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ABSTRACT. Manganese-stabilizing protein of photosystem I, an intrinsically disordered polypeptide, contains

a high ratio of charged to hydrophobic amino acid residues. Arg151 and Argl61 are conserved in all
known MSP sequences. To examine the role of these basic residues in MSP structure and function, three
mutants of spinach MSP, R151G, R151D, and R161G, were produced. Here, we present evidence that
replacement of Arg151 or Argl61 yields proteins that have lower PSII binding affinity, and are functionally
deficient even though about 2 mol of mutant MSP/mol PSII can be rebound to MSP depleted PSII
membranes. R161G reconstitutes éolution activity to 40% of the control, while R151G and R151D
reconstitute only 20% of the control activity. Spectroscopic and biochemical techniques fail to detect
significant changes in solution structure. More extensiyewlution assays revealed that the Mn cluster

is stable in samples reconstituted with each mutated MSP, and that all three Arg mutants have the same
ability to retain Ca" as the wild-type protein. Activity assays exploring the effect of these mutations on
retention of Ct, however, showed that the R151G, R151D, and R161G MSPs are defectivebm@ing

to the OEC. The mutants have CKy values that are about four (R161G) or six times (R151G and
R151D) higher than the value for the wild-type protein. The results reported here suggest that conserved
positive charges on the manganese-stabilizing protein play a role in proper functional assembly of the
protein into PSII, and, consequently, in retention of 6y the Q-evolving complex.

Water oxidation is the reaction by which all photosynthetic protein, also known as the manganese-stabilizing protein
organisms produce and releasgif@o the atmosphere. This  (MSP), also plays a role in facilitating binding of €aand
reaction takes place in the;@volving complex (OEQ of ClI~ to PSII, which promotes high rates of, @volution.
photosystem Il (PSII). The OEC consists of several inorganic Several studies have demonstrated that high concentrations
cofactors (C&', ClI-, and four Mn atoms), and three extrinsic  of Ca&2* and CI provide a partial substitution for MSP; in
polypeptides (33, 23, and 17 kDa) that are attached to thethe presence of unphysiologically high-Gtoncentrations,
intrinsic subunits of PSIIY). Proper orientation and mutual  MSP-depleted PSIl membranes retain an intact Mn cluster,
coordination of these components are important for formation and low rates of @evolution are observed if high concentra-
of the active site of the OEC. In most eukaryotes, the 23 tions of CI- and C&* are present in the assay mediuf (
and 17 kDa extrinsic polypeptides are required for high 3) MSP is therefore necessary for high rates g&@olution
affinity binding of CI- and C&" (1). The 33 kDa extrinsic  and for stability of the Mn cluster, but does not appear to

. ) participate directly in the mechanism of the-&volving
SCE,TZ ESE,?&;%cv,vnaf,\ié%'?%r{igfé’ﬁ_gra’“ to C.F.Y. from the National o ction. Although it has been suggested that the 33 kDa
* Correspondence should be addressed to this author at the Depart{rotein is not involved directly or indirectly in binding of

ment of Molecular, Cellular and Developmental Biology, The University Cz2t jn the OEC #), a number of studies indicate that MSP
of Michigan, Ann Arbor, M| 48109-1048. Tel: (734)-647-0897. Fax: '

(734)-647-0884. E-mail: cyocum@umich.edu. is required for retention of st in PSIl (5—7). This is
* Department of Molecular, Cellular and Developmental Biology. proposed to be due either to direct ligation of the metal by
$ Department of Chemistry. MSP or indirectly through interactions between MSP and

1 Abbreviations: BSA, bovine serum albumin; CD, circular dichro- . . . .
ism: DCBQ, 2,6-dichloro-1.4-benzoguinone: IPTG. isoproyh the subunit to which G4 is bound. For Cl, it has been

thiogalactopyranosidase; MES, R-torpholino)ethanesulfonic acid; ~ hypothesized that MSP might provide a ligand to the anion
MSP, manganese-stabilizing protein; MRE, mean residue ellipticity; during the $ — S; and § — $; transitions, maintain the

OEC, oxygen-evolving complex; PAGE, polyacrylamide gel electro- ; ; ; ; ;
phoresis: PS, photosystepsbQ gene encoding precursor MSP: SDS, integrity of associated proteins to which Gk ligated, or

sodium dodecy! sulfate; sw-PSlI, NaCl-washed photosystem Il mem- Simply trap free Ci in close proximity to the Mn cluster
branes depleted of 23 and 17 kDa extrinsic polypeptides; TMACI, (8).

tetramethylammonium chloride; usw-PSllI, urea NaCl-washed photo- - _— . . .
system Il membranes depleted of 33, 23, and 17 kDa extrinsic | he ability of MSP to fulfill its function in the OEC is

polypeptides; UV, ultraviolet. related to its natively unfolded or intrinsically disordered
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behavior in solution. Natively unfolded proteins are often of the mutant proteins by spectroscopic and biochemical
important components of multisubunit complexes. In solu- techniques fails to detect any significant changes compared
tion, their secondary structure contains an unusually high to the wild-type protein. Results from reconstitution of usw-
content of random coils and turns, their amino acid sequencesPSII membranes with mutants in the presence of varying
are composed of a high ratio of charged to hydrophobic C&" or CI~ concentrations indicate that MSP is involved in
residues, and such proteins exhibit anomalous mobility on maintenance of Clin proximity to the Mn cluster. It is
SDS-PAGE, a highly acidic or basid pand thermostability, =~ hypothesized that removal of R151 and R161 from the MSP
as evidenced by their ability to regain solution structure and sequence could impair functional refolding of the protein
activity after heatingg—11). In the case of MSP, its binding  after its initial docking to PSII, which could in turn lead to
to PSIlI is proposed to occur by a two step mechanism that less efficient binding of Cl to the OEC.

hypothesizes that the protein binds, and then refolds into a

structure that is presumably more compact and which allows MATERIALS AND METHODS

for binding of other extrinsic PSII subunits, and retention of
the essential inorganic cofactod®]. The N-terminal amino
acid residues Thr7 and Thrl5 (spinach numbering) are
essential for docking of spinach MSP to PSIB); Functional

Mutations of the psbO gene and Transformation of
Escherichia coli CellsThepsbOgene from spinach carrying
the R151D mutation was produced as described irlvef

refolding of this precursor form of MSP to the more tightly except that. other synthetic o]igpnucleotides were used for
bound conformation requires the presence of the C-terminalMutagenesis; the codon specifying R151 was changed to the
residues Leu245 and GIn2444). A number of studies on  codon for D151. The plasmid constryssbGTOPO (Invit-
MSP in solution provide evidence that the protein’s N- and '09en) was used for the R151G and R161G mutants.
C-termini are in proximity to one another, and that alterations Mutations were inserted into the construct using a Stratagene
in these domains significantly influence this interactias,( ~ Mutagenesis technique and synthetic oligonucleotides (Quick-
16). The conserved disulfide bridge in spinach MSP, between €hange XL Ii site-directed mutagenesis kit; Stratagene, La
Cys28 and Cys51, is not required for MSP function or for J0lla, CA). The codons for R151 or R161 were changed to
its thermostability 17). Experiments such as dynamic light those for G151 or G161. Insertion of the correct mutations

scattering, ultracentrifugation, or low angle X-ray scattering @1d _an absence of errors in thEsbO sequence were
provide evidence that MSP has a prolate ellipsoid shage ( confirmed by DNA sequencing, and the mutaps GTOPO

19). Biochemical data on both prokaryotic and eukaryotic Constructs were transformed into BL21(DE3)pLy&Scoli

MSPs show that the protein in solution has more than 509 CellS- The correct reading frame (starting with EGGKR)
random coils and turng-sheets (about 35%) comprise the during protein translation and subsequent processirig. in
dominant component of secondary structure. Crystallographic ¢!l was verified by Edman degradation of all three purified
data on cyanobacterial PSII at 3:3.8 A have provided the ~ Mutant proteins.
basis for models showing the structure of the PSll-bound Owverexpression and Purification of Recombinant NSSP
form of MSP. The models predict that it has a barrel-like The R151D mutant was overexpressed and purified as
Shape with the N-terminus protruding on one side of the described in rel7, while the R151G and R161G MSPs were
barrel toward the CP43 polypeptide. The other side of the produced by overexpression of thebGTOPO vector for
barrel has a protruding unordered loop pointing toward the 3.5 h in LB media containing 50g/mL ampicillin and 25-
E loop of the CP47 polypeptid@Q—23). This loop in the 32.5uM IPTG. Purification of these proteins was carried
MSP structure is the domain that is closest to the OEC Mn out as in refl3 except that a second purification step (a step
cluster @2); the model in ref22 proposes that MSP  gradient of 30 mM, 150 mM, 500 mM, dnl M NacCl) was
contributes no ligands to €a applied after linear gradient elution of MSP to further purify
A number of studies have shown that the primary amino the protein, which was eluted at 150 mM NaCl. Both
acid sequences of MSPs from various photosynthetic organ-chromatographic procedures yield pure, soluble protein.
isms are homologoug4, 25). One of the most conserved Reconstitution of PSII with Recombinant M$&Ract PSII,
domains is the region Phel4&ly163 (spinach numbering)  sw-PSll, and usw-PSIl membranes were prepared from
that includes two fully conserved arginyl residues (R151 and spinach as described in r26 and stored in 0.4 M sucrose,
R161) in all known MSP sequences. When R152 and R16250 mM MES (pH 6) and 200 mM Nacl, to provide optimum
from elongatus which are homologous to R151 and R161 stability to the OECZ, 3, 24, 26). No loss of Mn from PSl|
in spinach, were mutate®%), the resulting proteins were is observed under these conditions of storage (data not
found to possess defects in PSII binding and in reconstitution shown). For the reconstitution experiments shown in Figure
of O, evolution activity. These mutants also exhibited 1, usw-PSII membranes were reconstituted with MSP in a
nonspecific binding to PSII, but their solution structures were solution containing 37 mM MES (pH 6), 10 mM Ca{¥0
unchanged. To determine the structural and functional mM NacCl, 100ug BSA/mL, 0.3 M sucrose, and 2% betaine
importance of these residues in spinach MSP, site-directed(w/v). The Chl concentration was 20@g/mL. Oxygen
mutagenesis was employed to produce mutants R151G.evolution assays were performed with DCBQ (6\), as
R151D, and R161G, which either eliminate one positive the artificial acceptor, using SMTC buffer (0.4 M sucrose,
charge or convert a positive charge to a negative charge.50 mM MES (pH 6), 20 mM CaGJ] and 60 mM TMACI)
The data presented here show that all mutants are deficientontaining 10Qug of BSA/mL; the Chl concentration was
in binding to PSII, as compared to wild type, and that their 10 ug/mL. For experiments to examine the stability of the
ability to reconstitute @evolution is likewise impaired even  Mn cluster (Table 1), reconstitution and activity assays were
though all three mutants will rebind about 2 copies per PSIl done in the same way as those described above, except that
reaction center. Characterization of the solution structures 10 mM CaC} was replaced by 10 mM Ca(MESand NacCl
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110 R151G MSP | Table 1: Q Evolution Activity of sw-PSIl Membranes and

100 o] WEMSP binding [ usw-PSIl Membranes Reconstituted with the R151G or R161G
. 5 Mutant MSP

80 L oxygen evolution activity/£mol of O,/mg of Chl/h)

e i SR SR/ —— i 20 mM CF 100 mM CF

60+ r time sw- usw- SW-  USW-

50+ (h) PSII PSII R151G R161GPSIl PSIl R151G R161G

0 334 88 160 224 374 104 160 240
2 366 96 160 248 358 120 176 224
4 334 88 168 208 358 104 176 216
6 334 80 152 216 350 80 184 224
21 318 88 136 216 358 96 176 200

— — T T a After reconstitution of usw-PSII with MSP (9 mol of MSP/mol of

0 2 4 6 8 10 PSIl) at 20 mM chloride or 100 mM chloride at room temperature,

mol MSP / mol PSII oxygen evolution rate was measured by taking aliquots during incuba-
tion of samples on ice over a time period of 21 h.

40

Oxygen evolution rate and yield (%)
(11Sd lowy punog dSIN low) Butpuig 4SIN

110—*‘ R151D MSP

100 o e wMSPbinding [ 5 =
S ool L8 Table 2: Ky Values for sw-PSll Preparations (Containing
;j ] =2 Wild-Type MSP) and usw-PSlI Preparations Reconstituted with the
L 80 r 2 R151G, R151D, or R161G Mutant MSP (10 mol of MSP/mol of
T 70 B ] weMSPactiity I € PSIIp
. 2
g %7 C = Kw (mM)
S 50+ 1 % "
£ ] o sample Ct ca
2 40 -2
% { l 2 sw-PSlI 0.41 0.27
5 7 C o5 usw-PSIi+ R151G 2.60 0.22
> 201 = L ?—U usw-PSIl+ R151D 2.20 0.17
ST L2 usw-PSIl+ R161G 1.50 0.22

o] Fo a Constants were determined from €volution rate plotted against
6 8 10 increasing concentration of calcium or chloride.
mol MSP / mol PSII
e | mM C&" and 20 mM Cf, while the reconstitution mixture
110 R161G MSF | — 0 for the experiment with G4 contained 10 mM C4d and
100 o= === = mmm e ‘f’{"_w_S_P_é' Bg'f 9 ] Lo

110 mM CI. The dependence of volution activity of
reconstituted samples on the Ctoncentration was per-
formed under the same conditions as those described above,
except that Cl concentrations ranged from 8@®/1 to 100

mM; Ca&" was held constant at 20 mM. The increase ip O
evolving activity of reconstituted samples by added'Geas
measured at a constant @oncentration (100 mM), the €a
concentration ranging from 4Q@M to 20 mM. The extent

wi-MSP activity

Oxygen evolution rate and yield (%)
T
(11Sd low / punog SN low) Buipuig dSIN

207 / r of rebinding of the recombinant protein to usw-PSIl was

17 C determined by SDSPAGE. To eliminate the possibility of

. : : . e binding artifacts related to unbound MSP, reconstitution
0 2 4 6 8 10 mixtures were centrifuged (1206@or 10 min at 4°C). The

mol MSP /mol PSIT pellet was resuspended in 800 of the SMTC buffer and
Ficure 1: Recovery of @ evolution activity by usw-PSIl mem- Centrifuged again at 2C for 10 min. This pe”et was

branes reconstituted with R151G, R151D, and R161G MSP, : h
respectively. Circles: binding curves. Squares: e@olution rate. resuspended in 60L of SMTC to a concentration of 1 mg

Triangles: Q evolution yield plotted as a function of moles of of Chl/mL. The UN-SCAN-IT program was used for
MSP added to reconstitution mixtures. Oxygen rates and yields wereestimation of the amount of MSP bound to PSII by
assayed for 1 and 4 min of continuous illumination, respectively. integration of the Coomassie-stained MSP bands. A sw-PSil|
Se{[ri?/ﬁlez f"‘fsrv‘?/ g}gﬂnvs\ltfiitsutglﬁt)i?arétaetéof??mt??epEe;z:at‘it\llji;i%SR;sri‘gg(a).lr] sample was used as the 100% control. The Coomassie-stained
ac - - . .
stitute)él samples. 100% of activity corresponds to the activity of 47 kDa pr_otem was used _as an internal standard to correct
sw-PSII sample (308400 zmol of O, (mg of Chi)y h-1). Points for errors in loading protein samples on the gel.
are av?]ragestof—ss inttil]epe?dednt 3X%e”m$_”t57 g”?tﬂgje ‘g;iﬁgljbegﬁd UV and CD Spectroscopy and Size-Exclusion Chroma-
at eac oin ve e Standar eviation. bottedq, , : H :
dotted-de{)shed ?ines show saturation of the wild-type MSP activity tography.Recombinant MSPs were dialyzed |r_1 10 mM_J_ﬁH
and binding at 2 mol of MSP/mol of PSII. PO, buffer (pH 6) and used for spectroscopic experiments
as described in ref43 and 26. Mutant proteins in SMN
was added to obtain 20 or 100 mMGh the reconstitution buffer (0.4 M sucrose, 50 mM MES (pH 6), and 10 mM
mixture. To determine the €a and CI Ky values, Q NacCl) were used for gel filtration experiments as described
evolution activity of the reconstituted samples was measuredin ref 26. Molecular mass values are reported as the average
with varying concentrations of Gaor CI~ (Table 2). The of 4 or 5 experiments for each mutant with maximum error
reconstitution mixture for the Clexperiment contained 10 of +1.3 kDa.
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RESULTS and amplitude of the peaks in the spectra shown here indicate
) ) that the local environment of aromatic amino acids in the
Functional Integrity of R151(GR1510 and R161G MSP |, tants has not been altered.

MuFants.RlSl and R161 are fully conselrved amino acid Wild-type MSPs from spinach and other eukaryotes have
residues located near the middle of the primary sequence ofy single Trp residue at position 241 in their primary

MSP. Figure 1 presents data on reconstitution of usw-PSIl goqyences; this residue is buried in a hydrophobic environ-
membranes with the three Arg mutants. Binding curves ,ant (L2). Near-UV CD spectroscopy monitors changes in
(circles) show that all of the mutants had lower PSII binding ihis domain at the MSP C-terminus. because Trp241 gener-
affinities than did wild type. At 2 mol of MSP/mol of PSII,  4ia5 5 major peak at 292 nm in thé near-UV CD spectrum
1-1.3 mol of mutant protein was bound to the usw-PSIl ¢ wild-type MSP. In theory, the eight Tyr of spinach MSP
preparations, as compared to the 2 mol of wild-type protein ¢4, contribute to the spectrum’s second major peak at 285
that rebinds to usw-PSll, indicated by the dashed lines for y 1yt only those residues that are in hydrophobic environ-
100% activity in the figure. When higher protein concentra- ‘ments make major contributions to the near-UV CD spectral
tions were used in reconstitution experiments, gradual peak. Phe peaks, centered at 258 and 266 nm, are less
saturation of binding was observed; maximum binding t0 \,5nounced than the Tyr and Trp signals in the wild-type
the usw-PSlI samples used in these experiments occurred ahear-yv CD spectrum, and originate from the Phe residues
about 2 mol of MSP bound, after incubation of 10 mol of gjstributed over the MSP domains that are solvent inacces-
an Arg mutant MSP/mol of PSII in a reconstitution mixture.  gjpje (12). Comparison of near-UV CD spectra of wild type

None of the mutant proteins exhibited nonspecific binding \yith the near-UV CD spectra of R151G, R151D, and R161G
when this was assayed using intact PSIl membranes (see refyoyiq detect structural changes that occur mainly in the

13, data not shown). The Qevolution assays presented in ¢ _terminal hydrophobic region of the protein. Figure 2B
Figure 1 show that even though up to 2 mol of mutant MSPs presents near-UV CD spectra of wild-type MSP and of the
can be rebound to PSII, none of these mutant proteins aréarg mutants. As can be seen, the spectra of wild type and
capable of restoring high Iev;els of activity. The R161G mtant MSPs are very similar, indicating that the tertiary
mutant reconstituted about 40% of the contreleolution  gycrural elements of the mutants that are monitored by these
activity, while R151G and R151D restored only about 20% ~p signals have not changed compared to the wild-type
of the control activity (Figure 1). The activity of a sw-PSIl  y4tein (Figure 2B). The secondary structure content of the

preparation assayed under the same conditions was used a3, ,tants was characterized by far-UV CD spectroscopy (see
the control. None of the mutants were cold-sensitive (data (of 26 data not shown). The results of these experiments
not shown), a phenomenon previously observed with the jygicate that there have been no significant changes in the
MSP mutant V235A %7). The binding and functional  secondary structurenthelix, f-sheet) contents of the mu-
behaviors of these mutants are somewhat similar to those ofi3ts  relative to the contents of wild-type MSP. Taken
two C-terminal mutants of MSP, L245E, and L245@ (which (gether, the results presented here suggest that, in solution,

replaces the leucine codon with a stop codon). Theser151G R151D, and R161G retain the secondary and tertiary
C-terminal mutants have a greatly expanded solution struc-¢ir\,ctural characteristics of the wild-type MSP.

ture that suggests that they are less compact in solution than o \in Cluster Remains Stable in Reconstituted Samples.
is the wild type {4). To examine the possibility that @ |, the apsence of MSP, high (00 mM) CI- concentrations
modified solution conformation is responsible for the defect stabilize the PSIl Mn cluster and ,Cevolution occurs,

created by these Arg mutants, the soIl_Jtion structures of although at a lower rate2g). For the experiments shown in
R151G, R151D, and R161G were examined more closely. Figure 1, examination of the functional behavior of mutant

Structural Characterization of Arg Mutant&el filtration MSPs rebound to usw-PSIl membranes was carried out in
analysis of MSP and its several mutants has shown that thethe presence of 110 mM CI Nevertheless, the binding
wild-type protein exhibits a much larger (340 kDa)  curves shown in Figure 1 indicate that Arg mutants have
molecular mass than would be predicted from its amino acid jowered PSII binding affinity compared to the wild-type
composition (26.5 kDa). When this analysis was applied to protein. This loss of @ evolution activity in samples
the Arg mutants, it was found that R151G, R151D, and reconstituted with the Arg mutants could therefore be
R161G exhibited apparent molecular masses of 36.1, 36.3,interpreted as the consequence of disintegration of the Mn
and 35.7 kDa, respectively, which is similar to the apparent cluster, combined with a slow loss of Khatoms from the
mass of wild-type MSP26), indicating that site-directed  OEC. To test this hypothesis, usw-PSIl reconstituted with
mutagenesis of these Arg residues did not cause a drastiR151G or R161G at 20 mM or 100 mM Ctoncentrations
change in the overall size of the protein. were placed on ice in the dark and assayed foe@lution

The UV-absorption spectra of proteins can monitor the activity over a period of 21 h. The activities of sw- and usw-
local environment of aromatic amino acid residues. Modi- PSIl membranes were taken as the controls. If the low PSII
fication of the hydrophobicity of this environment is binding affinity of Arg mutants is responsible for release of
manifested as an alteration in the amplitude, or as a blueMn atoms from the OEC that leads to a decrease in activity,
shift of the characteristic absorption peaks. Among the samples reconstituted at a low Ctoncentration should
features of the UV spectrum of wild-type MSP are a shoulder exhibit a decrease in activity after incubation on ice for
due to Trp at 293 nm, a Tyr peak at 276 nm, and two small, several hours, when compared to samples reconstituted with
broad peaks at 259 and 266 nm arising from Phg. (Any high concentrations of Cl The data in Table 1 show no
significant change in the mutant’s solution structure could significant decrease in activity of any samples reconstituted
affect these spectral features. Figure 2A shows UV spectrawith R151G or R161G mutant proteins at 20 mM~Cl
of wild-type MSP and the Arg mutants. The similar position compared to 100 mM Cl The same result was obtained
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FiGure 2: (A) UV-absorption spectra of wild-type MSP, R151G MSP, R151D MSP, and R161G MSP. Spectra are showmubr 10

protein in 10 mM KHPQO, buffer, pH 6. The experimental conditions were as follows: path length, 1 cm; temperatut€; 8ample

volume, 1 mL; scan width, 316240 nm. (B) Near-UV CD spectra (protein solution minus buffer) of wild-type MSP, R151G MSP, R151D

MSP, and R161G MSP. Spectra are recalculated on the basis of the protein concentration. The experimental conditions were as follows:
path length, 1 cm; temperature, 26; sample volume, 1 mL; scan width, 32250 nm; time constant, 1 s; bandwidth, 1 nm.
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with R151D (data not shown). As the table shows, a usw- mutant MSP proteins, although lower than the control, is
PSII sample, depleted of MSP, also retains activity in the stable for long periods of time at a Ctoncentration at or
presence of 20 mM Clover the same time period. This near the minimum required to stabilize the OEC. It is
result is different from that obtained by Miyao and Murata therefore likely that destabilization of the OEC Mn cluster
(28), who observed a decrease in €volution activity of is not responsible for the decreased activity of PSIl samples
MSP-depleted PSII samples afté¢ h of dark incubation. reconstituted with the mutant proteins.

However, these authors used 10 mM rather than 20 MM Cl  Reconstitution and Aclity Assays with Varied Concentra-

in their experiments to test the stability of the Mn cluster. tions of C&" or Cl~. The effect of Arg mutations on retention
An attempt was made to lower the Ctoncentrations in  of C&" and Cl was also characterized in experiments where
PSII samples, but the washing step required to accomplishusw-PSIl membranes were reconstituted with R151G, R151D,
Cl~ depletion resulted in activity losses in all sampM#hen or R161G MSPs, and fevolution was assayed in the
an experiment was carried out in which the usw-PSIl presence of varying concentrations of ?Car CI~ (for
membranes were diluted with 400 mM sucrose and 50 mM experimental details, see Materials and Methods). In the case
MES (pH 6) to attain a final Cl concentration of 10 mM,  of C&", all samples assayed have about the same requirement
an inactivation of usw-PSIl membranes was observed overfor the metal, although the data in Table 2 show that the
a 6-h period, in agreement with the results reported by Miyao Ca&" Ky, is slightly lower for the mutants than it is for the
and Murata 28). Therefore, the results presented in Table 1 wild-type protein. This phenomenon can be explained by
indicate that the activity reconstituted by the recombinant removal of a positive charge from the MSP sequence. A
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o~ 300] and no nonspecific binding to PSIlI was observed. When
_f ;Zg about 2 mol of the protein was bound to PSIl, R161G
S5 om0 restored 40% and R151G and R151D reactivated only 20%
2 220 . _ of the control activity. This functional behavior is somewnhat
S fgg / different from what was observed with Arg mutants of
S 460 a cyanobacterial MSP by Motoki et al2%). They reported
£ 0] v—"7 """ that theS. elongatusnutations in R152 (R152Q) and R162
= 120- / o e (R162Q) (which are homologous to spinach residues R151
f I ——e<o and R161) caused lower PSlII binding affinity, but that these
5 60 v/v/ « proteins also exhibited significant nonspecific binding to
% 404 v /3 / PSIl. Both mutants reconstituted 1&8% of the control
& o] L= activity (25). Comparison of the activities reconstituted by
o 0 , . i . . . . . i the mutants described in this study with those reported in
0 1 2 ref 25 reveals that the R162Q mutation in cyanobacterial
log,, [CI'] (mM) MSP had a greater deleterious effect on activity than did
FIGURE 3: O, evolution activity of sw-PSIl membranem), usw- R161G in spinach MSP. This would indicate that disruption

PSII membranes (solid sideways triangle), and usw-PSIl membranesof the single copy of MSP that is present in prokaryo&s{
reconstituted with R151G MSH®), R151D MSP ©), or R161G 93 js more critical than is the defect caused by the same

MSP (¥). Activity is plotted as a logarithmic function of increasing P : : -
concentrations of chloride. The &aconcentration was held mutation in spinach PSII, where the experimental evidence

constant at 20 mM. Samples were reconstituted with 20 mM CI  SUpports the presence of two rather than one copy of MSP
for 1 h at room temperature. Points are the averages of two (33—35). In the case of the Arg residues targeted for

measurements. mutagenesis in this work, the corresponding Arg residues,
R152 and R162 of. elongatusMSP, are positioned about
different result was obtained, however, when the effect of g—10 A from Glu 310 and Glu 307 or Asp308 of D2,
CI™ was investigated. Data in Figure 3 show that wild-type respectively, and R152 is abos A from E65 on D1,
MSP has a Cl Ky of 0.41 mM (see Table 2). The Arg  according to the crystal structure of Ferriera et a2, 32).
mutants, on the other hand, require more than 10 MM CI |t these distances are confirmed by higher resolution
to reach maximal rates of Qevolution (Figure 3). The  stryctures, then it is unlikely that either of these arginyl
R161G mutant has a CKy almost four times higher than  resjdues is involved in H-bonding or salt-bridge interactions
wild type (1.5 mM). Mutants R151G and R151D hakg with the intrinsic subunits of PSII. It is possible, given the
values about six times higher than the wild type (2.60 MM presence of two copies of MSP in higher plant PS8
and 2.20 mM, respectively), and they exhibit similar 35 that different functional responses to the replacement
responses to increasing concentrations of Bigure 3and 4t 3 conserved Arg site in prokaryotic and eukaryotic MSP
Table 2). These results indicate that the mutations at R151¢oyld be a consequence of differences either in prokaryotic
or R161 produce MSP species whose defect in binding to and eukaryotic organization of PSII and/or of some subtle
PSIl also produces a defect in"Gbinding to the OEC. structural differences between prokaryotic and eukaryotic
MSP.
DISCUSSION When the spinach MSP mutants were examined for
Manganese-stabilizing protein contains a large number of structural alterations, none of the methods used revealed
conserved positively or negatively charged amino acid modifications to secondary structure or to the elements of
residues, a feature that is one of the characteristics of nativelytertiary structure that can be monitored by Yuis or near-
unfolded, or intrinsically disordered protein8—<11). The UV CD spectroscopies. Gel filtration results are consistent
charged amino acid residues in MSP could have severalwith the spectroscopic data. These results are in agreement
functional and structural roles. Repulsion forces between with the conclusions of Motoki et al26), who found that
negatively charged residues on the protein surface mightthe near- and far-UVv CD spectra of the R152Q and R162Q
prevent aggregation under conditions where MSP would be mutants ofS. elongatusvere similar to those of the wild-
present at high concentration in the chloroplast lumen, wheretype protein. Thus, if mutagenesis of the homologous Arg
the pH is near thelpof MSP (d = 5.2 (29)). Both positive residues in spinach or cyanobacterial MSP generates a
and negative charges in MSP have been identified as potentiaktructural change in the proteins’ solution conformations, this
participants in the electrostatic intra- or intermolecular change must be relatively subtle to escape detection by the
interactions within MSP or between MSP and P34, (30, techniques used here.
31). The charged residues D158, D222, D223, D224, H228, For S. elongatudMSP, it was proposed that R152 and
and E229 of MSPThermosynechococcus elongatusnber- R162 participate directly in an interaction with PSB5],
ing) have been proposed to participate in a hydrophilic proton possibly in a charge-pair interaction, and that this is
channel between the OEC and the thylakoid lun&®).( responsible for the observed disruption of activity associated
In this work we present data on a functional role of the with these mutants. Such interactions are not apparent in the
conserved Argl51 and Arg161 residues in spinach MSP. Ourstructure ofT. elongatus?Sll at the current resolutior22),
results show that Gly or Asp mutations in R151 or a Gly and it is also unclear from the crystal structure why these
mutation in R161 affects the protein’s binding affinity for cyanobacterial Arg mutants would cause nonspecific binding
PSIl, as well as its ability to restore,@volution activity. of MSP to PSII. Because the data on the spinach MSP Arg
Binding of about 2 mol of a mutant MSP to PSII required mutants show only less efficient, rather than nonspecific,
almost 10 mol of MSP/mol of PSII in reconstitution mixtures, binding, it is possible that the defect in activity in the spinach
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Mutagenesis

of R151 or
R161in MSP
e  —
0
Wild type MSP Arg mutant MSP

Ficure 4: Hypothetical model of the CP43VSP—CP47 interface in spinach PSII, showing wild-type MSP (left) and MSP Arg mutants
(right) (barrels with flexible curves) bound to the CP43 and CP47 E loops. The model proposes that mutations in R151 or R161 induce a
defect in proper refolding of MSP when it binds to PSII, which results in lower affinity binding of these proteins to their sites in PSII. This
defect in binding and refolding could lead to lower retention of chloride in the vicinity of the Mn cluster. Positions of the mutated residues
G(D)151 and G161 in MSP are shown in the model on the right. Mn clus$jelCg2" (@); Cl~ (O). Graphics were constructed using the
Rhinoceros 3.0 (evaluation version) and MS PowerPoint 2003 programs.

system is linked to modified binding to PSII of one or more PSII centers found in the wild-type strain. For both mutants,
of the inorganic cofactors, Mn, €3 or CI-, of the OEC. the authors hypothesized either that the basic residues R448
The results of the experiments presented in Tables 1 and 2and K321 form a Cl binding domain close to the OEC active
and Figure 3 indicate that none of the Arg mutations had a site or, alternatively, that mutations in these residues induce
detectable effect on Mn binding or on retention of?Ga  a conformational change in CP47 that disrupts a distant Cl
instead, Ct retention by the OEC is negatively affected. binding site 88, 39). Mutants reported in re#0 carrying
Determination of the Cl Ky value for the R161G mutant either deletion or random mutation in the D44@447 region
gives a value about four times higher than wild type, and of CP47 grew poorly under Cllimiting conditions, and
the R151G and R151D mutants hakg values about six  exhibited photoinhibition under normal growth conditions.
times higher than that of wild type. These results clearly An increasing concentration of Cin the growth medium
indicate that replacement of arginyl residues with Gly or Asp could, to some extent, compensate the €quirement. The
in spinach MSP has an effect on the protein’s ability to authors of this study suggested that these mutants were
facilitate retention of Cl in the OEC. The fact that relatively  deficient in CI" binding @0). The basic residues K321 and
minor perturbations of Ca binding are observed in the R448, as well as the region enclosed by D4#347, are
presence of rather substantial changes in thekGg with localized in the large extrinsic E loop of CP441j. In
these mutants would suggest that the binding modes of thespinach PSII, this loop was shown to interact with a domain
two cofactors must be different. This is consistent with the of MSP that includes the N-terminuéd). The cyanobacterial
isotope labeling experiments of Lindberg et &@6) and crystal structure, on the other hand, predicts an interaction
Adelroth et al. 87), who found that removal of the 23 and of the E loop of CP47 with the flexible loop of MSP that is
17 kDa polypeptides caused rapid exchange of ®hereas localized near the middle of its primary sequen2g)If
C&" could be retained by PSIl. Removal of MSP was the mutations in the E loop of CP47 that are described in
required to abolish the PSII €abinding site, an observation  refs 38 and 39 induced a conformational change in its
that was attributed either to an effect on the binding site itself structure, this change could in theory disrupt an interaction
or, alternatively, to removal of a diffusion barrier between with MSP.
the C&" site and the bulk medium. Upon binding to PSII, MSP is predicted to gain additional
Mutagenesis of basic amino acid residues in the sequences-sheet structure4@), and therefore it has been proposed
of the large extrinsic “E” loop of CP47 @ynechocystis 6803 (12, 14) that MSP interacts with PSIlI in a two-step
also affects Cl retention by the OEC. Putnam-Evans et al. mechanism. According to this proposal, MSP first binds to
(38, 39) examined site-directed mutants R448G and K321G PSII and then, in a second step, undergoes some refolding
of CP47, and Tichy and Vermaa&(j studied combinatorial  at its binding sites on PSII. It is possible that the refolding
mutants in the region D440P447 of CP47. The results of MSP that creates the tightly bound form of the protein
reported in refs38 and 39 showed that, in the presence of also facilitates formation of a structure that facilitates Cl
standard Cl concentrations used to culture wild-type cells, retention (see Figure 4wvild type). The alternative, that
R448G grew at a rate that was about 50% of the control, removal of a single positive charge on MSP disrupts an
while the K321G mutant strain exhibited the same growth electrostatic interaction between the protein and €éems
rate as the control strain. Neither mutant was, however, ableunlikely, because the experimental evidence assigns the CI
to grow photoautotrophically under Climiting conditions. binding site at or near the Mn cluste44). It also seems
Under these conditions, R448G failed to assemble PSII unlikely that Arg residues on MSP or on CP47 that are
centers, while K321G assembled about 50% of the functional separated from one another could collectively form a binding
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site for the one Cl that is associated with the active site of

the OEC in such a way that mutagenesis of one Arg residue

(this work, 38, 39) could affect the site that binds the one
Cl~ atom that was detected in the OEC active si8).(We

would propose a hypothetical model to describe events at
the CP43-MSP—-CP47 interface after the replacement of
R151 or R161 in spinach MSP, which is shown schematically
in Figure 4. The Arg mutants retain the wild-type solution
structure, and their MSP N-termini, a determinant for the

first binding step 13), remain intact. Because they exhibit a
lower PSII binding affinity than does the wild type, we

hypothesize that replacement of arginyl residues in spinach

MSP could impair the second step of the MSPSII binding

and assembly process, fully functional refolding of the
protein after its docking to PSII. As a result, improperly

refolded MSP could lead to less efficient retention of @I
the Q-evolving complex (Figure 4, Arg mutants). The

similar defect that is induced by insertion of mutations into

the E loop of CP4738, 39) may also arise from defective
MSP assembly. Taken together, a disruption of the MSP

CPA47 interface by mutation in either of the interacting
proteins is likely to cause inefficient binding of Cto the
OEC active site.
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