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ABSTRACT: Manganese stabilizing protein (MSP) is an intrinsically disordered extrinsic subunit of
photosystem Il that regulates the stability and kinetic performance of the tetranuclear manganese cluster
that oxidizes water to oxygen. An earlier study showed that deletion é&théG domain of MSP caused

no loss of activity reconstitution, whereas deletion of 4de-1°E domain reduced binding of the protein

from 2 to 1 mol of MSP/mol of photosystem Il and lowered activity reconstitution to about 50% of the
control value [Popelkova et al. (200Bjochemistry 412702-2711]. In this work we present evidence

that deletion of 13 or 14 amino acid residues from the MSP N-terminus (mu&818M andAK14M)

does not interfere either with functional binding of one copy of MSP to photosystem Il or with reconstitution

of oxygen evolution activity to 50% of the control level. Both of these mutants exhibit nonspecific binding

to photosystem Il at higher protein concentrations. Truncation of the MSP sequence by 18 amino acids
(mutant AE18M), however, causes a loss of protein binding and activity reconstitution. This result
demonstrates that the N-terminal dom&h—18E is required for binding of at least one copy of MSP to
photosystem Il. Analyses of CD spectra reveal changes in the structtigldM (loss of-sheet, gain

of unordered structure). Use of the information gained from these experiments in analyses of N-terminal
sequences of MSP from a number of species indicates that higher plants and algae possess two recognition
domains that are required for MSP binding to PSII, whereas cyanobacteria lack the first N-terminal domain
found in eukaryotes. This may explain the absence of a second copy of MSP in the crystal structure of
PSII from Synechococcus elongat[ouni et al. (2001)Nature 409 739-743].

The water oxidizing activity of photosystem Il (PSIl) ligated to the intrinsic protein domain of PSI2)( Three
takes place in the oxygen evolving complex (OEC) of extrinsic proteins (17, 23, and 33 kDa) that are bound to the
cyanobacteria, algae, and higher plants and generates O intrinsic domain of PSII regulate activity and stability of the
protons, and electrons. Substrate water binds to the redox4inorganic cofactors3). The 33 kDa extrinsic protein, also
active site of the OEC, which cycles through five distinct known as manganese stabilizing protein, or MSP, affects the
redox states known as S-states, (Bheren = 0-4) (1). properties of the tetranuclear manganese cluster. In the
Optimal functioning of the OEC depends on the presence absence of MSP, high, nonphysiological, concentrations of
of inorganic cofactors (4 Mn, 1 G and 1 Cf) that are  Cz*+ and CI are required for stable binding of Mn to PSII
(4—9), as well as for sustained oxygen evolution activity,
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(hydroxymethyl)aminomethane; unrd, unordered structure; usw-PSlI, i
urea salt-washed photosystem Il membranes depleted of 33, 23, andpre[)aratlons show a globular mass on the surface of PSl|

17 kDa extrinsic proteins; UV, ultravioless, represents missing amino particles that is ascribeq .to a single copy of M3R)( but
acid residues. there are alternate opinions as to the actual number of
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subunits (one or two) that can occupy this spd@. (Several 50% of the control value, which indicates that tie—1E

biochemical studies to quantify bound MSP, or to determine domain is required for binding of one copy of MSP to PSII.

the number of copies of the protein that are necessary toBoth AG3M andAE10M exhibited greater overall protein

restore full activity, yield estimates of two copies of MSP compactness in comparison to wild-type MSP, although

bound per PSII reaction centet4—18). neither mutant exhibited a detectable change in secondary
The existing evidence suggests that the M®SII structure content38).

interaction is stabilized by electrostatic interactions between | this paper, site-directed mutagenesis has been employed
positively and negatively charged amino acid residues (K, to produce three new truncation mutants of spinach MSP.
R, D, E) 19-21). Although it has been proposed that the The first two deletions, of 13 and 14 amino acid residues at
intrinsic PSII subunits CP43 and cytochrorhéb59 may  the MSP N-terminusAS13M andAK14M mutants), yielded
function as binding sites for MSF29), the large, extrinsic  proteins whose properties are similar to those reported for a
“E” loop of CP47 is the best characterized site of contact |ess drastic truncation mutamsE10M (38). In contrast to
between PSIl and MSF28, 24). Cross-linking by 1-ethyl-  AE10M, however, both of these new mutants exhibited
3-[3-(d|rrl1ethylammo)propyl]carqu||m|de (EDC) showed nonspecific binding to PSII at higher protein concentrations.
Zz‘at the'E—"K domain of MSP interacts with th&D— A deletion mutation removing 18 N-terminal amino acids
D domain of the CP47 E loop2p). Site-directed mu-  (AE18M mutant) was also engineered. This mutant behaved
tagenesis of amino acid residues in the E loop interferes with i, 5 manner similar to that of the modified MSP created by
MSP binding to PSII, in agreement with the cross-linking removal of 18 residues by proteolysis wiitaphylococcus
result €6, 27). o _aureusstrain V8 protease, as described by Eaton-Rye and
Manganese stabilizing protein exhibits an unusual behavior pyyrata B9). In agreement with those results, a characteriza-
in solution that has led to its characterization as a natively tion of AE18M shows that this mutant exhibits drastically

unfolded, or intrinsically disordered, polypeptid8. Itis yeduced PSII binding and activity reconstitution. Combining
thermostable and, on the basis of far-UV CD analyses, is thjs result with those obtained with other truncation mutants
predicted to contain a relatively small amount @helix of MSP shows that the domaifT—¥E is necessary for

(<10%), <45% f-sheet, and about 50% random coil and pinding of at least one copy of MSP to PSII. Use of these
unordered structure2@—31). Hydrodynamic data show that  experimental results in analyses of MSP N-terminal amino
MSP can be modeled as a prolate ellipsoid, with an axial a¢id sequence alignments from a number of eukaryotes and
ratio of 4.2 @2). This is supported by recent small-angle prokaryotes reveals that higher plants and algae possess two
X-ray scattering experiments, which yield an axial ratio of sequences that are necessary for MSP binding to PSII,

4.8 (B. Barry, personal communication). When MSP is frée \yhereas cyanobacteria lack one of the sequences found in
in solution, Glu 246 and Lys 48 are cross-linked by EDC gkaryotes.

(33), which indicates that the N- and C-termini of MSP are
in close proximity to one another, a result that might be MATERIALS AND METHODS
expected for the shape predicted for MSP in solution.

Site-directed mutagenesis has been employed to obtain Mutations of psbO cDNA and Transformations of Escheri-
information about domains and residues of spinach MSP thatchia coli Cells. The procedures for preparation p&kO
are involved in binding and reconstitution of activity to the cDNA and for transformation oE. coli cells were carried
OEC. The C-terminal tripeptide, LEQ, has been shown to out as described in re38, with minor modifications. For
be important for quantitative assembly of MSP into PSIl and construction of cDNAs encoding the recombinant truncation
restoration of high @evolution activity 84); Leu 245 has mutantsAS13M, AK14M, and AE18M, the sequences-5
been identified as the critical residue in this sequeddg. ( TCATATGAAGACATACCTCGAAGTC-3, 5-TCATAT-
Also near the C-terminus, replacement of Val 235 with Ala GACATACCTCGAAGTCAAAGGA-3, and 5TCATATG-
yielded a temperature-sensitive binding defect in MSP, and GTCAAAGGAACTGGAACA-3 were synthesized (Life
V235A was shown to weaken binding of one of two copies Technology, Gibco BRL custom primers) on the basis of
of MSP to PSII (6, 17). Seidler et al. §, 35) replaced the  the sense strand of the MSP N-terminal coding region. As
Asp residues at positions 109, 157, and 212. The mutantsan antisense strand of the C-terminal coding region, the
D109K, D157N, and D157K exhibited decreased binding synthetic oligonucleotide 'STGAATTCCTTTTATTGCT-
affinities for PSIl, whereas D109N and D212N retained CAAGTTGTGC-3 was used. The N-terminal oligonucleo-
normal binding characteristics. The MSP double mutant tides contained alNdd endonuclease restriction site, and
C28A,C51A, which lacks the single disulfide bridge present the C-terminal oligonucleotide contained &goR| endo-
in this protein, exhibits normal binding and activity recon- nuclease restriction site three nucleotides after the stop codon
stitution 36). Wild-type levels of Q evolution activity were for pskO. The mutanpshO cDNAs were subcloned into pCR
also observed with spinach mutants in which the Asp residue T7/CT TOPO (Invitrogen) or pET 11-a (Novagen) transla-
at position 9 in the spinach sequence was replaced by Ktion vectors. The TOP®sHO constructs forAS13M and
(D9K) or N (D9N) 37). An alternative approach using AK14M were inserted into BL21(DE3)pLysB. coli cells,
truncation mutations at the N-terminus of MSB8)Y has and the pETpshkO construct forAE18M was inserted into
shown that removal of three amino acid residues (mutant BL21(DE3)pLysEE. coli cells. All mutations were con-
AG3M) does not influence functional binding and activity firmed by DNA sequencing. The integrity of each N-terminal
but does induce nonspecific binding to PSII at higher protein recombinant mutant was also confirmed by amino acid
concentrations. Truncation by ten N-terminal amino acids sequencing (Edman degradation), and the expected N-
(mutant AE10M) reduced binding to PSIl to 1 mol of terminal sequences MKTYLAS13M), MTYLE (AK14M),
AE10M/mol of PSII and lowered reconstituted activity to and MVKGT (AE18M) were found (data not shown).
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Overexpression and Purification of Recombinant MSP’s. A
Recombinant wild-type MSP overexpressedEincoli and 0 05115 2 3 5 10 sw
purified from inclusion bodies is functionally indistinguish- :gijg
able from protein extracted from PSK(). All truncation _MSP
mutants were overexpressedancoli, and inclusion bodies
were isolated as described in r&8and40, except that 0.5 B

; . 0 05115 2 3 5 10 sw

mM IPTG was used for overexpression of N-terminal _CP47
deletion mutants. Recombinant mutants were extracted from -CP43
inclusion bodies and purified as described in 88f with ~MSP
the modification that overnight incubation at°€ in 3 M C
urea, 5% betaine (w/v), 20 mM Tris (pH 8), and 5 mM NaCl 0051152 3 510 sw
was used for solubilization. The recombinant proteins were -CP43
loaded onto a Pharmacia Resource Q column equilibrated -MSP
with the same buffer, and a linear gradient-¢g60 mM
NaCl) was applied. Recombinant MSP eluted between 120 Dz-;u- o sram s
and 150 mM NaCl. One chromatographic step was sufficient o AKi4M l g
to yield protein of high purity. _ 2001 o sE1EM . [0 %

Reconstitution of PSII with MSP and Functional Analysis. 5 1501 38
Photosystem || membranes [250 Chl/reaction cerifér36)] 5 100 jwieipelevel . 1o 3
were isolated, and extrinsic proteins were extracted as g 50l ArE . 143
described in reB8. Reconstitution experiments and activity R I 2
assays employed the procedures described irB&ésd38, 0=

except that usw-PSIl and MSP were mixed together in a O e e e
solution containing 37 mM MES (pH 6), 10 mM Ca£80  kqee 1. Binding of AS13M, AK14M, andAE18M to PSII. The
mM NaCl, 0.1 mg of BSA/mL, 0.3 M sucrose, and 2% Coomassie blue stained SDBAGE gel shows usw-PSIl samples
betaine (w/v), and 60@M, rather than 30@&M, DCBQ was reconstituted withAS13M (A), AK14M (B), and AE18M (C),
present in the assay buffer during @te measurements. The respectively, fo 1 h atroom temperature. The moles of MSP per

- . mole of PSII used for reconstitution is indicated at the top of the
extent of rebinding of MSP to PSIl was determined as |apes; sw, control sw-PSIl. (D) Binding curves for usw-PSlI

described earlier36, 38). The MSP content of a sw-PSIl reconstituted withAS13M, AK14M, and AE18M, respectively.
sample was taken as the control (100% MSP bound), exceptSDS-PAGE gels of reconstituted samples were analyzed by
for the experiments using intact PSII, where the level of déensitometry. Binding efficiency aiS13M,AK14M, andAE18M

ivelv b d MSP K h L C . was expressed as a function of added MSP (mol/mol of BSII;
natively boun was taken as the control. COOMassie ayis) hoth as a fraction of MSP bound to the sw-PSII control

staining of MSP is linear with protein concentration (data (100%, lefty axis) and as the amount of bound moles of MSP per
not shown). Some decrease in dye binding is likely with the mole of PSII (righty axis). Each point is the average of three

truncation mutants, but the most substantial of tha&1 8M) separate experiments, and vertical bars represent the standard
’ . . . deviation.

would produce an error of about 7% in the estimation of

MSP concentration on Coomassie-stained gels. RESULTS

Structural Properties of MSP MutantsSpectroscopic
characterizations of MSP samples were carried out as_In the N-terminal sequence of spinach MSP (EGGKRL-
described in reB8; conditions are given in the appropriate T YDEIQSKTYLE-), an earlier report identified a domain,
figure legends. The CD spectrometer was calibrated wijh (K —*°E, as essential for binding of one copy of MSP to PSlII
10-camphorsulfonic acid (1 mg/mL inB) (41). Estimations (38).'To' attempt to locate the amino acid sequence needed
of protein secondary structure content from far-Uy cp for binding of the second copy of MSP to PSlI, new mutants
spectra were obtained using CONTIN/LL and CDSSTR were pre_pared by suk_)gtltutmg a translation initiation c_odon
methods in the CDPro package downloaded from the web(Met .re5|due) at po_smons 13, 14, and 18 of the spmagh
page http://lamar.colostate.ecigteeram/CDPro. For detailed protein. The N—termlnal sequences of these mutant proteins
information about methods and basis sets, seedPefA are given in Materials and Methods.

Superose-12 column on a Pharmacia FPLC system was used Functional Characterization oAS13M, AK14M, and
for size exclusion chromatography to estimate molecular AE18M The mutatioAS13M eliminated the first 13 amino

masses of the truncated forms of MSF(38). acid residues from MSP’s N-t.erminus. Figure 1_A presents
) ) ] (38) ) results of an SDSPAGE experiment to characterize rebind-
Amino Acid Sequence Alignmefthe complete amino

i . . ing of AS13M to usw-PSIl membranes. Several points are
acid sequence of spinach MSP was located using ENTREZeyealed by these data. First, it is clear that, by comparison

(http://www.ncbi.nim.nih.gov/) and entered into PSI- and jth native MSP bound to sw-PSIl membran@sS13M
PHI-BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) to iden-  exhibits a faster migration on the gel. This is probably due
tify the other known MSP sequences. The sequences ofto a reduction in size of the protein. Results from a
various organisms, presented in Table 2, were entered intoquantitative evaluation of the gel are shown in Figure 1D.
the input field of BCM Search Launcher, and the Clustal W As can be seemdS13M binding differs from that of wild-
1.8 program was used for sequence alignment (http://type MSP (indicated by the dotted lines). While wild-type
dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.html). binding saturates at 2 mol of MSP/mol of PSII, equal to the
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reconstitution mixture. The activity assays wittK14M
yielded results very similar to those obtained wAB13M
(Figure 2), the only difference being a 10% lower O
evolution yield (Figure 2C,D). On the basis of these results,
the positively charged lysine residdé, on the N-terminus

of spinach MSP is not required for functional binding of
one copy of MSP to PSII.

Deletion of up to 14 amino acid residues from the spinach
MSP N-terminus fails to affect the ability of the truncation
mutants to bind one copy of MSP to PSII and to partially
restore the function of the OEC. On the basis of these data,
a more drastic truncation of MSP was engineered, to produce
the mutantAE18M, which imitates the effect of protease
truncation of MSP reported by Eaton-Rye and Mur&9).(
Like the other truncation mutants of MSRE18M migrated
faster on the SDSPAGE gel (Figure 1C), but the PSII
binding affinity of this protein was significantly impaired,
compared to the affinities cAS13M andAK14M (Figure
1D). About 0.4 mol ofAE18M was bound when 2 mol of
AE18M/mol of PSIl was added to reconstitution mixtures,
and only 1 mol ofAE18M/mol of PSIlI was bound at the

residual activity of usw-PSIl was subtracted from the activities of highest protein concentration used for reconstitution (10 mol
reconstituted samples. 100% corresponds to the activity of control of AE18M/mol of PSII) (Figure 1D). Oxygen evolution rate
sw-PSlII. Points are averages of three experiments, and the verticaly g yield assays also revealed a noticeable decrease in the

bars at each point (panels A and C) give the standard deviation.
For wild type, the data are redrawn from 128.

MSP content of the control sw-PSIl samp§$13M binding
increased gradually and did not attain saturation at the highes
protein concentrations added to reconstitution mixtures.
About 1.2 mol ofAS13M/mol of PSII was bound when 2
mol of AS13M/mol of PSII was used for reconstitution, and
about 4 mol ofAS13M/mol of PSIlI was bound when 10
mol of AS13M/mol of PSIl was present in reconstitution
mixtures (Figure 1D). Recovery of@volution activity (rate
and yield assays) by reconstitution witf513M attained
about 50% of the control value at saturation (Figure 2). This
AS13M activity represents about 70% of the reconstitution
activity of the wild-type protein (saturation at 70% of the
control value upon binding of 2 mol of MSP/mol of PSII;
see Figure 2). Panels A and C of Figure 2 indicate that about
2 mol of AS13M/mol of PSII in reconstitution mixtures was
required to attain saturation of functional protein binding,
as monitored by recovery of activity. The relationship
between actual binding of MSP and reconstitution of activity
is shown in Figure 2B,D, where oxygen evolution activity
is plotted as a function cAS13M bound to PSII. As these
figures show, binding of 1 mol oAS13M/mol of PSII
produced maximal recovery of activity, despite the ability
of this mutant to bind nonspecifically (up to 4 mol of protein/
mol of PSII; compare Figures 1 and 2).

The role of the positively charged lysine residue at position

functional capacity of this mutant (Figure 2). Maximum
binding of AE18M (about 1 mol/mol of PSII) reconstituted
about 20% of the control £evolution rate but only 10% of
the & yield (Figure 2). These data show that elimination of
the first 18 amino acid residues from the N-terminus of
spinach MSP results in a severe defect in binding and activity
reconstitution byAE18M.

The ability of all three truncation mutants to bind non-
specifically to PSII was tested in experiments using intact
PSIl membranes in which MSP binding sites are occupied
by the native protein. The results of these experiments show
that AS13M andAK14M will rebind nonspecifically to an
intact preparation (about 1 mol of MSP/mol of PSII binds
upon incubation of intact PSIl with 10 mol of mutant/mol
of PSII), while AE18M exhibits little, if any, nonspecific
binding (data not shown).

Structural Properties oAS13M,AK14M, andAE18M in
Solution.As a natively unfolded or intrinsically disordered
protein @8), MSP exhibits a higher apparent molecular mass
(37—41 kDa) on size exclusion chromatography than would
be predicted on the basis of its molecular mass (26.5 kDa)
calculated from the amino acid sequence derived from the
DNA sequenced8, 34, 38, 43). In comparison to wild-type
MSP (37.2 kDa), all deletion mutants exhibited significantly
lower molecular masses on a calibrated gel filtration column;
32.7 kDa AS13M) and 32.8 kDaAK14M and AE18M).
These diminished masses, relative to the wild-type protein,

14 in the spinach MSP sequence was characterized usingare still greater (by about 8 kDa) than the masses calculated

the AK14M mutant. The effects of this mutation on MSP
rebinding and activity reconstitution are shown in Figures 1
and 2. On the SDS gel (Figure 1BYK14M migrates slightly
faster than wild type, and rebinding assays show that the
behavior of AK14M is similar to that ofAS13M (Figure
1D). Like AS13M,AK14M binding fails to attain saturation.
About 1 mol of AK14M was bound to PSII upon addition
of 2 mol of AK14M/mol of PSIlI to the reconstitution
mixture, and almost 4 mol akK14M/mol of PSII was bound
when 10 mol ofAK14M/mol of PSIl was present in the

from the appropriate amino acid sequences (data not shown).
Manganese stabilizing protein has a number of aromatic
amino acid residues in its sequence; in spinach, a single Trp
residue is located at position 241 in the C-termin8%),(
and 8 Tyr and 13 Phe residues are distributed throughout
the MSP sequence. Any change in the environment of these
residues mirrors structural changes in the C-terminus (Trp)
or in the overall structure of MSP (Tyr, Phe). Changes in
the environment of aromatic amino acid residues can be
reflected in the amplitudes of characteristic features of UV
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Ficure 3: Near-UV CD spectra (protein solution minus buffer) of ) :
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mL. ML

absorption and near-UV CD spectra. In general, an increaseTabIe 1: Secondary Structure Predictions for Wild Type and

. L. . . Deletion Mutants of MSP Based on Analysis of Far-UV CD Spectra
in the hydrophobicity of the environment surrounding : -

aromatic residues will produce an increase in the intensity basissets 1,3, 4,6, anl 7 _ basis sets 6 and 7 only

of these spectral features, and imposition of an increased e B tunt - f- tun+
hydrophilic environment of these residues is indicated by _Protein helix sheet unrd total helix sheet unrd total
the disappearance of these same spectral features. The UWildtype 4 40 55 99 3 41 56 100
absorption spectrum of wild-type MSP has a characteristic 2513M 540 54 99 3 39 57 99

shoulder at 293 nm, arising from tryptophai), so the UV ﬁéigm 56 ‘;@ 55§ 3% i 4:3,}1 5661 138

S{)ecirun? Or]: the proietlr? Célr: be _a use;ul\l/ltsolg ! _frOhI’ Tﬁ?ltormtg aFor a detailed basis set description, seél2humbers are averages
structural ¢ _anges atthe L-terminus (_) : e SPECUra ¢ raguits obtained from the basis sets shown and from both CONTIN/
of the deletion mutants were examined. PA813M and LL and CDSSTR methods.

AK14M, the characteristic shoulder at 293 nm was slightly

more distinguishable than that of wild-type MSP, because it 4 and basis sets 6 and 7 were used for MSP secondary

was shifted slightly to the red. In the case/SE18M, the structure prediction from CD spectra. The latter basis sets

elimination of additional amino acids from the MSP N- are probably more accurate for secondary structure estimation
terminus caused a decline in Trp absorption and, thus, a less b y y

. 4y of MSP because they contain CD spectra of five unfolded
p:gtme:ge(r(]j;?:ior:mshi\]/\?:)lder as compared fo the wild-type proteins 42). Analyses of far-UV CD spectra did not reveal
P A change in the overal.l tertiary structure of MSP. which &V significant differences in the estimated secondary

9 . y st ; o structure contents of wild typ&S13M, andAK14M (Table
affects the environment of all aromatic amino acid residues

was monitored by near-UV CD spectroscog§) The near- 1), similar to the results obtained with th&G3M and
UVCDs ectrumyofwild—t e MSpP has chapracteristic eaks AE1OM deletion mutants (see réfg). Analysis of the
at 285 a‘;d 292 nm (Fis,l?re 3) assigned to tyrosinpe and spectrum ofAE18M, however, showed that the apparent
tryptophan, respectivelyl). The results obtained from these changes in the amplitudes of mean residue ellipticity (Figure

deletion mutants (Figure 3) are consistent with the results 4) reflected a decrease in the estimated conter-sleet
from UV absorption measuremenaS13M andAK14M structure, and an increase in the estimated content of turns

exhibited well-defined Tyr and Trp peaks at 285 and 292 and unordered secondary structure, relative to the secondary

nm, respectively, which are more prominent than in the wild- structure content of the wild-type protein (Table 1),

type protein. Small peaks at 258 and 263 nm, probably from

phenylalanine45), could also be distinguished. All of these DISCUSSION

peaks were diminished in the near-UV CD spectrum of

AE18M to levels below those detected in the wild-type  More than 50% of the amino acid residues in the

protein (Figure 3). N-terminus of MSP are either conserved or conservatively
To monitor protein secondary structure, far-UV CD spectra substituted across the 15 eukaryotic species for which amino

of wild-type MSP and the deletion mutants were obtained acid sequence data are available (see Table 2). Truncation

(Figure 4). Spectra oAS13M andAK14M exhibit higher of the first three N-terminal amino acid residues of spinach

amplitudes of mean residue ellipticity, but the same shapes,MSP (mutantAG3M) has no effect on MSP function,

as the spectrum of the wild-type protein. The spectrum of although an increase in nonspecific binding\@3M to PSI|

AE18M, however, showed a somewhat different shape thanat higher protein concentrations was detect&®).( In

that of wild-type protein or of the deletion mutants. These contrast, deletion of the first 10 amino acid residues (mutant

spectra were analyzed with the CONTIN/LL and CDSSTR AE10M) causes loss of binding of one copy of MSP to PSII

programs (see Materials and Methods). Basis sets 1, 3, and38). Characterization of the truncation mutamt§13M,
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Table 2: Alignment of the N-Terminal Sequence of Mature MISP

Species N-terminal sequence

Eukaryotes -
-Higher plants

Spinach
Tobacco
Tomato

Pea

Rice

Wheat
Potato
Arachis
Bruguiera
Fritillaria
Brassica
Arabidopsis
-Unicellular Euglena -
organisms Volvox
Chlamydomonas
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Prokaryotes  Cyanothece
Synechocystis
Synechococcus PCC7942
Synechococcus elongatus

Anabaena
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a Missing residues are indicated by a dash; boxes mark highly conserved sequence motifs at pesifiomsd/positions 15 and 16 in the amino
acid sequence of spinach MSP.

AK14M, and AE18M allows us to identify the second
domain of the MSP N-terminus that is required for functional
binding of at least one of two copies of this protein to PSII.

Extending MSP N-terminal truncations fro¥E to 13 or
14 amino acid residuesAS13M and AK14M mutants)
produces no change in the functional binding of these
proteins to PSII (Figure 1). For both mutants, addition of
about 2 mol of MSP/mol of PSII to reconstitution mixtures
was necessary to attain functional binding of 1 mol of MSP/ . - )
mol of PSII, indicating that the binding affinities of both  further defines the MSP domaifK—'%E as an essential
mutants were lower than that of wild-type MSP. Protein determinant that is required for specific binding of one copy
binding curves did not saturate, however, and about 4 mol of MSP to PSII 88).
of MSP/mol of PSII was bound when 10 mol of either MSP A substantial modification of MSP binding to PSII was
mutant/mol of PSII was included in reconstitution mixtures. observed upon truncation of the first 18 amino acid residues
Possible artifacts from ineffective washing of PSIl mem- of the protein’s N-terminus (mutattE18M). This truncation
branes after reconstitution, or from protein aggregation prior produces a protein that should, in theory, be very similar to
to reconstitution, were tested by more extensive washing of the protease-modified MSP described by Eaton-Rye and
reconstituted PSII membranes and by centrifugation of MSP Murata @9), in which removal of the 18 N-terminal amino
solutions before reconstitution, respectively. These treatmentsacids abolished MSP binding to PSII. Our data show that
failed to eliminate the nonspecific-binding phenomenon, AE18M exhibits significantly lower binding affinity to PSII

bound native MSP. Although we cannot explain the cause
of nonspecific binding by the mutants, it is not unique to
our experiments. Motoki et al.46) also showed, for a
number ofS. elongatudISP mutantsa similar nonspecific-
binding phenomenon. On the basis of the data presented in
Figures 1 and 2, we conclude that bat§13M andAK14M

are defective in specific binding of one of two copies of MSP
to PSIl and that these mutants, liKeG3M, exhibit non-
specific PSII binding. The behavior of these mutants also

which was previously observed withG3M (38). Because
activity assays employingS13M andAK14M showed that
binding of 1 mol of MSP/mol of PSIl was sufficient to
saturate restoration of oxygen evolution activity at about 50%
of the control value (Figure 2B,D), nonspecific binding by
AS13M orAK14M (up to 3 mol of MSP/mol of PSII) occurs
only after functional binding sites are occupied by either
mutant. The nonspecific binding sites are unrelated to
functional MSP binding sites; binding experiments with intact
PSII membranes show that bot613M andAK14M bind

[0.4 mol of AE18M/mol of PSII was bound when 2 mol of
protein/mol of PSIlI was included in the reconstitution
mixture; binding of 1 mol ofAE18M/mol of PSII occurred
upon inclusion of 10 mol of protein/mol of PSIl in the
reconstitution mixture (see Figure 1D)]. With about 1 mol
of AE18M/mol of PSII bound to PSII, Oevolution rates
and yields saturated at 18% and 11% of the control values,
respectively (Figure 2B,D), and little nonspecific binding of
AE18M to PSII was detected. These results, in reasonable
agreement with those of Eaton-Rye and Mur&8),(show

to these preparations, which already possess specificallyconclusively that sequences within the first 18 amino acids
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of the spinach MSP N-terminus are essential for functional sequence (TYDE) in alignment with the second binding-
PSII binding of two copies of MSP. related sequence of eukaryotic MSP’s. The alignments in
While secondary structure contents estimated\84.3M Table 2 also show that, in unicellular eukaryotes, the
andAK14M were similar to the secondary structure of wild N-terminus is truncated relative to higher plants but that these
type (Table 1), analysis of far-UV CD spectra showed that organisms retain the sequence TYDE of the first binding-
AE18M gained some turns and unordered structural com-related domain.
ponents at the expense @sheets (Table 1). The predicted Only one study of MSP stoichiometries required for
loss of -sheet structure iME18M is consistent with the  reconstitution in cyanobacteria is currently availatié)(
location of predicted secondary structure elements in the and in that investigation it is not entirely clear that binding
MSP sequence. The hypothetical structural model of MSP of one copy of recombinant protein is sufficient to saturate
proposed by Bricker and FrankeB)( predicts g-sheet PSII binding sites. From the results of Table 2, it is
structures in the domain®& —°D and ?’K—2%K, and an nevertheless apparent that cyanobacteria lack one of the
analysis of CD data, obtained from spinach MSP, yielded sequences that is essential for binding of two copies of
predictions of-sheets in the sequenceR—28Y and °T— eukaryotic MSP to PSiII. This conclusion is also apparent in
%V (29). The sequencé T—1% was proposed to be the the sequence alignments in 49. An alternate alignment
location off3-sheet in a consensus sequencpsi derived of these sequences is possihde 46):
from a multiple sequence alignmend7j. All of these

proposed3-sheet domains have been deleted\iB18M. Spinach B G GPKRLTYDEIQSKTYLEVKG .
Characterization of the structural consequences of N- s ciongams ARQTLTYDDI - -~ - - - - - VG .

terminal deletions also revealed modifications to the solution

tertiary structures oAS13M, AK14M, and AE18M. UV This shows that the cyanobacterial sequence (TYDD)

absorption (not shown) and near-UV CD spectra (Figure 3) aligns better with the first, rather than second, sequence of
indicate that aromatic amino acid residuesA813M and the eukaryotic protein. However, this alignment requires
AK14M are more solvent shielded than in the wild-type insertion of a gap (dashes) in the cyanobacterial sequence.
protein, whereas iIMM\E18M these same residues are more This agrees with other published strategies for aligning MSP
solvent exposed (see Figure 3). Tyrosine is globally distrib- sequences from eukaryotes and cyanobacteria, which require
uted in MSP, so the solution structures AS13M and introductions of gaps in sequences from one set of species
AK14M appear to be somewhat more compact than that of or the other 8, 46, 49). This gap is probably a consequence
wild type. FOorAE18M, some loss of Tyr features in the near- of the absence of one of the binding recognition sequences
UV CD spectrum would suggest that there has been a smallin the cyanobacterial protein.
reduction in overall hydrophobicity. For all three mutants,  The possible absence of a second copy of MSP in
the hydrophobicity of the lone Trp near the C-terminus has cyanobacteria may signal a unique difference between the
been slightly enhancedAS13M, AK14M) or reduced OEC of these organisms and that of eukaryotes. It has been
(AE18M) as compared to wild type. In solution, the C- and suggested that cyanobacteria may possess another PSII
N-termini of MSP are believed to be in close proximity to subunit, along with MSP, that regulates the stability and
one another33), so it is possible that truncations'ds and activity of the OEC 50, 51). If, in cyanobacteria, one copy
K, or at g, affect this interaction and perturb the of MSP has been replaced by another extrinsic subunit [for
environment of Trp at position 241. examplepshV (50, 51)], this may account for the differences
The data presented here and in38fdefine two sequence in effects of MSP deletion by mutagenesis that are observed
domains of the MSP N-terminus that are necessary for itsin these organisms and in a unicellular eukaryote. In
high-affinity binding to PSII. Elimination of the first domain, =~ ChlamydomongsMSP deletion produces nonphotoauto-
“KRLTYDXE, reduces the number of copies of MSP that trophic cells in which accumulation of other PSII subunits
rebind to PSII from 2 to 138). As we show in this paper, is suppressed@). The same deletion iBynechocysti6803
deletion of the second sequendé€TYL®E, dramatically produces cells that can survive by photoautotrophic growth,
impairs binding of the other copy of MSP and reconstitution even though their capacity for oxygen evolution has been
of activity. Although these data reveal the presence of two seriously impaired §3). Survival of the cyanobacterial
sequences that are required for binding of two copies of ApshO strain would be consistent with proposals that another
spinach MSP to PSII, a recent structural study arrived at a PSII subunit in these organisms also plays a role in stability
different conclusion regarding bound spinach MSP. Com- and/or function of the OEC and is consistent as well with
bining a theoretical model of MSP tertiary structure, on the our data showing that deletion of one bound MSP from
basis of threading routines, with cryoelectron microscopy eukaryotic PSIl does not cause a total loss of OEC function.
of a spinach PSII preparation has yielded a model of PSIl  In conclusion, results of this work provide the identities
structure in which a single copy of MSP is bound to of MSP N-terminal sequences'’KRLT(Y/F)D°E and
eukaryotic PSII, in agreement with the single copy of MSP 15TY(L/M) *¥E) that are required for binding of two copies
found in the 3.8 AS. elongatugrystal structure48). Our of eukaryotic MSP to PSIl. We cannot determine whether
results provide an alternate explanation for the apparentany of the charged residues in these sequences form salt
discrepancy in MSP/PSII stoichiometries in eukaryotes and bridges to the intrinsic subunits of PSII; a conservative
prokaryotes, i.e., why two copies are found in eukaryotes interpretation of our results would be that these essential
(14—18; this study). Table 2 presents all of the available amino acid sequences target MSP to the appropriate docking
MSP N-terminal sequences. The aligned sequences reveal aites on PSII. On the basis of alignments of MSP N-terminal
unique feature of cyanobacterial MSP’s, namely, a truncation sequences from higher plants, unicellular eukaryotes, and
of the N-terminus that places the first binding-related cyanobacteria, we conclude that one of these sequences is
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missing from the latter organisms, and we propose that this 23

may explain the presence of one, rather than two, copies of

MSP in prokaryotes. N-Terminal deletions from spinach
MSP vyield proteins with somewhat reduced sizes (gel
filtration), slightly enhanced or reduced hydrophobic envi-

ronments around aromatic amino acid residues, and unmodi- 26.

24.

25.

fied or slightly modified secondary structures. From these 57

observations, we conclude that the MSP N-terminus may be
necessary to maintain a less compact tertiary structure in 28.

solution. This contrasts with results from C-terminal modi-
fications of MSP, where hydrodynamic and spectroscopic

data reveal large changes in tertiary and secondary structure 30.

accompanied by greatly expanded overall s&8.(Finally,

our data support an earlier proposal that the N- and C-termini

of MSP are in close contacB®). Truncations of MSP at the
N-terminus affect the molar ellipticity of*™W, near the

C-terminus of MSP, consistent with a pronounced change

in the solvent exposure of the C-terminal segment of the
protein.
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