of R64 also produces an indirect
identified as an MSP binding domain by biochemical studies structural rearrangement of the PSII core that probably affects
(20—22, 56, 57). Here we find that replacement of the basic the binding of both polypeptides.
arginine side chain with the glutamic acid side chain resulted  ajtered pinding of the extrinsic proteins is also consistent
in the most severe impact, whereas substitutions With it the finding that @ evolution activity rapidly decays in
_glutamme and valine had less |mpact.on binding. Decr_easesa photoreversible manner in the D1-R64E and D1-R64Q
in the number of PSII centers estimated from variable mutants. Dark deactivation of @volution is also observed
fluorescence corr_elated well with oxygen evplutlon, 'except in the ApsbO andApsbV mutants lacking MSP and cyto-
for Dl'R64E.' which had a larger decreas_e 'f‘@o'“t'o_” chromecssg, respectively 49, 55). This has been interpreted
(Table 1). This suggests that the R64 mutations had an IMPacty, reflect facile loss of Mn from the active site by analogy

upon the cellular accumulaﬂgn of PS.”' which has b(_aen with biochemical depletion experiments testing the effects
observed for other PSII mutations and is generally ascrlbedof MSP removal upon the stability of the (Mn The

to gtec:rre?hs etd dStab'“tyn?]f ﬁhf cct)rr1n plriiet(iig)hl:or thosef PnSItIi n (eactivation of in vivo dark deactivated samples by light
centers that do accumuate, the mutations cause IUNCUoNayq aiment has been interpreted to correspond to re-ligation

changes in the pD-oxidase including changes in the, O ot o : ;
S -~ =~ _of Mn?" upon oxidation by the photochemical reaction center
\rlsilt?]atsr% 5:;::;(%?:3%;22"'tzfc;Léhgxﬁi'r?;?éesr’ottg?rfsco'nc'de(Figure 5). It is interesting to compare the present results
These findinas are simgillar to those obtgined frc.)m the with those obtained with the CP47-RR384385EE mutants
. 9s L . (25, 43) and CP47 mutants containing short deletions in
analysis of mutations of the arginines 384 and 385 in the
e-loop of CP47 39). In that study, it was found that the e-loop 42, 63). Both the D1-R64E and the CPA/-
P ‘ Y, RR384385EE exhibit similar decreases in the binding affinity

replacement of the arginines with oppositely charged 2
- for MSP and both show slow downs of the @lease kinetics
glutamates greatly weakened the binding of MSP, whereasduring the $[Si-S, transition. However, unlike the D1-

substitution with glycines resulted in a less drastic weakening . .-

of binding. lonic interactions are proposed to play an RrGiE r:utﬁn:, ;zencpil?'ng?s'lg’?SliEftﬁ'd dn?;[( e_)r(ﬂ'b': at
important role in binding the extrinsic proteins to the lumenal ?hgt ?ﬁecgl—l?\?mlg icsy dgrkel?rfstailz Wheereai t.he CePig-
portion of the PSII complex, with at least two studies finding RR384385EE mutant is not, suggests that these different

carboxylate residues on MSP important for binditg, 26) . . : )
(but see reR3 for alternative view). It is therefore possible m“ta“‘”?s gﬁept sepf'irate points of !nteracnon between MSP
and the intrinsic portion of the reaction center core complex.

that D1-R64 forms a salt bridge with an oppositely charged : ; .
g PP y 9 However, several mutants having short deletions in the e-loop

acidic residue of an extrinsic protein. Alternatively, the D1- of CP47 also result in a greatly decreased binding affinity
R64E mutation results in a less direct structural perturbation . 1 .
P of MSP and a dark instability of the (Mp)42, 63). This

of the PSII complex that weakens the binding of the extrinsic : . ; .
proteins. The current PSII crystal structure model does notWOUId be consistent W|th.numerous.observatlo_ns suggesting
that MSP contacts multiple subunits of the integral PSII

permit clarification of this point, especially since the inter- ! : d i 6 h . o
helical lumenal domains, which are postuiated to form these COMPIex (reviewed in ref64). At the same time, it is
sites, are unresolved at this stage of the structural refinemeniMPortant to note that our present observations are consistent

(1). Nevertheless, MSP is assigned a position directly above With the possibility that the R64 mutations exert a more
the helices connected by the Dt loop, and therefore generalized disruptive effect upon the conformation of PSII

the present results are consistent with, but obviously do not/MPacting MSP binding. Unlike the disruption of MSP
prove, a direct interaction between MSP and D1. Antibody Pinding in the CP47-RR384385EE mutant, corroboration of
studies have shown that epitopes on the B:bdumenal aspeqﬂc protein-protein contact by chemical cross-linking
loop were exposed upon removal of active site Mn as well 8XPeriments has not yet been demonstrated.

as the extrinsic proteins by washing with Tr80f. MSP The D1 a-b loop has been proposed to be part of 4Ca
was observed to be chemically cross-linked to the D1 and binding site on the basis of sequence analysis and growth
D2 polypeptides§l), and the [D1/D2/cyt. iPsbl] reaction characteristics of strains having mutations in this region. As
center complex has been affinity purified using immobilized with the D1-D59 and D1-D61 mutants, the D1-R64E and
MSP (62). We observed here that the binding of MSP and D1-R64Q mutations increased the demand fot'Ga the
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growth medium during autotrophic growth. If the D1-D59 Mutations at position R64 had only a minor effect upon
and D1-D61 form the initial two aspartates of a characteristic the back-reaction of the,,~ state as monitored by the
C&"-binding sequence motif, -BX—D—X, as previously fluorescence decay in the presence of DCMU. Singe i®
proposed 46, 65), then an arginine at 64 would occupy a thought to recombine with the,State via P680, the rate
less stringently maintained position according to sequenceof charge recombination via this pathway, the fluorescence
comparisons. While it is improbable that the guanidinium decay rate reflects the quasi-equilibrium concentration of
group of the arginine side chain ligands to?Cathere is P680° present due to the reaction,F$80 <~ S,P680".
precedence in known €abinding structures [e.g., myosin  Changes in the midpoint potential of the S-system and/or
light chain 66)] wherein the backbone portion of the arginine P680 are expected to affect this equilibrium, and therefore
only weakly interacts with the calcium ion and the side-chain if such changes exist, then the rate of fluorescence decay
is oriented away from the coordination sphere. In those casesshould be altered. Since the changes in the decay of
the basic residue may form half of a salt-bridge that stabilizes fluorescence are small, then we conclude that the R64
an interaction between the €abinding loop and another  mutations do not significantly affect theF680< S,P680"
domain or subunit of the protein. However, the increased equilibrium and, hence, probably do not affect the redox
C&" requirement by the R64 mutants is a characteristic potentials of either of these reactants. On the other hand,
shared by a variety of other apparently disparate mutationsthe decay of the Sand S states was found to be considerably
of the PSII complex. These include: (i) deletion of MSP, accelerated in the D1-R64E mutant and slightly accelerated
(ii) deletion of cytochromeesso, (iii) mutations in the CP47  in the D1-R64Q mutant. Consequently, accelerated S-state
protein affecting MSP binding, and (iv) mutations of the decays shown in Figure 3 are probably due to something
carboxy terminus of the D1 protein. Assuming the?Ga  other than a change in the midpoints of the redox active
sensitive growth phenotype is due to a single cause, thesegroups within the WOC. This situation contrasts with the
different mutations would appear to affect a common processpreviously measured D1-& loop mutants at position
or structural feature. For example, if high local concentrations aspartate 59 and aspartate 61. These mutants were previously
of C&" are necessary for maximal oxidase activity, possibly shown to exhibit accelerations of both fluorescence decay
the various mutations alter the structure allowing for ready in the presence of DCMU4g) and S-state decayd7) as
loss of C&". measured using the double flash technique employed in the
A common feature of all the above-mentioned mutants is present study.
an absence or alteration in the binding of the extrinsic At least two alternatives can be considered to account for
proteins. In the case of the D1 carboxy terminal mutants, an accelerated S-state decays in the absence of changes in the
alteration in the binding of MSP has been deduced on the S,P680< S,P680 equilibrium. The first alternative is that
basis of an increased accessibility of endogenous Mn to thethe mutation affects the gsite despite the fact that it is
high affinity Mn-binding site 45). Accordingly, there appears likely situated on the opposite of the membrane. If the redox
to be correlation in the binding of the extrinsic proteins and potential of the @/ Qg is shifted to more negative values,
the ability to grow autotrophically at diminished calcium then the redox equilibrium between thg nd @ site would
concentrations. As with the extrinsic protein binding sites, be shifted such that an electron at the <te would be less
the current structural resolution has not yet allowed place- deeply trapped thereby increasing the probability of back-
ment of the PSII CH. While the location of CH is not reaction of the electron fromgQ to Qa. The back-reaction
resolved in the cyanobacterial PSII crystal structure, a of Qa~ to the S state of the WOC is fast (e.g., Figure 4) as
cadmium ion used to provide isomorphic replacement compared to this de-trapping of the electron frogr @nd
information is situated in the crystal structure in the lumenal is likely to be the rate-limiting step for S-state decays which
domain at a location between MSP and the a and b heliceshave half times in the tens of seconds. This back-reaction
of the D1 protein {). Since, Cd" is known to substitute for ~ would be the rate-limiting step for S-state decays which have
C&" in a variety of C&"™-binding proteins and specifically  half times in the tens of seconds, since the half-time of back-
competes with CH at its PSII binding site with the loss of  reaction whereby @ reduces Sto S is roughly a second
H,O-oxidation activity upon replacemerf®), the crystal- as estimated by fluorescence decay in the presence of DCMU
lographically located Cd conceivably is occupying the (e.g., Figure 4). A prediction of this alternative is that in the
enzymatically important Ca-binding site. On the other rate of forward electron transfer froma,Q to plastoquinol
hand, the several lines of evidence favor a very close at the @ site would be retarded due to the hypothesized
proximity between the functional €abinding site and the  downshift in the midpoint of @Qg~. However, this does
(Mn)4, which would exclude the crystallographically located not seem to be the case since fluorescence decay in the
Cd?* as occupying the functional €asite since the Cd absence of DCMU is not affected in the mutant (data not
and (Mn), sites are approximately 29 A apart in the crystal shown). A second alternative is that the accelerated deactiva-
structure. Furthermore, replacement ofCaith Cc™ has tion of the S-states occurs via a pathway not involving Q
been done using higher plant PSIl membranes that were saltSince reduced ¥ of the D2 protein is thought to contribute
washed to remove the 18- and 23-kDa proteins, and the 23-to the deactivation of the S-states, enhancement of this
kDa protein seems help the retention of?C#hat would avenue of WOC reduction is a candidate for the increased
otherwise be lost during S-state turnoved8)( These rate of dark deactivation of the higher S-states. Consistent
observations are difficult to reconcile with the crystallo- with this possibility is the fact that kinetic analysis shows
graphically located Cd as occupying the functional €a that the increased deactivation rate is largely due to an
site since the 23-kDa protein would appear to be located onincrease in the fast phase of deactivation (not shown), which
the opposite side of the PSIlI complex if it occupies the is thought to be due to this pathway. We tentatively conclude,
position corresponding to cytochronagso. therefore, that the mutations at R64 affect either the relative
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concentration of the reduced form ofr that its intrinsic
reactivity is increased by the mutations. However, we cannot
exclude other alternatives. For example, (xould be more
rapidly oxidized by the Sand S states of the WOC via an
alternative pathway not involving £Xhat becomes thermo-
dynamically more favorable or kinetically more accessible

as a consequence of the mutations at R64. This might happen

if the rate of the hypothesized cyclic PSII pathway involving
cytochrome bsg (69—72) and perhaps carotenoidd) is
increased.
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