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ABSTRACT. The photosystem-ll-associated 33-kDa extrinsic manganese-stabilizing protein is found in all
oxygen-evolving organisms. In this paper, we show that this protein undergoes pH-induced conformational
changes in the physiological pH range. At a neutral pH of 7.2, the hydrophobic amino acid residues that
are most likely located inside thiebarrel are “closed” and the protein binds neither?¥nor C&" ions.

When the protein is transferred to a solution with a slightly acidic pH of 5.7, hydrophobic amino acid
residues become exposed to the surrounding medium, enabling them to bind the fluorescent probe 8,1-
ANS. At this pH-induced open state, ¥hand C&" bind to the manganese-stabilizing protein. The pH
values used in this study, 7.2 and 5.7, are typical of the pH found in the thylakoid lumen in the dark and
light, respectively. A model is presented in which the manganese-stabilizing protein undergoes a pH-
dependent conformational change that in turn influences its capacity to bind calcium and manganese. In
this model, the proton-dependent conformational changes of the tertiary structure of the manganese-
stabilizing protein are of functional relevance for the regulation of substrate (water) delivery to and product
(proton) release from the water-oxidizing complex by forming a proton-sensing proton-transport pathway.

Photosynthetic water oxidation takes place at a manganesethe CI- concentration is sufficiently highe}. At lower CI-
containing complex associated with photosystem Il (PS5 IlI) concentrations, two of the four manganese atoms are released
(1, 2). In higher plants and cyanobacteria, at least six intrinsic from PS Il (7). Removal of the MSP also affects the turnover
proteins (D1, D2, CP47, CP43, and the two subunits of and stability of the higher redox states of the water-oxidizing
cytochrome b559) are required for the oxygen evolution complex (WOC) 8). PS Il, lacking the MSP evolves oxygen
activity (3). Furthermore, the extrinsic 33-kDa manganese- only at low rates, is susceptible to donor-side photoinhibition
stabilizing protein (MSP) has been studied since its discovery and requires nonphysiological levels of calcium and chloride
20 years ago with respect to a possible functional and/orions for activity @, 9, 10). Thus, the MSP is an important
structural role in PS Il (see ref for a review). The MSP,  constituent of a fully intact WOC and essential for stabiliza-
encoded by the psbO gene, is present in all known oxygeniction of the functional manganese cluster. As was shown
phototrophs¥). Extraction of this protein from PS Il particles  recently, it is also involved in the regulation of water
by washing with a high concentration of CaGluppresses  oxidation via GTP bindingX1).
the oxygen evolution, but the manganese remains bound if The 3.5 A resolution X-ray crystal structure of a cyano-

bacterial PS Il provides a detailed picture of MSP bound to
"This work was supported by grants from VR, The Swedish the PS I corel2). The MSP faces the thylakoid lumen and

Foundation for International Cooperation in Research and Higher is orientated at about a 4@ngle relative to the membrane

Education (STINT), and the KEMPE Foundation. plane with the C and N termini on the lumenal side. The
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plantphys.umu.se. by cross-linking studies1@—15) and by analysis of the
zUmeé University. ) W241 emission propertiesl®). A structurally important
; ﬁgvsvs'\?gﬂfﬁi‘?\%?;’it‘)f Sciences. element of the MSP is the conserved disulfide bridge between
0 Linkdping Universit);/. C28 and C51 in the spinach sequence, corresponding to the

1 Abbreviations: ANS, 8-anilinonaphthalene-1-sulfonate; CD, cir- C19 and C44 residues ifhermosynechococcus elongatus
cular dichroism; Chl, chlorophyll; DCBQ, 2,6-dichlombenzoquinone; (17, 18).
DTT, 1,4-dithiothreitol; EDTA, ethylenediamine biséminoethyl . . . .
ether)N,N,N',N'-tetraacetic acid; FTIR, Fourier transform infrared The MSP is a protein of elongated shape with two major
spectroscopy; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic domains 19). Domain | is a cylinder composed of eight

acid; MES, 4-N-morpholino)ethanesulfonic acid; MSP, manganese- ; ; ; ;
stabilizing protein; PS Il, photosystem II; SDS, sodium dodecyl antiparallel$ strands, and its central part is occupied by

sulphate: Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol; Trp, tryp- hydrophobic amino acid residues. Do_main_ll is an e_xtended
tophan; Tyr, tyrosine; WOC, water-oxidizing complex. head, inserted betweghstrands, and it mainly consists of
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random coils and turns together with a distiochelix. The to Loll et al. 30) may reflect a difference between bacterial
apparent contradiction between extraordinary stability and and higher plant MSP.

flexibility of the MSP can be explained by the existence of  The functional implications of CGa-induced structural
one rigid “solid” part of MSP (domain 1) and one flexible changes of the MSP remain unclear. Heredia and De Las
“liquid” part (domain Il). Thes barrel (domain I) is avery  Rivas @8) proposed that Ca-induced structural changes
stable structure that is unlikely to differ whether the protein of the MSP may facilitate its binding to PS II. Kruk et al.
is free in solution or associated with PS Il. In contrast, the (29) proposed that G4 bound to the MSP is different from
hydrophilic loops (domain I) are stabilized by the interaction the C&" of the Mn,CaQ, Cuban cluster of the oxygen-
with other PS Il proteins and are more flexible in the absence evolving center. The Ga bound to MSP would then not be
of those interactions, i.e., when the protein is not associateddirectly involved in the photosynthetic oxygen evolution,
with PS II. A recent NMR study on overexpressed isolated although it may indirectly affect this process by influencing
MSP from cyanobacteria?(Q) also confirms that the MSP  the conformation of the MSP.

consists of two well-defined parts. Up to 40% of the protein,  gequence analysis shows that the EB304 region of
probably corresponding to domain II, has a high degree of \sp from spinach is homologous to the2Cinding motif
flexibility on the pico- to nanoseconds time scale as was f “E-F hand” proteins31), although the helixloop—helix
shown by NOE NMR data20). In the same study, the  fo|ding typical of “E-F hand” proteins is missing in the MSP
authors pointed out that it is remarkably stable being exposedigtiary structure12). In addition, Heredia and De Las Rivas
to different temperatures and pH values. Under illumination, (2g) recently found a similarity to the PRPSITE ps00330
the lumen becomes acidi@). When the light intensity  hemolysin-type Ca-binding motif (D-x-[LI]-x(4)-G-x-D-x-
increases, the rates of electron transfer and proton releas¢ |1-x-G-G-x(3)-D) sequence starting at D97 of the spinach
by PS Il become greater, resulting in a substantial acidifica- \jSp. Hemolysin-type calcium binding occurs in parallel

tion of the thylakoid lumen that may damage the WOC and g.rq| structures that may have similarities to the MSP tertiary
lead to subsequent release of mangan28g Although it structure.

has been speculated that thebarrel of the PsbO protein
provides a proton/water channel to the oxygen-evolving th
complex (OEC) 23), De Las Rivas and Barberl9)
suggested recently that this is unlikely becauseftivarrel
of PsbO is essentially solid with a hydrophobic inside.
However, the authors proposed that a proton/water channel\ATERIALS AND METHODS
may be present outside tfiebarrel starting at D+D61 and
then proceeding along a hydrophilic pathway on the MSP. Isolation and Purification of the MSHRS Il membrane
It may consist of the D158, D222, D223, D224, H228, and fragments were prepared from spinach or pea leaves accord-
E229 residues facing into the lumen. Proton-dependenting to the procedure of Berthold et al33) with some
structural properties of the MSP were analyzed with respect modifications. The MSP was isolated from PS Il membranes
to a decreasing lumenal pH upon illuminatiop4( 25). by salt-washing in two steps: first with 50 mM MES-NaOH
Acid—base titration of the MSP demonstrated a characteristic (pH 6.0), 400 mM sucrose, and 1.5 M NaCl to remove 18-
hysteresis effect that is unique to the MSP and is ac- and 24-kDa proteins (NaCl-washed BBYs), followed by
companied by an increased accessibility to the hydrophobicwashing with 20 mM Tris-HCI (pH 9.0) and 1.5 M KCI
core of the protein at lower pH. The near-UV circular including a proteinase inhibitor cocktail (Complete, Roche).
dichroism (CD) of the MSP is altered at a lower pH, while After centrifugation at 400a9for 20 min, the supernatant
the secondary structure remains virtually unchanged. Hencewas concentrated by ultrafiltration in an Amicon ultracen-
the MSP changes its tertiary structure upon acidification of trifugal filter device (10 MWCO membranes) resulting in
the aqueous environment but not its secondary structure. Theapproximately 70% of recovery after ultrafiltration. The
existence of distinct and stable, proton-dependent confor-concentrated protein was dialyzed overnight against 20 mM
mational states24, 26) also reflects high flexibility of this MES-NaOH buffer (pH 6.5) containing 30 mM NaCl and
protein with a putative functional relevance for photosyn- further purified by chromatography on a Mono-Q column
thetic water oxidation. (Amersham, Biosciences). The MSP purification was con-
Metal ions affect the structure of MSR sitro. Calcium  ducted rapidly at+5 °C to minimize protein degradation.
and lanthanides induce a relative decrease of the unorderednsoluble material was removed from the sample by cen-
structure angd sheet and a substantial increase ofateelix, trifugation (3000@, 15 min). The protein purity was checked
as was shown by FTIR spectrosco@f). In contrast, ina  on SDS/urea/PAGE using a mini-gel system (Bio-Rad
recent study, the same approach demonstrated thaf the Laboratory) combined with Coomassie stainiBg, 34). The
structure is replaced by random coil (48 versus 38% of the electrophoresis was run with 2@y of protein loaded per
B structure), while thex structure is not affected when €a  lane, which corresponds to approximately a 10-fold excess
is added 28). No significant changes of the secondary to detectimpurities. The protein concentration was spectro-
structure in the presence of €&dons were found by Kruk ~ photometrically determined at a wavelength of 276 nm using
etal. £9), although CD spectra were affected by the presencethe extinction coefficient of 16 mM cm* as described by
of C&* or lanthanides. In the same study, a red shift of the Eaton-Rye and Murate3) and by the staining procedure
tryptophan emission maximum was found, indicating calcium- developed by PIERCE (BCA protein assay).
induced unfolding of the MSP. In contrast, no changes of The unfolded state of the MSP for control CD measure-
the cyanobacterial MSP secondary structure were observednents was achieved by reduction of the ontySSbridge in
by FTIR or CD in the presence of €aions, which according  a 1000-fold (mol/mol) excess of DTT. The apo form of the

In this study, we present evidence for a model in which
e MSP undergoes a pH-dependent conformational change
that in turn influences its capacity to bind calcium and
manganese ions.
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protein was obtained by a two-step dialysis procedure, first A L L
against a buffer containing 20 mM MES (pH 6.5), 50 mM "or M
NaCl, and 5 mM EDTA and, second, against the same buffer |
without EDTA. Calcium and manganese were determined
using a PerkirElmer 4100 ZL atomic absorption spectrom-
eter with Zeemen background correction. Samples were
diluted in 1% acetic acid prior to analysis.

Spectroscopic Measurementteady-state fluorescence
experiments were conducted using a FluoroMax spectrof-
luorimeter with DM 3000F software (SPEX Industries, Inc.)
and a custom-made spectrofluorimeter with registration from
the front surface of the cell with some modificatior&6)
After correction for instrument spectral sensitivity, the
intensities were proportional to the number of photons
emitted in each wavelength interval. The bandwidth for both
excitation and emission light did not exceed 2 nm. The |
protein concentration in fluorescence experiments wa3 1 0.9
uM. In measurements of intrinsic protein fluorescence, the ] ol
excitation wavelength was 280.4 nm and emission spectra q o8} “‘A,‘ %o
were recorded from 290 to 400 nm for each temperature. = 1 . 3
The area under the spectrum was normalized to a maximum <€ 07 “a "'4- 7
value of 1.0 and plotted against the temperature in Figure 1. ] an ]
The fraction transition curves were calculated for tryptophan | 2, ]
emission at the single band of wavelengths between 346 and osl h- |
350 nm. The cuvette was maintained at a given temperature ] .4:3' ]
using a circulating water bath (Fisher Scientific). For 04 -
8-anilino-1-naphthalenesulfonate (ANS) fluorescence experi- o 20 30 20 = e0 70 80 s 100 110
ments, ANS was added to the buffer to a final concentration o
of 0.2 mM. The excitation and emission wavelengths used Temperature;C
were 395 and 487 nm, respectively. Absorption spectra of Ficure 1: Temperature dependence of intrinsic fluorescence of
protein samples were recorded on a MPS-2000 spectropho-isolated MSP at pH 7.2 (A) and 5.7 (B). No addition, red circles;
tometer (Shimadzu, Japan). CD spectra in the UV region I the presence of 2 mM Cag£lblue squares; and in the presence

. . . of 2 mM MnCl,, green triangles. For a more clear comparison, the
were monitored with a Jasco J-800 spectropolarimeter at theinset shows the temperature dependence of intrinsic fluorescence

optical path length of 1 mm. Calibration was carried out using of MSP without additions at pH 7.2 and 5.7 also shown in A and
a freshly prepared solution ofcamphor-10-sulfonate. The  B. Protein samples (0.3 mg/mL) were dissolved in 10 mM HEPES

protein concentration was 30M. Prior to the spectroscopic  buffer (pH 7.2) or 10 mM MES buffer (pH 5.7). The temperature

measurements, the protein was desalted by dialyzing againsr’as increased stepwise, allowing the samples to equilibrate at each
' emperature for at least 5 min. The temperature was monitored

10 mM phosphate buffer (pH 7.2) and 10 mM NaCl and jside the cell with a copperconstantan thermocouple. Fluores-

concentrated in an Amicon ultracentrifugal filter device (10 cence was excited at 280.4 and measured in the range between

MWCO membranes). 290 and 400 nm. All spectra were corrected for the instrument
The temperature gradient was performed stepwise allow- sPectral sensitivity. The standard deviation of three independent

. e ' Xperiments was in average 8.4%.

ing the samples to equilibrate at each temperature for at least

5 min. The temperature was monitored directly inside the whereQq is the ANS emission for apoprotein ai@ and

cell with a coppef-constantan thermocouple. Q. are the maximal changes in the spectroscopic probe
KOH Titration. After the pH was adjusted to the desired induced by binding events.

value, the concentrated and desalted protein was added to a The degree of binding was expressed as binding at two

2 uM final concentration. The KOH titration was made by independent binding sites

addition of small aliquots (23 uL) of 20 mM KOH. When
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the deprotonation equilibrium was reached (depending upon Kl[MeH] KQ[Me”]
pH, the time required varied from a few seconds to minutes), X=X +X,= >F - @
emission spectra of the samples were immediately recorded. 1+K[Me™] 1+ K;,[Me™]

Changes in pH were measured directly in the cuvette using

a pH electrode connected to a MP230 pH-meter (Mettler Where [Mé&'] is the total concentration of Me (Ca" or
TOLEDO). Mn?* in our case),[@bl;obx]and [@bX.[dbxIare the

degrees of binding, and; andK; are the apparent binding

Analysis of Metal-Binding Isotherm&hanges observed 2 o X .
Y d g constants for the first and second binding sites, respectively

in ANS fluorescence upon addition of €aor Mn2*, Qexp, 3
were assumed() to be proportional to the degree of metal (39.

P : . Light versus Dark Extraction of MSHA.he removal of the
binding. The experimentally observed ANS emissiQg .
is desgribed byp y ” MSP from PS Il membranes was done by two different

approaches: heat and pH treatments. Heat treatment of BBY
— 0.+ 0% + O 1 particles lacking th_e 18- and 24-kD_a extrinsic proteins (NaCl-
Qexp= Qo+ QX + Q2% (1) washed BBY particles) was carried out at 0.5 mg of Chl



MSP Binds C&" and Mr#* in a pH-Dependent Manner Biochemistry, Vol. 44, No. 46, 20095185

mL~t for 7 min at 45°C in a water bath. The medium : : : : :

contained 5 mM MES buffer (pH 6.5) and 200 mM sucrose, 120 A o
and the procedure was conducted either under illumination
or in darkness. The pH treatment was done at 0.075 mg of

Chl mL~*for 30 min at 10°C in a water bath. This procedure 0.8+ .
was conducted in a medium containing 20 mM buffer (MES 3

for pH 5.7 and HEPES for pH 7.2) and 0.1 M sucrose either

under illumination or in darkness. lllumination of the sample 0.4- 1

during both treatments was done as follows: the suspension
of NaCl-washed BBY particles was placed in a glass cuvette
in a water bath and illuminated with white light at 12thol

m~2 s7! in the presence of 0.1 mM DCBQ and 0.5 mM
FeCN. The dark sample was incubated under the same 0
conditions without illumination. After incubation at desired
conditions, samples were centrifuged and the pellet and
supernatant were analyzed separately on SDS/urea/PAGE and
Western blot. Immunoblotting was performed as described
in the protocol supplied by Bio-Rad Laboratories. Horserad- 0.8
ish peroxidase-labeled secondary antibodies and enhanced
chemiluminescence (ECL, Amersham Biosciences) were

used to detect the antiboghantigen conjugate. The protein 0.4
amount in gels and blots were estimated by the Gel-Pro
Analyzer (Media Cybernetics, Inc.) program after calibration.

RESULTS

Intrinsic Fluorescence of the MSR.was shown earlier 0 20 40 60 80 100
(16, 38, 39) that the MSP is characterized by rare fluorescent o
properties. Fluorescence by the only tryptophan residue Temperature,C
(W241), usually dominating in protein emission, is consider- FIGURE 2: Normalized curves of fraction conversian= G (JPq]-
ably quenched in contrast to tyrosine fluorescence. Therefore, JdMIP4] + [P2]) frx[talculated from the fluorescence intensity data

‘o . : shown in Figure 1. (A) MSP with no addition at pH 5.®@)(and
the emission spectrum of native MSP has a maximum at; , @®). (B) MSP at pH 5.7 without additioncY), loaded with 2

308 nm (tyrosine), while the fluorescence of W241 (with @ mm MnCl, (a), and 2 mM CaGl (m). The fraction of conversion
maximum at 330 nm) is revealed only as a should).( was calculated from the plots of temperature dependence of
Upon denaturation of the MSP, the tryptophan fluorescence emission intensity at a fixed wavelength as previously described
becomes dominant because of an increased distance betwed9-

W241 and the proposed quenching S bridge (6).

Figure 1A (red circles) shows that at pH 7.2 the fluores-
cence of the MSP (see the Materials and Methods) is ) e HIE .
characterized by a monotonic increase in quenching with an € random coil spectrum at 88, indicating that the protein
increasing temperature from 10 to @5. There are virtually 1S Not completely unfolded even at 96.
no changes in this melting curve if MnQR mM) or CaC} To obtain a more detailed analysis of the melting curves
(2 mM) are added before the measurements (green triangleshown in Figure 1, they were recomputed as fraction
and blue squares, respectively), except perhaps at the vengonversion curves using an approach described eadi@r (
highest temperatures. When the protein in the absence ofl he results of this analysis are presented in Figure 2. At pH
Ca&* and Mr?' is transferred to a medium at pH 5.7, its 7.2, the melting pointT) (corresponding to a 50% transi-
melting curve is altered in the region 285 °C, compared  tion) of the protein is near 75C or higher @ in Figure 2A
to at pH 7.2, while at the highest temperatures, the two and Table 1). It is difficult to make a more precise
melting curves differs slightly but in an opposite direction determination off, because the transition is not cooperative;
(compare the solid and open red circles in the inset of Figure it progresses over a broad range of temperatures and is not
1A). Notably, at pH 5.7, the thermal transition becomes complete even at 9%C. Similar T, values of 75-77°C are
sensitive to the presence of 2 mM Mn@ind 2 mM CaGl observed at pH 7.2 in the presence of Cand Mr#* (Table
(Figure 1B, green triangles and blue squares, respectively).1).

Upon the addition of Ca or Mn?* at pH 5.7, the melting At pH 5.7, the fraction conversion curve of the MSP is
curve becomes similar to the curve obtained for the protein even less cooperative than at pH 7.2 probably because of
at pH 7.2 in the region 2045 °C (compare parts A and B the mixing of several transition states: it takes place in a
of Figure 1). In the temperature interval 485 °C, the wide temperature range (more than“@), with aT, value
effects of added Ca and Mr?* are quite different: (1) Ca near 72°C (Figure 2A,0). The additions of C& or Mn?*
brings the curve back to the melting observed for the protein at pH 5.7 result in a considerable shift of the melting point
at pH 5.7 without additions, while (2) Mn shifts the melting to lower temperatures. In the presence of'Cand Mr?t,
curve to lower temperatures. The effect of addition of 2 MM the T, is 68 and 52C, respectively (Figure 2B8 and a).
MgCl, on the melting curve was very similar to that observed Besides, in the presence of metals, the transitions become
for 2 mM CaC} (data not shown). more cooperative.

0.0-

1.2+

0.0+

It is important to note that in agreement with a previous
report (L6) the emission spectrum of the MSP differed from
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Table 1: Melting PointsTn, °C) of Thermal Transitions of the 2
MSP E
conditions/ low-temperature high-temperature 5
transitions transition ¢C) transition ¢C)
pH 7.2, no additions a4 ?
pH 7.2,4+ C&* 75 ®
pH 7.2,4+ Mn2* 75 -
pH 6.5, no additions 7630) x
pH 6.0,+ C&* 56 (28) o
pH 5.7, no additions I3, 76 -
pH 5.7,+ Ca&*" 68, 70° ©
pH 5.7,+ Mn2* 522 68
2T calculated from the thermal transition monitored by intrinsic c
fluorescence® Ty, calculated from the thermal transition monitored by O
CD at 202 nm* Ty, calculated from the thermal transition monitored ;,
by CD at 293 nm. »
— 1S
- 1 T T T T T T T T T T T (]
o w
S Z 12 1 . 1 N ! . !
©0 < 4 5 6 7
o~ £ p H
(&) Ficure 4: Fluorescence emission intensity of ANS in the presence
o1k of 1 uM MSP as a function of pH. No additio®}, in the presence
s of 2 mM CaC} (O), and in the presence of 2 mM MngGln). The
o excitation wavelength was 395 nm, and the fluorescence emission
- was measured at 485 nm at 25. The change of pH in the range
4.0-7.5 was achieved by the addition of KOH to the protein
To -2} solution. See the Materials and Methods for details of the assay
- conditions. Error bars represent three independent experiments.
— ANS Fluorescence Measuremernitsis well-established
& 3 that fluorescence emitted by ANS can be used for monitoring
=or structural changes of proteins. The fluorescence of free ANS
in water solution in the absence of MSP is independent of
pH in the range from 3.8 to 7.8 (data not shown andi@f
In agreement with previous work4), we show that the

260 ' 2|10 ' 2|20 ' 2}30 ' 2&0 ' zéo addition of MSP at pH 3.8 leads to a 4.5-fold increase of
the ANS fluorescence. Subsequent addition of KOH aliquots
leads to a progressive decrease of the ANS emission (Figure
Wavelength, (nm) 4, O). This indicates that the hydrophobic core of MSP

Ficure 3: CD spectra of MSP in 10 mM phosphate buffer at pH responds to pH changes by opening at acidic pH and closing

5.7 recorded at 98C. No addition Q), in the presence of 2 mM . m ot
CaCh (W), and in the presence of 2 mM MnQla). The spectra at neutral pH. Without additions of €aor Mn?* ions, the .
represent three independent experiments. pH dependence of ANS fluorescence has a monotonic

character (Figure 40) reflecting the transition of the MSP
CD MeasurementsThe thermal unfolding of the MSP at  from an open to closed form with the pH increase. Upon
pH 5.7 monitored by CD at 202 nm was analyzed using a addition of C&" and Mr¥* to the MSP in solution, the pH
model described earlied{). The experimental results from dependence of ANS fluorescence intensity is considerably
three independent repetitions were fitted to this model, and altered (Figure 470 anda, respectively). In the presence of
the thermal unfolding of MSP was ascribed to a two-state 2 MM MnCl, the fluorescence begins to increase again at
transition. The midpoint of the thermal transition of the MSp @Pout pH 5.5, it reaches a peak at pH 6.5, and drops off
is at 72°C. The addition of C& or Mn2*+ ions shifts this again to the low value (Figure 4) seen in the absence of

value lower to 70 and 68C, respectively (see Table 1). metal additfions at abOllJtth 7.5 (Figured). Alllso in the
. . . resence of 2 mM Caglthere is an increase in fluorescence
In agreement with earlier studie3(; 42), the far-Uv CD P &

beginning at about the same pH as for MpQut unlike
spectrum of the MSP at 95C (Figure 3) differs from the g g b i

: for MnCl,, there is no peak or drop off in fluorescence
random coil spectrum. The unfolded state of the MSP was intensity at the higher pH values (Figure).

achieved only by reduction of the-$ bridge but not by Changes in the ANS fluorescence intensity measured at
heating to 98C (data not shown). These results suggesting pH 5.7 upon the addition of G4 or Mn?* were analyzed
that the MSP is not completely unfolded at 95. according to egs 1 and 2 to estimate the apparent metal-

The presence of Mt and C&* slightly changes the far-  binding constants. A comparison of isotherms fitted to the
UV CD spectrum of the MSP at both 25 and at %% but experimental results is presented as Supporting Information.
it remains distinct from the random coil spectrum. The calculations show that there are two binding sites for
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each metal in the MSP molecule at pH 5.7 with different A B | SDiD
affinity; one C&" binding site has an apparent binding s 1k
constant of~1® M1, and one MA" binding site has an

apparent binding constant efL0* M. A very low-affinity q"‘""

binding site with an apparent binding constantdf®® M1
is the same for both Ca and Mrt*t, which means that

binding at this site would occur only above physiological i

concentrations. Presumably, the apparent binding constant > - . > \

of ~10> M~ may reflect unspecific binding of Gato the

Mn2* binding site and M# to the C&" binding site. = s

Nevertheless, becauseZdinding induced changes of the —

MSP melting curve that were different from those induced

by Mn?* binding (compare green triangles and blue squares ; Wi

in Figure 1B), the presence of different binding sites fof'Ca ‘ =

and Mr?* is strongly suggested. T >
Light and Dark Extraction of M# and MSP from PS I 1 2 1 2

The results described above for MSP in solution raise the

question whether the low pH-induced conformational change C 100 4

followed by C&* and Mr#* binding by the MSP also occurs Bgﬂ‘t

when MSP is bound to the PS Il reaction centers? To
compare the ability of the MSP to bind Ninin its light
acidic and dark basic conformations, NaCl-washed BBY
particles lacking the 18- and 24-kDa extrinsic proteins were
exposed to darkness or light during extraction of MSP. The
light intensity and illumination time were considerably
smaller than those typically used in photoinhibition studies
(120 versus 1000 mol M st and 730 versus 36120
min). The low light intensity and the presence of exogenous 20}
electron acceptors in the reaction media mantain functionally
active PS Il reaction centers during illumination.

Figure 5 shows results obtained by light and dark extrac- MSP n
tion of the MSP by heat treatment of Na,‘C|'WaShed PS I Ficure 5: Extraction of MSP and manganese from NaCl-washed
membrane fragments. The SBBAGE profile of the pellet BBy particles by heat treatment. (A) Immunoblot analysis of the
after the heat treatment (Figure 5B) demonstrates that thesupernatant with antibodies raised against spinach MSP and (B)
33-kDa band corresponding to the MSP is less prominent in polypeptide profiles of the pellet after staining with Coomassie Blue.
the light-treated membranes compared to that of dark-treatedi-anes 1 and 2 are for extraction in the dark and light, respectively.

. . . .. (C) Amount of MSP and manganese remaining in PS Il membrane
_membranes. The intensity of all other protein bands is similar fragments after the heat treatment. Light samples, open bars: and
in the samples from both treatments. These data were furtheidark samples, hatched bars. Error bars represent three independent
confirmed by immunoblot analysis of the supernatant (Figure experiments. Equal amounts of samples on a Chl basis were used
5A). When heat treatment of NaCl-washed PS |1 membrane for SDS-PAGE. For more experimental details, see the Materials
fragments was carried out in light, the amount of MSP found 2"d Methods.

in the supernatant was greater than in the dark. It appears . o .
that, under illumination, the interaction of the MSP with s With the intrinsic and ANS fluorescence data (Figures 1, 2,

Il is weakened and that the heat extraction of the MSP is gnd 4), we found OU'V 0.1 MA/MSP at pH 72 afte_r either
therefore more efficient. Figure 5C depicts the quantification light or dark eitractmn, whereas after light extraction, there
of the MSP remaining bound in the pellet (left axis and left were 1.24 MA /M_SP at pH 5'7: Because of the very small
bars) after the heat solubilization of MSP shown in Figure amount of protein extracted in the dark at th's PH, the
5B. The amount of remaining bound MSP is in good estlmatg of the amount of Mn per protein is rather
agreement with the amount of remaining manganese calcy-uncertain. - . .
lated per PS Il reaction center (230 Chl) (Figure 5C, right .Th_ese data |nd|cate_ that thg c_onformanon of MSP and its
axis and right bars). The amount of both MSP and manganesdinding to PS Il are different in light and darkness and that
in the insoluble fraction is approximately 3 times smaller in €Xtraction of MSP under illumination correlates with the
samples extracted in the light than in the dark. release of manganese and calcium (data not shown).
Figure 6 reports light and dark extraction atIDof MSP
and Mr?t at pH 5.7 and 7.2, the same pH values as were DISCUSSION
used in then vitro study as discussed above. In agreement The combined results from our spectroscopic studies
with the results of the heat solubilization of MSP, the amount clearly show that the interaction of both &and C&" with
of the MSP in the supernatant is greater in the light sample the isolated MSP is dependent upon pH within the physi-
than in darkness at both pH 5.7 and 7.2. Preincubation of ological pH range. At pH 7.2, neither of the metal ions
BBY particles in darkness at high pH prevents MSP to form changes the melting curve of MSP, while at pH 5.7, it is
the “open conformation” and also abolishes the effect of significantly modified by both MA"™ and C&" (Figure 1).
illumination (data not shown). Furthermore, in agreement Instead of an expected decrease of metal binding upon

gol 77

60+
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Mn/ 230Chl
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mic peak with aT,, of 63 °C and a broad transition in the
range of 80-100 °C. The protein is not irreversibly dena-
turated even at 128C. Addition of C&*" or lanthanides shifts
the T, toward lower temperature29). A melting point of

56 °C and a sigmoidal curve with a second phase above 60
°C was determined by FTIR28) for spinach MSP in the
presence of Cd. Moreover, the amount gf structure at

60 °C is the same as at ZIC. Heredia and De Las Rivas
(28) suggested that MSP reaches an intermediate state
between 60 and 70C and that one part of the protein can
undergo a quick and energetically favorable unfolding, while
another part of it forms a hydrophobic core that withstands
denaturation Z8). Sonoyama and co-workerd5) showed
that thermal unfolding of the cyanobacterial MSP is a
reversible process and is due to unfolding of h&tructure
rather than thet structure. A temperature-dependent transi-
tion with a T, of 76 °C, as noted by the increase of the
negative CD signal at 222 nm, of cyanobacterial MSP was
reported recently 30). It is not clear why MSP from
Thermoseneccococus elongahss greater thermostability
than spinach MSP because both have the same proportion
of disordered structure and the same content of proline
residues Z0). The discrepancy betwedn, values obtained

in different experiments for higher plant MSP, as well as
between higher plant and cyanobacterial MSP, may be due
to different pH values used in the experiments and/or the
presence of different amounts of metal ions depending upon
the isolation method.

The T, value of MSP without additions of M and C&*+

of the soluble fractions using antibodies raised against spinach MSP4; pH 5.7 obtained in our study from the CD signal in the

after extraction at the indicated pH values. The overexpressed
spinach MSP with a known concentration was used as a control
(lane C in A). (B) Amounts of manganese and MSP found in the

near UV region at 293 nm coincides with the value obtained
from the intrinsic protein fluorescence, 76 and 76,

supernatant after extraction. Light samples, open bars; and darkrespectively (Table 1). Both approaches monitor the mi-
samples, hatched bars. Equal amounts of samples on a Chl basigroenvironment of the aromatic amino acid residues, although

during extraction were used for SB®AGE. For more experi-
mental details, see the Materials and Methods.

lowering of pH because of the competition with fbr the
negatively charged binding sites, asarlactalbumin ¢4),

the MSP interaction with Mt and C&" is much stronger

at pH 5.7 than at pH 7.2. This could be due to a rearrange-
ment of the MSP at low pH, resulting in a greater acces-
sibility of negatively charged groups involved in Kmand
C&" binding. The ability to bind MA"™ and C&" coincides
with the pH range where the aecitbase hysteresis of the
buffer capacity of the MSP occurg4). This hysteresis effect

is most likely dependent upon the existence of two different
MSP conformations. One of these conformations is charac-
terized by an unusually highkpof approximately 5.7 for an
estimated 12 aspartate or glutamate residugg 25).

the dominant part is from W241. The fraction conversion
curves were calculated specifically for tryptophan emission
at the single band of wavelengths between 346 and 350 nm
(see the Materials and Methods); therefore, these curves
reflect temperature-induced changes of the W241 microen-
vironment in the lumenal part of thgbarrel (domain 1). In
contrast, CD in the far-UV region, where peptide bonds
absorb the light, reflects the increase of the random coil
fraction upon heating. Th&, value calculated from the CD
signal at 202 nm is also in agreement wikR calculated
from CD at 293 nm and fluorescence, 72 versus 76 and 75
°C, respectively (Table 1). This indicates changes of both
the protein secondary structure and the W241 environment
at this temperature.

Metal binding usually leads to stabilization of the protein

Therefore, the existence of two pH-dependent conformationsstructure 46) and shifts the melting curves to a higher

of the MSP is likely to be responsible for the Rtrand C&"
effect on the protein melting curves.

The thermal unfolding of MSP from both cyanobacteria

temperature range. As follows from the analysis of the MSP
melting curves (Figure 2), Caand especially M# lower
the melting point of the MSP at pH 5.7.

and higher plants has been studied intensively over the years The addition of C&" leads to shifts of th&, values toward

(28—30, 42, 45). A sigmoidal unfolding pattern in a broad
temperature range with a melting point of-685 °C was
observed by CD measurements for the spinach M&. (

lower temperatures by 2C from far-UV CD and of 7°C
from fluorescence measurements. In the presence of, Ca
the Tr, values determined by far-UV CD and fluorescence

Upon cooling, the heat-treated protein returns to a near nativeare very similar (within 2°C). Therefore, the thermal
state and is capable of rebinding and reactivating the oxygentransition of the MSP in the presence of?Calso appears

evolution activity of PS Il 42). Differential scanning
calorimetry curves of the spinach MSP exhibit an endother-

to involve both the secondary structure and the W241
environment.
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A different pattern was observed when Mrwas added
to the MSP solution, because then the protein exhibits two
temperature-induced transitions. One transition at®8s
observed by far-UV CD and involves changes of the protein
secondary structure. Another transition at°&2is character-
ized by high cooperativity and involves changes of the W241
microenvironment observed by intrinsic protein fluorescence.
In the presence of M, the shift of theT,,, value as measured
as fluorescence, is more than 2@ compared to MSP
without added M#". The simultaneous lowering df, and
the increase of the transition cooperativity may reflect that
Mn?* induces the formation of a local but well-structured
domain within the protein, probably in the lumenal part of
the 8 barrel.

Our results demonstrate the presence of two independent
metal-binding sites in the MSP molecule with different
affinity for Ca?* and Mr?*. These two binding sites induce
different changes of the MSP conformation at pH 5.7
(Figures 1, 2, and 4). To observe maximal metal-induced
changes in the MSP structure, we used identical and
saturating concentrations of €aor Mn?" (2 mM). Under
these conditions, Mt can probably bind to both metal-
binding sites. It may bind unspecifically to the Tdinding
sjte (b(_acause of the Mn concentration bging about 1000 FiIGUrRe 7: Location of C, Y, and W residues in the manganese
times in excess of the apparent binding constant) and stapilizing protein fronSpinacea oleacialhe structural model was
specifically to the MA" binding site. Therefore, we attribute  build using the Swiss-Model prograr4). PsbO 3D structures were
the low-temperature transition to specific binding of ¥Mn obtained from the PDB database. Tyrosine residues are given in
to the Mr#* binding site and the high-temperature transition Plu€; the S-S bridge is given in orange; and the tryptophan residue
to unspecific binding of MA" to the C&" binding site. At is given in magenta. This figure was generated with Deep View/

P ! g ’ g Swiss-Pdb Viewer 3.7 (SP5).
the same time, both Mf and C&" shift the Ty, value to
lower temperatures. This is consistent with the destabilization considerably upon the transition from the alkaline conforma-

effect of C&" binding to MSP in agreement with previous
reports 28, 29).
The effect of both MA" and C&" is less in the CD

tion to the acidic conformation. This supports our idea of
the formation at low pH of the open-state protein conforma-
tion with more exposed hydrophobic residues. The monotonic

measurements than in the measurements of the intrinsic MSRchange from the state with closed hydrophobic patches at
fluorescence (Table 1). The fluorescence effects are relatedneutral pH to more exposed hydrophobic residues at lower

to changes in the lumenal side of tifebarrel because
tryptophan W241 is located inside tAédbarrel at the lumenal

pH is further tuned by the addition of Mhand C&" (Figure
4). The Mr#*-induced increase of ANS fluorescence in the

terminus (Figure 7). Our calculations of the number of W241 pH region between 6.5 and 5.5 may reflect an opening of
neighbors of the modeled spinach MSP structure suggestghe hydrophobic core upon Mhbinding. The same behavior
that there are 14 amino acid residues located withi4 A was reported for Gd-sensor proteins involved in transduc-
distance from W241. This corresponds to 5.7% of the entire tion of intracellular C&" signals. These proteins expose a
MSP sequence. The fact that the addition of neithettCa hydrophobic area on the surface in response £ Gmding
nor Mr?* did much affect on the secondary structure (50), in contrast to C&-buffering proteins that remain
composition calculated from far-UV CD spectra although “closed” after binding.
the spectra themselves differed (2&fand our data) indicates Mn?t does not change the fluorescence of ANS in the
that the number of residues involved in the metal-induced presence of MSP at pH above 7.2. This is consistent with
changes are too small to estimate changes in the secondarhe notion of a weak interaction of Mhwith MSP at neutral
structure. In contrast, FTIR experiments have shown a pH. However, a Cd-induced change is observed in contrast
7—10% decrease of the structure in the presence of €a  to the response to Mh at this pH. In contrast, measurements
(28). The common notion is thought that CD provides more of the thermal transitions of the intrinsic fluorescence suggest
accurate estimations of tleestructure, whereas FTIR is more that C&" does not interact efficiently with MSP at this pH.
sensitive tqs sheets47). Another explanation could be the  This discrepancy may at least in part be due to the difference
high protein concentration required for FTIR measurements, in the influence of C& and Mr#* on the MSP conforma-
which can cause aggregation of the protein. Because signgional state and/or on the probes used in those experiments.
of aggregation were observed in these experiments atANS fluorescence reflects changes in the accessibility of the
temperatures above 7C and because €ainduced changes  hydrophobic core inside thg barrel, while the intrinsic
in the MSPg structure at room temperature, we believe that fluorescence reflects environmental changes around tyrosines
this is due to a macromolecular-crowding effect at high and W241 located mainly on the lumenal side of fHearrel
protein concentrationst8, 49), rather than to aggregation. (Figure 7).

Our ANS fluorescence measurements suggest that the The study of MSPin vitro reported here leads to the
accessibility of the hydrophobic regions of the MSP increases conclusion that the interaction of the MSP with?Cand
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Mn?* is greater at pH 5.7 than at pH 7.2. This acidic pH dark light
occursin zivo in the lumen under illuminatior2(l); therefore, PH7.2 EEQ?;T

in the light, the MSP appears to be “open” and the binding
sites are accessible to €aand Mr#*. The lack of effects of
C&" and Mrf* on the isolated MSP at pH 7.2 suggests that
in darknessn vivo the MSP, when it is associated with PS
Il and the pH is typically about 7.5, interacts only weakly
with Ca&* and Mr#* because the MSP is more “closed” and
the binding sites are inaccessible to*Cand Mr?+t. To test
if the acid conformation of MSP also exists when it is bound
to the PS Il reaction centers and can bind“Mand/or C&",
we studied the extraction of manganese and MSP from PS
Il in light and darkness. The results demonstrate that
illumination weakened the interaction of the MSP with PS
Il (Figures 5 and 6) and that there is a positive correlation
between the amount of extracted MSP and the release of
Mn?t and C&". Moreover, MSP must be in its “open
conformation” to cause a difference in extractability of MSP
and manganese between light- and dark-exposed PS I
particles. Our results suggest that a local pH effect caused
by protons released from PS Il may be more important for
MSP conformation than that of the bulk pH (see Figure 6).
However, we cannot rule out the possibility that the MSP
docking site is affected by illumination. More experiments
are required to resolve this issue. We hypothesize thatpcure 8: Model describing the # and metal-induced confor-
protonation of amino acid residues in MSP located close to mational changes of the MSP. Protonation of the MSP is proposed
the Mn cluster by protons from water splitting is responsible to change its conformation so that it becomes able to biné&"Mn
for the conformational changes of MSP rather than those 2nd/or C&". Manganese atoms are given in green, and caicium
located on the surface of the protein. Preliminary evidence atoms are given in red. Binding of Mn and/or Ca” causes a

. p - ! y ) second conformational change facilitating the movement of water
suggests that those amino acid residues responsible foto and protons from WOC.
interactions between MSP and the membrane are the sensor

for protonsin vivo and cause the light-induced conforma-  jmportant for regulation of proton and water exchange within
tional changes of MSP. In solution, these residues will be {ho \woc @4). Using mass spectroscopic measurements, it
exposed and can hence sense free protons in solution,, .. recently shown by Hiller and Wydrzyns&3 that the

However, when attached to the lumen side of the thylakoid | i ¢\ ater exchange with the WOC is slowed by removal
membrane, these residues will be concealed from bulk of the MSP

protons. Therefore, bulk pH will not give the same effect

on the MSP structure when it is associated to the membrane Our proposed model of pH-dependent?Cand Mr#+

as free MSP in solution. binding to the MSP is summarized in Figure 8. At pH 7.2,
This is a first attempt to link a study of the MSi® vitro typical of darkness, MSP interacts only weakly with?Ca

to the fun_ction of this proteinin vivo at low pr_otein and Mr*. Light-induced protonation of the MSP (pH 5.7)

concentrations. FTIR that.also has bgen used for thls purpos@eads to a protein conformation with more exposed hydro-

(51, 52) requires much higher protein concentrations. Our phopic residues. It is assumed that protons released during

results allow us to propose that under nonphotoinhibiting yater oxidation bind to the MSP and change it from a closed

light the interaction of MSP with PS Il is weaker compared 4 5, open conformation. In the light-induced open confor-

to in the dark, probably because of light-induced conforma- mation. the interaction of the MSP with &aand M+

tional changes in the MSP. . becomes stronger. There are two metal-binding sites in the
Several functional implications of the pH (light) dependent MSP molecule with different affinities for manganese and

conformational change and €aand Mr¢¥* binding of MSP . . o o

calcium (shown in green and red in Figure 8). The binding

for PS 1l activity may be suggested. - : .
(a) The high flexibility of MSP and its open conformation ©f C&" and Mrt", in turn, is accompanied by a second
conformational change. All conformational changes repre-

at lower pH may be important for both providing and R :
regulating accessibility of water to the WOC and removal sented in this model are reversible. Thus, the results reported
of protons from the WOC. in this paper suggest that the transition from the closed state
(b) The MSP binds manganese and calcium released uporfit neutral pH to the open state at low pH is relevant for
photoinhibition that are required for repair of the WOC after regulation of the binding of Mi and C&* and for the
photoinhibition. regulation of the function of the WOC.
(c) The MSP may be involved in a reversible dissociation
reaction of the MpCa complex of the WOC under physi- ACKNOWLEDGMENT
ological conditions.
Earlier it was suggested that up to 12 negatively charged We are grateful to Professor B. Martin for fruitful
amino acid residues with an unusually higK pnay be discussions and critical comments on the manuscript.
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SUPPORTING INFORMATION AVAILABLE

Changes in the ANS fluorescence intensity as a function
of the concentration of Ca and Mr?* in the presence of
MSP measured at pH 5.7. Symbols, experimental results;
lines, the fit of experimental data to eq 2 as described in the
Materials and Methods. This material is available free of
charge via the Internet at http://pubs.acs.org.
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