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Mutation Val235Ala Weakens Binding of the 33-kDa Manganese Stabilizing
Protein of Photosystem Il to One of Two Sites
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Receied September 24, 1996; Reed Manuscript Receéd December 23, 1996

ABSTRACT:. The 33-kDa protein of the photosynthetig-@volving complex, also known as manganese
stabilizing protein, contributes to the structural stability of the photosystem Il tetranuclear Mn cluster and
stimulates the water-oxidizing activity of this cluster. Quantification of extrinsic polypeptides in
photosystem Il has yielded data that support stoichiometries of either one or two copies of each protein
per photosystem |l reaction center. We recently described the cold-sensitive assembly of a mutant 33-
kDa protein with a single amino acid replacement (Val235Ala) [Betts, S. D., Ross, J. R., Pichersky, E.,
& Yocum, C. F. (1996)Biochemistry 356302-6307]. We have extended the characterization of this
mutation. When photosystem || membranes depleted of the 33 kDa extrinsic protein are exposed to
mixtures of wild type and Val235Ala manganese stabilizing protein, binding of the wild type protein is
strongly preferred. If, however, protein containing the Val235Ala mutation is first bound to photosystem

Il only half of this protein (about 1 mol/mol of photosystem Il reaction centers) is susceptible to
displacement by the wild type protein, even after multiple exposures to the latter. These results support
the conclusion that 2 mol of manganese stabilizing protein are bound per reaction center. Our data show
as well that the mutant 33-kDa protein competes with the wild type protein for at least one of two binding
sites on photosystem Il and that the mutant protein binds tightly to only one of two sites. These results
demonstrate that the two binding sites on photosystem Il for the 33-kDa protein have different properties
with respect to recognition and binding of this protein.

The water-oxidizing activity of photosystem Il (PSIl) (Ghanotakis et al., 1984a; Miyao & Murata, 1984b) that are
generates the reducing equivalents required for oxygenicessential activators of {&@volution. The 33-kDa manganese-
photosynthesis. Photosystem Il is a multi-subunit pigment  stabilizing protein (MSP) stabilizes the tetranuclear manga-
protein complex found in the thylakoid membranes of nese cluster under physiological salt conditions (Bricker,
chloroplasts and is organized functionally into two sub- 1992; Miyao & Murata, 1984c; Ono & Inoue, 1983), and it
complexes: a core complex and the-&olving complex. accelerates Pevolution activity (Miyao et al., 1987; Ono
The core complex includes at least six integral membrane & Inoue, 1986).

subunits, which together bind pigments, quinones, redox-  \while the role of MSP in regulating and stabilizing, O
active tyrosine residues, and inorganic cofactors (Mi#'Ca  gyolution activity is well-established, less is known about
and CI'). Three peripheral proteins are associated with the {he structure of MSP and of its binding site or sites in PSIL.
core complex where it protrudes from the lumenal side of pitferent methods for quantification of MSP in PSII have
the thylakoid membrane. This lumenal portion of PSIl, produced data to indicate stoichiometries of either one or
called the G-evolving complex (OEC), includes the active o molecules per PSII complex (Cammarata et al., 1984;
site of water oxidation shielded by the three extrinsic gpami et al., 1992; Millner et al., 1987; Miyao & Murata,
polypeptides. The oxidation of two water molecules t0 1989: Murata et al., 1984; Xu & Bricker, 1992; Leuschner
dioxygen is catalyzed by a metal cluster comprised of four g Bricker, 1996). Similarly, different methods for identify-
manganese atoms. The two smaller OEC proteins (17 anding structural interactions between MSP and PSII core
23 kDa) regulate retention of the Cland C&" atoms  gypynits have demonstrated close association between MSP
and any one of three different PSII core subunits (Bricker et
_TThis research was supported by a grant to C.F.Y. from the National al., 1988; Eisenberg-Domovich et al., 1995; Enami et al.,
SCF,QQ;E;’;J rég?rtg;éw&?&sg Zrﬁ?éuthor. 1991; Isogai et al_., 1985; Yamamo'to & Akasaka., 1_995).
+Present address: Department of Biology, Massachusetts InstituteLeuschner and Bricker (1996) have investigated binding of
of gechmlogy, Cambridge, MA 02139 MSP to PSII preparations containing 4, 2, or 0 Mn atoms.
; ng:rrttmgr?tt gff g'r?écr’%g-try Their data show that two separate sites can be defined for
® Abstract published imdvance ACS Abstractdflarch 15, 1997. MSP binding to PSII, irrespective of Mn content, on the basis
1 Abbreviations: Bis-Tris, bis[2-hydroxyethylliminotrislhydroxymethyl-  of differing dissociation constants for the two sites.

methane; BSA, bovine serum albumin; Chl, chlorophyll; DTT, dithio- . . .
threitol; MES, 2-N-morpholino]ethanesulfonic acid; MSP, manganese- We recently described a mutant of MSP with a single

stabilizing protein; OEC, @evolving complex; PAGE, polyacrylamide amino acid substitution (V235A) that exhibits cold-sensitive
ge: electrophoreﬁlg:P pETb,OpIasmld f%f etXpr%SSIon with T7| RNtA‘d assembly into the OEC (Betts et al., 1996b). The mutation
polymerase; pre , psbO gene product and precursor polypeptide; -hini ;

of MSP; psbO, cDNA clone encoding preMSP; PS, photosystem; SDS, !nhlblteq assembly of M.SP into PSII a4 but subsequent
sodium dodecyl sulfate; TMA tetramethylammonium; Tris, tris-  incubation at 22C alleviated the assembly defect. Results

[hydroxymethyllJaminomethane. from circular dichroism spectroscopy revealed that the Val
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to Ala substitution causes a reduction in the secondary MSP present in reconstituted PSIl samples were determined
structure content of MSP at both the restrictive°@) and by integration of MSP absorbance peaks using GelScan XL
permissive (22°C) temperatures. Here we report results software.

from detailed binding studies of both wild type MSP and  For quantitative SDSPAGE of reconstituted PSIl samples,
[V235A]MSP which indicate that the structural destabiliza- the concentration of MSP standards was determined by the
tion induced by the cold-sensitive mutation persists following |owry assay using BSA as a standard (Lowry et al., 1951).
assembly and affects the interaction between PSII and aConcentrations of MSP standards were also determined based
subpopulation of bound mutant MSP. These results areon absorbance at 276 nm using the millimolar extinction
consistent with a structural model in which two molecules coefficient of 16 determined for native spinach MSP (Xu &

of MSP occupy nonidentical binding sites on PSII. Bricker, 1992). The concentrations of MSP samples, based
on absorbance at 276 nm, were-15/% lower than the
MATERIALS AND METHODS corresponding Lowry values for all MSP preparations used.

Lowry values were used because this method is less sensitive
to potential changes in extinction coefficient caused by amino
acid sequence changes and will permit more direct com-
parisons of mutational effects on MSP structure and function
as additional mutants, including deletion and insertion
mutants, are generated and analyzed.

The calculated molecular weights of 26.5 kDa for spinach
MSP and 26.7 kDa forArabidopsisMSP were used to
convert concentration estimates from units of mg/mjRkb
The amounts of bound spinach wild type MSP, [V235A]-
MSP, andArabidopsisMSP were estimated using standards
of the corresponding protein analyzed on the same gel. This
method avoided possible differences in Coomassie binding
among the three proteins. The amount of native spinach
MSP present in salt-washed PSII samples was estimated
using recombinant wild type spinach MSP as a standard. A
linear relationship between Coomassie-staining intensity and
the amount of standard protein loaded was observed in all
cases. The results of this analysis showed that control salt-
washed PSIl membranes retained-1179 mol of native
MSP/mol of PSII; the loss of about 15% of MSP (assuming
2 mol/mol of PSII) is a consequence of extraction of small
amounts of MSP concurrent with release of the 23 and 17

b d incubated at i e kDa proteins by the high-salt treatment used to extract the
membranes and incubated at room temperatur Q@dor latter proteins (data not shown).

1 hiin the dark. The reconstitution mixture included 50 mM . 0
MES-NaOH (pH 6), 0.4 M sucrose, 20 mM CaCs0 mM Other Met_hods Chlorophyll was assayed in 80_A) acetone
NaCl, 100ug of BéA/mL 204 bet;aine (wiv), and MSP (v/v) according to Arnon (1949). The concentration of PSII
Photésysteﬂm I membranés were present at ’0 2 mg of éhllwas based on Chl concentrations and a stoichiometry of 250

mL (1 uM PSII reaction center complexes based on 250 Chl/ Chi per PSII complex (Berthold et al., 1981).

PSIl). All components used in the reconstitution were RESULTS

equilibrated to 22C before mixing. Previous reconstitution

experiments have shown that spinach wild type MSP and [V235A]MSP and Arabidopsis MSP Compete for2l

Arabidopsiswild type MSP are equally effective at restoring  Binding Sites on Spinach PSIAn analysis of the competi-

O: evolution activity to urea-washed spinach PSII (Betts et tion between [V235A]MSP andrabidopsisMSP for binding

al., 1995b). sites on PSIl was carried out at ZZ, the permissive
Analysis of Reconstituted PSIl Membranes by SBPSGE temperature for assembly into the OEC of the mutant protein

and Densitometry The amount of MSP assembled into PSIl  (Betts et al., 1996b). Wild typArabidopsisMSP was used

was determined by laser densitometry of dried polyacryla- because it has a greater electrophoretic mobility than spinach

mide gels. Unbound MSP was removed from reconstitution MSP but is indistinguishable from wild type spinach MSP

mixtures by centrifugation (1208010 min, 4°C). Bound in binding and functional analyses (Betts et al., 1995b); maxi-

MSP was pelleted with PSII, and pellets were washed oncemum separation of spinach aAdabidopsisMSP on SDS-

in 2 vol of 0.4 M sucrose, 50 mM MES-TMAOH (pH 6), PAGE gels is desirable because this facilitates analysis of

60 mM TMACI, and 20 mM CaGCl the corresponding densitometric peaks after Coomassie stain-
Washed reconstituted PSIl samples were analyzed bying. Figure 1 shows the results of an experiment in which

SDS-PAGE (10% acrylamide/4.7 M urea) according to the increasing amounts of an equimolar mixture of [V235A]MSP

method of Piccioni et al. (1982) using the Neville buffer and ArabidopsisMSP were incubated with urea-washed

system. Polyacrylamide gels were stained with Coomassie(MSP-depleted) PSIl at 22C. As the figure shows, the

Brilliant Blue R-250 or with silver and then analyzed by Arabidopsigprotein is preferentially bound to sites on spinach

monitoring absorbance at 663 nm with an LKB 2222-010 PSII as the total MSP concentration increases above 2 mol/

UltroScan XL laser densitometer. The relative amounts of mol of PSII reaction centers. This is particularly evident in

Purification of PSIl Membranes Photosystem II mem-
branes were isolated from thylakoids by detergent extraction
according to the method of Berthold et al. (1981) with three
modifications (Ghanotakis & Babcock, 1983; Ghanotakis et
al., 1984a,b). The 17- and 23-kDa extrinsic subunits were
released from PSIl membranes by incubatior2iM NacCl
(Betts et al., 1994); this “salt-washed” PSIl preparation
retains native MSP and was used as the control in reconstitu-
tion experiments. Native MSP was extracted from salt-
washed PSII membranes by incubation in 2.6 M urea/200
mM NaCl (Betts et al., 1994), yielding “urea-washed” PSII
membranes.

Expression and Purification of Recombinant MSPhe
bacterial expression of psbO cDNA clones encoding the
precursor proteins of spinach MSP aAdabidopsisMSP
was described previously (Betts et al., 1994, 1996a). Inclu-
sion bodies containing mature MSP were purified fr&m
coli lysates essentially as described in Betts et al. (1994).
Inclusion bodies were solubilized in urea, and MSP was
renatured by dialysis and purified by anion-exchange chro-
matography according to Betts et al. (1996a).

Reconstitution of the OEC with Recombinant MSP
Recombinant MSP was mixed with urea-washed PSII
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FiURe 1: Reconstitution of PSII with an equimolar mixture of ~FIGURE 2: Reconstitution of PSIl with a 4:1 mixture of [V235A]-
[V235A]MSP and Arabidopsis MSP. (A) Reconstituted and ~ MSP andArabidopsisMSP. (A) SDS-PAGE analysis. Numbers
washed PSII samples were analyzed by SPAGE, and proteins above lanes (810) indicate the total moles of MSP added per mol

were stained with Coomassie Blue. Numbers above lanesqp of PSII (e.g., 5 indicates that 4 mol of [V235A]MSP and 1 mol of
indicate the total moles of MSP added per mol of PSII (e.g., 2 ArabidopsisMSP were added per mol of PSII). A sample of the
indicates that 1 mol each of [V235A]MSP addabidopsisMSP MSP mixture used for the reconstitutions was included as a standard

were added per mol of PSIl). A sample of the MSP mixture used (S). The amount of the 4:1 mixture of MSP in lane S corresponds
for the reconstitutions was included as a standard (S). The amountl© theé amount added to the PSII sample shown in lane 2 before
of the 1:1 mixture of MSP in lane S corresponds to the amount centrifugation, washing, and resuspension. (B) Densitometric
added to the PSII sample shown in lane 2 before centrifugation, @nalysis of Coomassie-stained MSP in A. Squares, [V235A]MSP;
washing, and resuspension. (B) Densitometric analysis of Coo- Ci'cles, ArabidopsisMSP; diamonds, sum of [V235A]MSP and
massie-stained MSP in A. Squares, [V235A]MSP; circlks- ArabldopS|s|\/_IS_P. Integratc_ed areas for MSP gel bands in Ian_es
bidopsisMSP; diamonds, sum of [V235A]MSP anrabidopsis 0—10 were divided by the integrated areas for the corresponding
MSP. Integrated areas for MSP gel bands in laned®were band in lane S (equal to 1.6 mol of [V235A]MSP 0.4 mol of
divided by the integrated areas for the corresponding bands in laneAraidopsisMSP per mol of PSII) to generate the values plotted
S (equal to 1 mol each MSP per mol of PSII) to generate the values ©n they-axis.

plotted on they-axis. . .
the total MSP bound. This result demonstrates direct compe-

the protein quantifications shown in Figure 1B. Substitution tition between the two proteins for MSP binding sites on PSII.
of Ala for Val235 thus causes an assembly defect that is A second experiment was conducted in which the ratio of
retained even at 22ZC, a result consistent with the decrease [V235A]MSP to ArabidopsisMSP was increased to 4:1.
in secondary structure content of [V235A]MSP measured Although these conditions would strongly favor binding of
by circular dichroism spectroscopy at 26 (Betts et al., [V235A]MSP, the Arabidopsis protein outcompeted the
1996b). The data in Figure 1 show that the amount of both mutant spinach protein for binding sites on PSII (Figure 2A);
proteins bound to PSIl reached a maximum value in the binding of the wild type protein reached a maximum level
sample reconstituted with a total of 3 mol of added MSP at 10 mol of total MSP/mol of PSII, which, after washing,
(1.5 mol of each protein added) per mole of PSII, and also is equivalent to about 1.5 mol of wild type MSP/mol of PSII
that PSII samples exposed to saturating concentrations of(diamonds; Figure 2B). This stoichiometry was determined
MSP, followed by washing to remove non-specifically bound using PSIl samples incubated with saturating amounts of
protein, retained 1.6 mol of total MSP per mole of PSII MSP and then washed to remove unspecifically bound pro-
(Figure 1B, diamonds). Both results are consistent with a tein; the actual value determined by densitometry was-1.8
proposed stoichiometry of more than one MSP per PSII reac-2.1 mol of total MSP per mole (diamonds of Figure 2B). As
tion center. The stoichiometry of 1.6 MSP per PSII should with the data of Figure 1, these results support a stoichiom-
represent a minimum value due to partial sample loss duringetry of two MSP per PSIl complex. WhiksrabidopsisMSP

the wash and resuspension steps (see “Quantification of MSHliffers from wild type spinach MSP at 42 out of 247 amino
in Reconstituted PSII” below for a more detailed analysis acid residues, Val is present at the position corresponding
of MSP stoichiometry avoiding complications due to possible to V235 in spinach. By contrast, [V235A]MSP differs from
sample loss). When 5 and 10 equiv of the equimolar MSP the wild type spinach protein by only two methyl groups.
mixture were added per PSII, thirabidopsisprotein di- Thus, these competitive binding experiments emphasize the
minished [V235A]MSP binding to a level of about 10% of importance of Val235 in the assembly of MSP into PSII.
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Ficure 4: Identification of vacant MSP binding sites on PSII-
ol ] [V235A]MSP. (A) PSII-[wild type]MSP+ [V235A]MSP. (B)
) R PSII-[V235A]MSP+ wild-type MSP. (C) PSlI-Arabidopsi3MSP

+ [V235A]MSP. (D) PSII-[V235A]MSP+ ArabidopsisMSP.
Urea-washed PSIl membranes were reconstituted with wild type
MSP (3 mol per mol of PSII)ArabidopsisMSP (3/PSllI), or
[V235A]MSP (5/PSlI); the reconstitutions were repeated once for
wild-type and forArabidopsisMSP and twice for [V235A]MSP
to ensure that MSP binding sites were saturated. Samples were
then subjected to seven reconstitution cycles. PSII-[V235A]MSP
was reconstituted with wild type spinach MSPAyabidopsisMSP
at a ratio of two MSP to 1 PSII. In the reciprocal experiments,
PSII-[wild type]MSP and PSllArabidopsi3MSP were reconsti-
tuted with [V235A]MSP at a ratio of three mutant MSP to one
PSII. Each reconstitution cycle involved 15 min incubation at 22
°C, centrifugation, and washing (see Materials and Methods).
) ) ) Washed samples taken after each reconstitution cycle were analyzed

[V235A]JMSP Binds Tightly to a Subpopulation of MSP  directly (A and B) or treated further. Partial sample loss is evident
Binding Sites The ability of [V235A]MSP to saturate MSP  with each reconstitution/wash step as decreasing staining intensity
binding sites in spinach PSIl was tested in the following gf g’r‘g i“é?’z?;cb%:’; k?i:MPSSP”aCn(gethperoPtgi”'cc;rrg a\rlgtigirﬁhgf g?niﬁg)Je

. . OV

experl_ment. Urea-washed PSII_ membranes were reconstl-size, gamples froEn experiments usiwgabidogsis MSP were
tuted in two cycles, each of which employed an excess of jncubated 3 M urea to release MSP; supernatant fractions were
[V235A]JMSP. Then, the resulting PSII-[V235A]MSP sample then analyzed (C and D). Proteins were visualized by silver
was exposed to increasing amounts of wild type spinach MSPstaining. Lanes 67, number of reconstitution cycles.
under the same reconstitution conditions. The amount of
PSll-bound wild type MSP corresponds to the fraction of type spinach oArabidopsisMSP. When PSII-[V235A]MSP
MSP binding sites that were vacant in the original sample was exposed twice to either wild type spinachAoabidopsis
of PSII-[V235A]MSP and/or sites from which the mutant MSP, bound wild type protein was easily detectable by visual
protein was displaced during incubation with wild type inspection of silver-stained polyacrylamide gels (Figure 4B
protein. The results are shown in Figure 3. While the and D, lanes 1 and 2). Relatively small changes were
amount of bound [V235A]MSP remained constant (80% observed in the amount of [V235A]MSP retained by PSII
compared to the Coomassie staining intensity of native MSP and also in the amount of wild type MSP bound as a
in salt-washed PSII), the amount of bound wild type MSP consequence of subsequent cycles of reconstitution with the
increased to a steady value of about 33% based on the samwiild type protein (Figure 4B and D, lanes-3). In control
standard. Because the amount of bound [V235A]MSP experiments, PSII samples reconstituted with either wild type
remained constant in all samples, independent of the amounspinach MSP orArabidopsisMSP were next exposed to
of wild type protein added, we conclude that approximately [V235A]JMSP. Binding of [V235A]MSP to PSII in these
33% of MSP binding sites were vacant in the [V235A]- experiments was not visually detectable until at least three
saturated samples. The result further suggests two possibili-or more reconstitution cycles were completed (Figure 4A
ties with regard to the original sample of PSII-[V235A]MSP: and C). These observations confirmed the demonstration
either both sites for MSP binding were only about 67% in Figure 3 of significant numbers of vacant binding sites in
saturated or one site was saturated with the mutant proteinsamples of PSII saturated with [V235A]MSP. The control

0 1 2 3 4 5
moles MSP/mole PSITI

Ficure 3: Reconstitution of PSII-[V235A] with increasing amounts
of wild type MSP. Urea-washed PSII was reconstituted twice with
[V235A]MSP (3 mol/mole of PSII) as described in Materials and
Methods. The resulting washed PSII-[V235A]MSP preparation was
then reconstituted with wild type MSP. (A) SB®AGE analysis.

C, control salt-washed PSII membranes;3) moles of wild type
MSP added per mol of PSII-[V235A]MSP. (B) Densitometric
analysis of gel in A. Squares, [V235A]MSP retained; triangles,
wild-type MSP bound.

and the second site was only-380% occupied. The latter

experiments, on the other hand, show that PSII reconstituted

assumption requires that the mutant protein have a highunder the same conditions with either wild type spinach MSP

affinity for one site and a low affinity for the other.
The stability of the binding interaction between [V235A]-

MSP and PSIlI was tested by subjecting samples of PSII-

[V235A]MSP to several consecutive exposures to either wild

or ArabidopsisMSP does not have a significant population
of vacant MSP binding sites.

The relative staining intensities éfrabidopsisMSP and
[V235A]MSP present in individual gel lanes in Figure 4C
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Ficure 5: Reconstitution of PSII-[V235A]MSP with wild type MSP: densitometric analysis of [V235A]MSP AradbidopsisMSP in

gels shown in Figure 4C and D. (A) Relative staining intensities of MSP in gel bands were normalized based on the A663 of the gel band
in Figure 4C ArabidopsisMSP) and 4D ([V235A]MSP). Open circlegrabidopsisMSP retained by PSII (Figure 4C); solid squares,
[V235A]MSP bound to PSllArabidopsi$MSP (Figure 4C); Open squares, [V235A]MSP retained by PSIl (Figure 4C); solid circles,
ArabidopsisMSP bound to PSII-[V235A]MSP. (B) The data in A were replotted to correct for sample loss due to washing and to show
the ratio of the two proteins in each gel lane. 100% corresponds to the total A663 of the two MSP gel bands for each lane. Symbols same
asin A.

and D are plotted in Figure 5A. Only trace amounts of

[V235A]MSP bound to samples of PSIAfabidopsidMSP Table 1: Stoichiometry of MSP in Reconstituted PSII

after two reconstitution cycles (solid squares). In contrast,  psj 1stMSP 2nd Msp _@mount of bound MSP/PSII
a sample of PSII-[V235A]MSP exposed to one reconstitution preparation added  added 1st MSP 2nd MSP
cycle with ArabidopsisMSP (solid circles) retained about  sajt-washed  none none 1.8 (native) —

30% of this wild type protein after just one reconstitution urea-washed wt none b.6wt) -

cycle, as evidenced by the silver staining intensity. This is VAV:ab xégsA 11-8; E\/Aj/%b) 0.6 (V235A)
the same result as shown in Figure 3 where spinach wild Arab,  V235A 18 (Arab) 1.2 (V235A)
type MSP constituted about one-third of the total MSP V235A  none 1.8(V235A) —
Coomassie staining intensity in saturated PSIl samples. The V235A  wt 1.1°(V235A) 1.8 (wt)
relative staining intensity of th&rabidopsigprotein increased V235A  none 1.8(V235A) —

V235A  Arab. 1.1°(V235A) 1.1 @rab.)

to 40% after two reconstitution cycles and then approached

a steady value of about 50% after additional rounds of *The values reported here were obtained using MSP concentrations
reconstitution (Figure 5B) estimated from Lowry assays. See Materials and Methods for

e . . comparison of MSP concentrations obtained by the colorimetric assay
Quantification of MSP in Reconstituted PSIChlorophyll and by UV absorbance measurements at 276°MSP present before

concentrations of photosystem Il samples taken at the reconstitution cyclest MSP retained after seven reconstitution cycles.
beginning and end of the seven reconstitution cycles (Figure

4) were measured, and 18 of Chl of each sample was  The net gain of MSP estimated from all four reconstitution/
loaded on an SDS gel for quantitative analysis of MSP. The \a5h experiments shown in Figure 4 is presented in Table
amount g) of each MSP present was estimated on the basis1  The total MSP retained at the end of these experiments
of the standard curves of samples run on the same gel. Eachyas petween 2.2 and 3.0 mol per mol of PSIl. We cannot
standard curve was generated from three internal standardgyclude the possibility of a third, weak binding site for MSP
of either wild-type MSP, [V235A]MSP, oArabidopsisMSP hat becomes saturated only after several reconstitution
(not shown). S_t0|ch|ometr|es are reported in Table 1. As cycles. However, because binding of 3 mol of MSP per mol
noted in Materials and Methods, control salt-washed PSIl of psj| was only observed under extreme conditions where
membranes retained 7.9 mol of native MSP per mol of  pg)| membranes were repeatedly exposed to high concentra-
PSII (Table 1). Photosystem Il samples reconstituted with tions of MSP, it is probable that the association between PSII
either wild type protein bound 1.8 mol of MSP per mol of 4nq the third copy of MSP is an in vitro artifact. For
PSII after seven reconstitution cycles with [V235AIMSP  oxample, repeated reconstitution and washing cycles with
(Table 1). In contrast, the stoichiometry of [V235AIMSP  \1sp removes residual detergent from PSIl membranes, and
in PSII decreased from maximum values of 1.3 and 1.6 per thjs might favor non-specific association between MSP and
PSII .befor_e the first reconstitution cycle with wild type pg. Consequently, we have emphasized the number of
protein to, in both cases, 1.1 equiv per PSII after the seventhy;sp retainedfollowing seven cycles of reconstitution and

cycle (Table 1), respectively. To summarize, PSIlI samples washing (see previous paragraph) and not the total MSP
reconstituted with wild type protein and then subjected to pgoynd.

seven reconstitution/wash cycles with [V235A]MSP retained

nearly two copies of either wild type spinach MSP or piscussioN

ArabidopsisMSP. Photosystem Il samples reconstituted with

[V235A]MSP and subjected to seven reconstitution/wash [V235A]JMSP Binds Tightly to Only One of Two MSP
cycles with wild type protein retained only one copy of Binding Sites The reconstitution data presented here and
[V235A]MSP. in Betts et al. (1996a,b) are consistent with proposals
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(Cammarata et al., 1984; Millner et al., 1987; Xu & Bricker,
1992) of a stoichiometry of two MSP per PSII. In competi-
tion experiments,Arabidopsis MSP almost completely
prevented binding of [V235A]MSP to PSII, consistent with
direct competition between the two proteins for the same
two binding sites on PSII. The stoichiometry of [V235A]-

Betts et al.

consequence of the pseudo-2-fold symmetry within the core
complex of PSII. The three-dimensional crystal structure
of the photosynthetic reaction center fréthodopseudomo-
nasviridis revealed that the L and M subunits are positioned
symmetrically with respect to each other (Deisenhofer et al.,
1985). The core complex of PSII includes six subunits which

MSP in reconstituted PSIl was reduced to a stable value ofcan be grouped into three pairs on the basis of shared

1.1 per PSII following two to three reconstitution/wash cycles
employing wild type protein. In control experiments, 1.8
mol of wild type spinach oArabidopsisMSP were retained
per mol of PSII following seven consecutive cycles. These
results are consistent with a model in which [V235A]MSP
can bind stably to only one of two MSP binding sites on
PSIl. We concluded previously that the V235A mutation
destabilized a structural feature in MSP, possibBrsheet,
which normally lowers the activation energy barrier for
assembly of MSP into PSII (Betts et al., 1996b). The results

structural and functional properties. The two largest subunits
of the PSII core complex, CP47 (47 kDa) and CP43 (43
kDa), bind antennae Clalmolecules (Bricker, 1990), while
the smallest pair of subunits are the(9 kDa) andj (4.5
kDa) subunits of cybsse. The remaining pair of subunits is
the homologous polypeptides called D1 (32 kDa) and D2
(34 kDa), proposed by Michel and Deisenhofer (1988) to
be arranged with the same approximate 2-fold symmetry that
exists between L and M.

Recently, Xu and Bricker (1992), on the basis of the

presented here indicate that the same structural feature mawtructural and functional pairing of PSIl core subunits,

be required for stable binding of MSP to only one of its two
sites on PSII. Furthermore, the [V235A]MSP binding data
suggest that the two PSII binding sites for MSP differ either
in structure or in amino acid sequence or in both. One PSII
MSP binding site is unable to bind [V235A]MSP with high

suggested that all of the protein components of the PSII core
complex might also be arranged with approximate pseudo-
2-fold symmetry. The observation that two molecules of
each extrinsic polypeptide are present in PSII suggested that
the hypothesized 2-fold symmetry of the core complex

affinity, whereas a second binding site can accommodate thisextends to the OEC as well (Xu & Bricker, 1992). The

mutation provided assembly of the altered protein is allowed
to proceed in the absence of wild type protein.

We would emphasize that our data cannot distinguish
between outright high-affinity binding of [V235A]MSP to
one of two PSII sites or the displacement of mutant protein
from one site by wild type protein which then stabilizes
binding of the remaining copy of the mutant protein at a
second site. In this scenario, binding of wild type protein
to one site would strengthen binding of the mutant protein,
already present, at the other site. This would require a
cooperativity between binding sites, and such cooperativity
is indicated by the results of Leuschner and Bricker (1996).

Mechanism of [V235A]JMSP Binding to PSlIThe data
of Figures 1 and 2 show that the native solution conformation
of MSP confers on the protein a structure which is
preferentially assembled into PSII binding sites, even in the

possibility that the entire PSII complex is arranged with
pseudo-2-fold symmetry has interesting implications for the
structure and location of the tetranuclear Mn cluster.
Biochemical observations indicate that the four PSII Mn
atoms can be grouped into pairs on the basis of similarities
in structural and chemical properties: two of four Mn are
lost from PSII following extraction of MSP (Kuwabara et
al.,, 1985; Miyao & Murata, 1984a; Ono & Inoue, 1984);
and two of four Mn are more susceptible to reduction by
hydroquinone (Mei & Yocum, 1992). Results from spec-
troscopic analyses of the Mn cluster also favor a symmetrical
dimer-of-dimers arrangement of the PSII Mn cluster (Yachan-
dra et al.,, 1993). The likelihood of structural symmetry
within the OEC suggests the possibility that the pairs of
extrinsic polypeptides are organized with respect to a
symmetry axis that passes between Mn dimers. A sym-

presence of as much as a 4-fold excess of the mutantmetrical model for the OEC, including four Mn and two

[V235A]MSP. It is clear from these experiments that even
if the mutant protein attaches to a PSIl binding site, this
interaction is non-productive in the presence of protein
bearing the wild type solution conformation. A very different
situation is observed, however, if mutant protein is allowed
to bind to PSII sites in the absence of the wild type species.
The data of Figures-35 show that once bound to one of
two PSIl sites, [V235A]JMSP cannot be displaced by
extensive exposure of the reconstitutede®olving complex

to wild type protein. Since [V235A]MSP can assemble with
high affinity in the absence of wild type protein, it seems
likely that assembly of the mutant protein proceeds in a two-

copies each of the three extrinsic polypeptides, was originally
proposed by Cammarata and colleagues (1984).
Cross-linking and chemical modification studies indicate
that MSP interacts not only with CP47, as mentioned above,
but also with its structural and functional counterpart, CP43
(Enami et al., 1989; Frankel & Bricker, 1992, 1995; Hayashi
et al.,, 1993; Isogai et al., 1985; Yamamoto & Akasaka,
1995). Based on the argument for approxin@teymmetry
in both the core complex and the OEC, we suggest that the
second copy of MSP binds to CP43 (site 2). A model of
the OEC in which one copy of MSP binds to CP47 and the
second copy to CP43 is consistent with results from cross-

step process. The first step consists of attachment of MSPIlinking and protein modification studies as well as with the
to its binding site on PSII, and the second step involves a results described here. Binding sites for the same protein

structural rearrangement of the protein that results in a high-

affinity interaction with the membrane-associated binding

on related but nonidentical subunits would require different
sets of proteir-protein interactions. In this context, the

site. This rearrangement can only occur after attachment toV235A mutation would destabilize a structure in MSP

the PSII complex, as evidenced by the ability of wild type
protein to interfere with [V235A]JMSP assembly, and can
only occur at one of the two MSP binding sites on PSII.
Structural Implications for the OxygenvBlving Complex
The existence of non-identical MSP binding sites may be a

required for a proteirrprotein interaction specific to one of
its two PSII binding sites.

[V235A]MSP restores @evolution activity to the same
extent as wild type MSP (Betts et al., 1996b). In view of
the results presented here, we conclude that the mutant



Nonidentical MSP Binding Sites

protein is able to effectively restore,@volution activity

by binding efficiently to only one site in PSII. A small but
significant difference was reported in the amount of added
MSP required to restore maximum rates of €volution
(1.2-1.6 mol/mol of PSIl) and the amount required to
saturate binding or stabilize ;Qevolution activity under
intense illumination (at least 2 mol/mol of PSII) (Betts et

al., 1995a). This difference was interpreted as evidence that

the two molecules of MSP in PSII serve separate functions,
and it was proposed that one molecule regulatesv@lution
while the other simply provides structural support. The

results presented in this report demonstrate that the two©®

binding sites for MSP are not identical and support a model
of the OEC in which MSP bound at the two sites serves
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232.

Enami, ., Ohta, S., Mitsuhashi, S., Takahashi, S., Ikeuchi, M., &
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Frankel, L. K., & Bricker, T. M. (1992Biochemistry 3111059~
11064.
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7497.

hanotakis, D. F., & Babcock, G. T. (198BEBS Lett 153 (1),

231-234.

Ghanotakis, D. F., Babcock, G. T., & Yocum, C. F. (198B&EBS
Lett 167, 127-130.

different functions. It seems reasonable to propose that theGhanotakis, D. F., Babcock, G. T., & Yocum, C. F. (1984b)

sites at which [V235A]MSP binds with high affinity is the
site that regulates £evolution, although this remains to be
conclusively demonstrated.

This model of one regulatory MSP and one structural MSP
in the OEC implies an analogy with known structtre
function relationships within the bacterial photosynthetic
reaction center. Although the electron transfer cofactors
associated with the L and M subunits are identical and
arranged with approximatg, symmetry, only the cofactors
associated with the L subunit actually transfer electrons
(Heller et al.,, 1995). The corresponding and identical
cofactors on the M subunit serve no apparent function other
than providing structural support. By analogy, one copy of
MSP bound to CP47 may be sufficient to accelerate O
evolution, while the second copy of MSP, bound to CP43,
stabilizes this activity by occupying the complementary
position in the structure. A logical extension of this
hypothesis is that only two of the four Mn in PSII catalyze
water oxidation while the other two Mn atoms provide
complementary structural support.
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