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Abstract

This minireview presents a summary of information available on the secondary and tertiary structure of manganese
stabilizing protein (MSP) in solution, and on the identity of amino acid residues that affect binding and functional
assembly of this protein into Photosystem II. New data on the secondary structure of C-terminal mutants and 90 °C-
heated manganese stabilizing protein, along with earlier data on the secondary structure of N-terminal mutants and
the tertiary structure of all modified MSP species, allow for an evaluation of models for spinach MSP secondary and
tertiary structure. This summary of previous and new information better documents the natively unfolded behavior
of the protein in solution. A two-step mechanism for binding of manganese stabilizing protein to Photosystem II is
discussed and possible solution three-dimensional conformations of the wild-type protein and some of its unfolded
mutants, are proposed.

Abbreviations: CD — circular dichroism; EDC — 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; FT-IR — Fourier
transform infrared; MSP — manganese stabilizing protein; PS — photosystem; psbO — gene encoding precursor
MSP; Syn — Synechococcus elongatus; wt — wild type

Introduction energy transfer to the reaction center (CP47, CP43).

This group of polypeptides provides the binding sites

Photosystem II is unusual among membrane-associated
redox enzymes in that it consists of modular compon-
ents that are fairly easily dissociated from one another.
The core module consists of a set of intrinsic mem-
brane proteins that are encoded by chloroplast DNA
in eukaryotes. The major proteins of this module are
the reaction center polypeptides D1 and D2, the lar-
ger accessory chlorophyll binding proteins CP47 and
CP43, and the o and B subunits of cytochrome b559
(Debus 2000). The current view of the function of
these polypeptides is that they bind the components re-
quired for primary electron transfer (P680, Pheo a, Qa
and Qg, and the redox active tyrosines Yz and Yp, all
associated with the D1 and D2 polypeptides), and for

for the other modules of the enzyme. The second mod-
ule, made up of a collection of inorganic ions (4 Mn,
1 Ca*t, 1 CI7), acts as the catalytic center for HyO
oxidation (Yocum 1991; Debus 1992); current models
for PS II structure propose that amino acid residues
of the D1 polypeptide ligate the Mn atoms (Svensson
et al. 1996). This view is supported by site-directed
mutants in D1 of Synechocystis (Debus 2001), and by
the 3.7-3.8 A crystal structures of cyanobacterial PS II
(Zouni et al. 2001; Kamiya and Shen 2003).

The last module is a set of extrinsic proteins of
33, 23, and 17 kDa molecular masses in eukaryotes
(Seidler 1996b). The 33 kDa protein, known as man-
ganese stabilizing protein or MSP, is also found in
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cyanobacteria, but the 23 and 17 kDa proteins are
absent, and instead, a cytochrome (c550) and a 12
kDa polypeptide with slightly different functions are
present in these organisms (Shen et al. 1998). The
function of these extrinsic subunits appears to be to
form a structure, in concert with the intrinsic sub-
units, which provides a stable environment for Mn
ligation and retention of Ca>* and Cl~ (Ghanotakis
and Yocum 1990). All of these extrinsic subunits are
encoded by nuclear DNA in eukaryotes and imported
into chloroplasts as precursors that are processed in
the course of PS II assembly (Keegstra et al. 1989;
Hashimoto et al. 1997).

Kuwabara and Murata (1979) first isolated
manganese-stabilizing protein from chloroplast ex-
tracts. Work by Murata’s group, using isolated PS II
preparations, established the locale of the protein in
the chloroplast. In the course of systematic studies on
the conditions for, and consequences of, extraction of
extrinsic proteins from PS II, this group also showed
that loss of MSP from PS II led to disruption of the
Mn cluster (slow dissociation of 2 Mn per reaction
center), and that addition of high concentrations of
CI™ (200 mM) would prevent loss of the bound metals
(Kuwabara and Murata 1982, 1983; Miyao and Murata
1984, 1989). The former phenomenon is the basis of
the name given to MSP. Applications of genetic ap-
proaches to PS II research produced mutations that
deleted MSP from Chlamydomonas and Synechocystis
6803. In the former case, the mutation seriously im-
paired PS II assembly, and the mutants were incapable
of photoautotrophic growth (Mayfield et al. 1987).
The Synechocystis ApsbO mutant, on the other hand,
was capable of slow growth, although O, evolution
activity in this mutant was unstable and very sensitive
to high light intensities (Burnap and Sherman 1991).

As a result of numerous gene-sequencing initi-
atives, 20 psbO sequences are now available. The
sequence of spinach MSP is presented in Figure 1,
along with a consensus sequence deduced by de las
Rivas et al. (1999). A comparison of the spinach se-
quence with the consensus sequence illustrates the
high degree of conservation of sequence similarity in
this group of proteins. Additional alignments are avail-
able in the papers by Seidler (1996b), Tucker et al.
(2001), and Motoki et al. (2002), where the reader can
compare individual sequences with one another. Per-
haps the most pronounced sequence differences occur
at the N-terminus of MSP. In contrast to the sequence
from higher plants, where two highly conserved mo-
tifs, T(Y/F)DE and TY, are present after the first 67

amino acids, the sequence in green algae starts at
the first conserved motif, T(Y/F)DE, and lacks the
first 67 residues found in the higher plant sequences.
In cyanobacteria, a more substantial deviation is ob-
served, in which the N-terminal sequences possess
only a conserved TY motif (Popelkova et al. 2002b).
Because of the major differences in the MSP N-
terminal sequences, it is necessary to introduce a gap
in the cyanobacterial sequence to permit optimal align-
ments with the eukaryotic protein sequences. A gap
must also be introduced in the eukaryotic sequence
to accommodate additional amino acids present in the
cyanobacterial sequence (Seidler 1996b; Tucker et al.
2001; Motoki et al. 2002). This raises an interesting
point, namely that in spite of their relatively large dif-
ferences in sequence at the N-terminus, cyanobacterial
and higher plant MSP’s contain about the same num-
ber of amino acids overall. In addition, if one ignores
the sequence differences at the N-termini, then there is
a high degree of sequence similarity among all MSP
species, including the cysteines present at residues 28
and 51 (spinach numbering system), which form a
disulfide bridge (Tanaka and Wada 1988; Tanaka et
al. 1989). Work in a number of laboratories over the
past decade has provided a comprehensive view of the
properties of MSP in solution, and has revealed the
identities of amino acid residues that are essential for
binding and functional assembly of the protein into
PS II. In the following sections we review the available
information on MSP structure and on some critical
amino acid residues that affect MSP solution structure
and PS II binding. We then evaluate models for the
protein’s secondary and tertiary structure.

Solution structure of MSP

Far-UV CD spectroscopy is a useful probe of protein
secondary structure, although it must be recognized
that the method is empirical (spectra of proteins of
unknown secondary structure content are compared
against basis sets containing the spectra of proteins of
known structure in order to derive estimates of sec-
ondary structure content of the unknown proteins).
Several groups have used this method to analyze the
structure of MSP in solution. The original investiga-
tion by Xu et al. (1994) found that spinach MSP was
predicted to contain < 10% «-helix and about 38%
B-sheet. Shutova et al. (1997) arrived at essentially
the same conclusion, as have other groups (Sono-
yama et al. 1996; Lydakis-Simantiris et al. 1999a, b;
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Figure 1. Amino acid sequence of spinach MSP (upper row) and the consensus sequence reported by de las Rivas et al. (1999) (lower row).
Red amino acid residues, residues identified by Dunker et al. (2001) as promoting structural disorder; green residues, order promoting, and
black residues, neutral. B, o, regions predicted to contain S-sheet or a-helix. Predicted «-helix, S-sheet structure based on the spinach MSP
secondary structure reported in Bricker and Frankel (1998); Predicted a-helix, B-sheet content of the consensus MSP sequence (de las Rivas

et. al. 1999). See text for a further discussion.

Popelkova et al. 2002a, b). Fourier transform IR spec-
troscopy (FT-IR) has also been used to probe MSP
structure, both in solution and when bound to PS II.
Results from this technique yield a wider range of
values for a-helix and B-sheet. An isotope editing FT-
IR study yielded data that would suggest that upon
binding to PS II, random secondary structure in the
spinach protein was replaced by additional B-sheet
(Hutchison et al. 1998). Results of secondary struc-
ture analyses by far-UV CD (Xu et al. 1994; Shutova
et al. 1997; Lydakis-Simantiris et al. 1999a), and by
FT-1R spectroscopy (Ahmed et al. 1995; Zhang et al.
1996; Hutchison et al. 1998; Lydakis-Simantiris et al.
1999b), are given in Table 1. These data show a range
of values, with the consensus being that S-sheet is
the dominant form of secondary structure in spinach
MSP, and that a substantial amount of the protein’s
secondary structure consists of turns, coils, and other
unordered structures. Substantial 8-sheet structure and
a large amount of turns plus unordered structures are

also predicted for MSP from Synochococcus elong-
atus (Sonoyama et al. 1996; Motoki et al. 2002).
The amount of «-helix predicted in Synochococcus
(Table 1) deviates markedly from the «-helix content
predicted by the CD technique in the eukaryotic pro-
tein. However, using FT-IR, a more variable «a-helix
content was found in the eukaryotic protein than was
found in Synochococcus MSP. In solution, different
types of MSP preparations can also lead to variations
in secondary structure content. It has been found that
calcium- or urea-extracted MSP, and the recombin-
ant protein as well, differ in the estimated amounts
of a-helix and B-sheet. These differences are likely
to arise from different conformational states of the
protein that are generated by differences in hydrogen
bonding within the peptide backbone (Hutchison et al.
1998; Lydakis-Simantiris et al. 1999b).

Bricker and Frankel (1998) and de las Rivas et al.
(1999) have used computational methods for predic-
tion of protein secondary structure to analyze MSP.
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Table 1. Secondary structure estimates for MSP in solution:
results from far-UV CD and from FT-IR are given as ranges
of values obtained by several groups

CD FTIR
Structure Spinach . elongatus Spinach S. elongatus
a-helix 49%  7-17% 2-27% 19%
B-sheet 33-38% 23-39% 36-50% 24%

Turn + other 52-59% 55-60% 37-43% 57%

The results are in very good agreement with those ob-
tained by far-UV CD spectroscopy. Figure 1 shows the
locations, in the primary amino acid sequence of MSP,
of the predicted secondary structure elements reported
by these investigators. The agreement between mod-
eling results and CD data may be fortuitous, however.
Both methods utilize data banks of proteins of known
structure as the basis sets from which structural pre-
dictions are derived, and it is possible that some of
the same proteins were used for both methods of sec-
ondary structure prediction. At a minimum, however,
these investigations are uniform in predicting that the
predominant secondary structure in MSP is S-sheet,
and that the protein appears to contain large amounts
of unordered structure.

The molecular mass of spinach MSP (26530
Da), computed from the DNA-derived amino acid
sequence, is confirmed by MALDI-TOF mass spec-
trometry, which indicates that there are no posttrans-
lational modifications to the protein (Zubrzycki et al.
1998; Svensson et al. 2002). The name ‘33 kDa ex-
trinsic protein’ was derived from MSP’s mobility on
SDS-PAGE; given the actual molecular mass, the
electrophoretic value is anomalous. Likewise, estim-
ates of molecular mass obtained using gel filtration
(3740 kDa) (Lydakis-Simantiris et al. 1999a, b;
Popelkova et al. 2002a, b) reveal a large disagreement
with the known molecular mass. One explanation for
MSP’s behavior on size exclusion columns would be
that the protein possesses an oblong (prolate ellipsoid)
shape, rather than a globular solution conformation.
This possibility is born out by experiments using dy-
namic light scattering, ultracentrifugation, and low
angle X-ray scattering, which yield axial ratio values
of 4.2-4.8, consistent with a prolate ellipsoid shape
(Zubrzycki et al. 1998; Svensson et al. 2002).

The solubility of MSP is impaired by reduction of
the disulfide bridge; the reduced protein is reported to
be susceptible to aggregation and is ineffective in re-

constitution of PS II activity (Tanaka and Wada 1988;
Tanaka et al. 1989). An analysis of the positions of in-
ternal crosslinks within spinach MSP (generated with
EDC, a HyO-soluble carbodiimide that forms cova-
lent linkages between —NH; and —COOQO™ groups that
are within van der Waal’s contact distance) showed
that in solution, the C-terminus of MSP (Glu246)
would crosslink to Lys48, while Glul0 would cross-
link to Lys14 within the N-terminus. When MSP was
bound to PS II, the same crosslinker generated a bond
between residues Glu246 and Lys190 (Enami et al.
1998).

Lastly, Tohri et al. (2002) conducted an analysis
of the peptide fragments generated by «-chymotrypsin
and Staphylococcus aureus V8 protease to examine
protein conformations in solution and the accessib-
ility of different MSP species to protease digestion.
This work was founded on the experiments of Eaton-
Rye and Murata (1989), who had earlier shown for
the spinach protein that limited digestion cleaved the
first 16 and 18 amino acids, respectively, from the
MSP N-terminus. The more recent work examined
the cleavage patterns from Cyanidium caldarium,
Chlamydomonas reinhardtii, Euglena gracilis, Spin-
acea oleracea, and Oryza sativa, as well as from
the thermophilic prokaryote Synechococcus elongatus
(Tohri et al. 2002). Cleavage sites of manganese sta-
bilizing protein from various organisms were located
in different regions of the primary sequence, in spite
of the fact that amino acid residues Tyr, Glu, and Phe
are all conserved in these regions. According to Tohri
et al. (2001), this result indicates different accessib-
ilities of corresponding regions to proteases, because
proteolytic cleavage sites should, in theory, be ex-
posed to the protein’s surface. Interpretation of these
results also assumes that there are no interferences
from surrounding amino acid sequences that would
compromise protease specificity or activity. In higher
plants, the N-terminal region is exposed to the protein
surface since MSP was cleaved only at Y'6 of spin-
ach by a-chymotrypsin, and at E'8 and E'° of spinach
and rice, respectively, by V8 protease. In euglena and
green algae, two regions are exposed to the surface
of the protein; the N-terminus, and a position around
amino acid residues 156—195. Somewhat different res-
ults were obtained with cyanobacterial and red algal
MSPs, which are accessible to chymotrypsin and V8
protease in solution only in the region around residues
156-195. Based on these results, Tohri et al. (2002)
suggest that MSP has solution structures that differ
among the various species probed in their experiments.



Near-UV CD spectroscopy provides information
on the protein environment of aromatic amino acid
residues (Trp, Tyr, Phe). The intensity of the rotational
signal from these residues provides an estimate of the
hydrophobicity of their protein environment (Schmid
1997). For spinach MSP, such spectra indicate that
the lone Trp at position 241 is shielded from solvent,
and that the same is true of Tyr residues, although
in this case, the number of such residues in MSP (7)
leaves open the possibility that not all tyrosines are in
hydrophobic environments (Lydakis-Simantiris et al.
1999a). Similar information about MSP hydrophobic
domains comes from fluorescence emission spectra of
the protein (Shutova et al. 2001; Ruan et al. 2002).

Pazos et al. (2001) used the technique of ‘thread-
ing’ to produce a theoretical model for the tertiary
structure of MSP. The protein is predicted to consist of
an elongated structure comprised of two §-sheet-rich
domains separated by a ‘hinge’ region. This model
is in accord with the secondary structure predictions
(high B-sheet content), but does not predict a close in-
teraction between the N- and C-termini of the protein,
such as that which was revealed by the crosslinking
results discussed above. Selection of model proteins
for threading routines is of primary importance in
this technique. Ideally, one would prefer to use the
crystal structure of a protein that is very closely re-
lated to the protein of interest; however, this option is
not available in the case of MSP. Pazos et al. (2001)
selected proteins such as a human T-lymphocyte ad-
hesion glycoprotein, on the basis that this protein’s
B-sheet content was comparable to the S-sheet con-
tent predicted for MSP, to carry out their structural
predictions. The authors caution that a large deviation
is likely to exist between their model and the actual
solution structure of MSP. It is possible that with a fur-
ther expansion of the structural information in the data
banks, and with more experimental data on MSP’s
tertiary structure, threading methods will be able to
produce a more refined prediction of MSP’s tertiary
structure in solution.

In addition to its abnormal migration behavior on
SDS-PAGE and its unusual elution behavior on gel fil-
tration columns, spinach MSP is also unique in that
it is thermostable [preheating MSP at 90 °C, prior
to use in in vitro reconstitution assays, has little ef-
fect on its ability to reconstitute oxygen evolution
activity (Lydakis-Simantiris et al. 1999b)], and it is
quite acidic, with a pI of 5.2 (Kuwabara and Murata
1979). These properties, taken together, have been
cited as evidence that in solution, MSP belongs to a
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family of proteins whose solution structures are said
to be ‘natively unfolded’ or ‘intrinsically disordered’
(Lydakis-Simantiris et al. 1999b). It has also been pro-
posed that in solution, MSP is a ‘molten globule’, i.e.,
in a structural conformation midway between fully fol-
ded and completely unfolded (Shutova et al. 2000). In
this latter interpretation, the remarkable thermostabil-
ity of MSP is ascribed to the presence of the disulf-
ide bond. However, data on 90°C-preheated double
mutant C28AC51A, lacking disulfide bridge, indicate
that this protein can rebind to PS II and reconstitute
activity (A. Wyman, and C.F. Yocum, unpublished
data).

In either case, the solution behavior of MSP does

not correlate with that of a protein exhibiting a highly
ordered, compact structure. Extensive databases are
now available that catalog the properties of water-
soluble, natively disordered proteins (Dunker et al.
2001;
Uversky 2002). The hallmarks of such proteins are
an extremely acidic or basic pl, substantial amounts
of unordered secondary structure, thermostability, and
almost always participation as a partner in protein-
protein, protein-nucleic acid, or other protein-ligand
interactions (Dunker et al. 2001; Uversky 2002). It is
proposed that the rationale for a flexible, or unordered,
solution structure is that this enables such a protein
to undergo the structural rearrangements that may be
necessary to accommodate its interaction with another
biopolymer (Weinreb et al. 1996). A systematic ana-
lysis of the amino acid composition of ‘intrinsically
disordered’ proteins has shown that amino acids may
be classified as contributing to order or disorder within
a protein’s structure (Dunker et al. 2001). The results
of these theoretical investigations are applied to the
amino acid composition of MSP and to other water-
soluble proteins in Table 2. As can be seen from
the data, the relative amounts of order and disorder-
promoting amino acid residues in MSP correlates well
with the intrinsically disordered behavior of the pro-
tein in solution. The same is true of the non-Af
precursor of amyloid plaque, NACP, which is included
as an example of a thermostable, natively unfolded
protein. Results for some well-known water soluble
proteins with ordered structures are also shown. As
can be seen from the data in the table, these ‘normally
folded’ proteins are characterized by a lower content
of disorder promoting amino acid residues.
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Table 2. Amino acid composition of MSP and other water-soluble proteins, organized according to
the capacity of amino acids to promote order or disorder in the protein’s structure

Amino acid residues

% Composition of:

Spinach MSP  NACP* BSAP  Carbonic anhydase  Trypsind
Order promoting
W,C,ELY, VLN 30.3 243 36.5 34.7 42.4
Disorder promoting
A,R,G,Q,S,PE K 555 60.8 475 48.3 46.5
Neutral
H, T,M, D 14.2 14.9 16.0 17.0 11.1

4NACP-non-AB component of Alzheimer’s disease amyloid plaque, precursor. PBovine serum
albumin. “Human carbonic anhydrase. dBovine pancreas trypsin.

Functional consequences of chemical, enzymatic,
or genetic modifications of MSP

Chemical and enzymatic modification

The amino acid composition of MSP (Figure 1)
presents unusually rich opportunities for application
of chemical modifications to research the protein’s
function, given the numerous Glu, Asp, Lys, and Arg
residues in MSP. In the earliest experiments with intact
PS 1I, it was shown that the zero length crosslinker
EDC would generate covalent links between MSP and
the large extrinsic ‘E’ loop of CP47 (Enami et al.
1987; Bricker et al. 1988; Odom and Bricker 1992).
Glu and Asp residues have been modified by reaction
with EDC, glycine methyl ester, and with sulfo-(N-
hydroxy)-succinimide (Seidler 1996a; Frankel et al.
1999); the resulting modified MSP species are un-
able to bind to PSII and reconstitute O, evolution
activity, implicating carboxy amino acid side groups
in the MSP-PS II interaction. Modification of Lys
and Arg residues (Miura et al. 1997) also interferes
with rebinding to PS II, indicating that both negatively
and positively charged residues are clearly involved
in MSP binding to PS II. Bricker and Frankel (1998)
have provided a thorough discussion of these results
and the reader is referred to their review. Modification
of Trp241 of spinach MSP by N-bromosuccinimide
(NBS) has been reported by Yu et al. (2001). NBS-
modified MSP showed low to moderate levels of PS II
rebinding, but was unable to reconstitute O, evolu-
tion activity. Exposure of MSP to chymotrypsin or
to V8 protease (Eaton-Rye and Murata 1989) resul-
ted in the proteolytic removal of 16 or 18 N-terminal
amino acids. The truncated protein was incapable of
rebinding to PS II, even though far-UV CD spec-

troscopy indicated that proteolysis had not affected
MSP’s secondary structure.

In vivo mutagenesis

The ability to transform Syrnechocystis 6803 has
been exploited in some investigations of the con-
sequences of MSP mutations. The most drastic of
these is ApsbO, whose properties have already been
described. The mutant C20S in Synechocystis removes
the disulfide bridge in the protein, and this mutant
exhibits growth and O, evolution activity phenotypes
that are almost identical to that of the ApsbO mutant
(Burnap et al. 1994). This is likely due to proteo-
Iytic destruction of the protein since eukaryotic C
— A mutations are able to reactivate MSP-depleted
PS 1II (see below). On the other hand, replacement
of the Asp residue at position 9 by lysine (mutant
DI9K) does not affect MSP accumulation and has a
minimal impact on Oy evolution activity. Mutation
of the strictly conserved Aspl59 (D159N mutant)
residue produces a mutant whose characteristics are
intermediate between the wild-type and ApsbO strains
(Burnap et al. 1994).

Mutagenesis of recombinant MSP

Seidler and Michel (1990) demonstrated the feasibil-
ity of overexpressing MSP in E. coli. The technique
has subsequently been used to overexpress MSP from
spinach, Arabidopsis, and Synechococcus (Seidler and
Michel 1990; Betts et al. 1994; Motoki et al. 2002),
and to generate a number of site-directed mutants.
In what follows, we briefly summarize the results of
mutagenesis experiments directed at the N-terminus,
the intervening sequence, and the C-terminus of the
protein.



N-terminal mutations

Effects of deleting partial sequences of the N-terminal
18 amino acids of spinach MSP has been reported
(Popelkova et al. 2002a, b). These experiments were
undertaken to determine which domains of the MSP
N-terminus are required for PS II binding. Deletions
of several amino acids simultaneously was used as the
experimental strategy, owing to the report by Seidler
et al. (1992) that mutation of a single residue, in this
case a highly conserved amino acid (Asp9) to Asn,
produced little effect on MSP function. In contrast,
larger scale deletion mutations had an impact on MSP
function. Removal of the first 10 amino acids elimin-
ated binding of one of two copies of MSP to PS II,
while deletion of a further eight amino acids reduced
binding ability and O, evolution activity reconstitution
by the second MSP to low levels (about 20% of the
control). The sequences “KRLTYD'’E and STYL'®E
have been identified as the essential sequences for
MSP binding, and work now completed shows that
the conserved Thr residues in these sequence do-
mains are required for MSP binding (Popelkova et
al. submitted). Extensions to the MSP N-terminus are
without major effect on the protein’s activity. Seidler
(1994) showed that extending the N-terminus by 6
His residues produced little, if any, effect on activity
reconstitution. Popelkova et al. (2002a) showed that
unprocessed recombinant MSP, which retains the 82
amino acid transit sequence used to import the protein
into the chloroplast, can rebind to PS II and reconsti-
tute activity. As no profound effects are found when
using MSP species carrying N-terminal extensions in
reconstitutions with MSP-depleted PS II samples, this
would suggest that this particular protein domain is
likely to be surface-exposed when bound to PS II.
It is difficult to imagine how the additional mass of
the transit peptide (about 8.2 kDa) could be accom-
modated in a buried hydrophobic domain of PS II.
This assumption is also consistent with the proteo-
Iytic cleavage results obtained with spinach MSP, as
reported by Tohri et al. (2002).

The disulfide bridge elimination

Betts et al. (1996a) reported that total, or partial, elim-
inations of the disulfide bridge (mutants C28ACS51A,
C28A, and C51A) produced recombinant proteins that
differed from wild-type MSP in their solubilities. It
was necessary to utilize urea during purification, and
in some reconstitution studies, to prevent MSP ag-
gregation. Nevertheless, these mutants retained the
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capability to rebind to PS II and reconstitute O, evol-
ution activity. The solubility properties of the C — A
mutations parallel the behavior of MSP in which the
disulfide bond was reduced (Tanaka and Wada 1988;
Tanaka et al. 1989). The reduced protein was insoluble
and had a pronounced tendency to aggregate in solu-
tion. However, it failed to rebind to PS II, and, as a
consequence, was ineffective in reconstituting activity
(Tanaka and Wada 1988).

Intervening amino acid sequences between the
disulfide bridge and the C-terminus

Seidler et al. (1992) produced a large number of muta-
tions to silence negative charges in spinach MSP (D
— N or E — Q), or to reverse the charge (D or E
— K). These mutations, distributed throughout the
MSP sequence from D9 to D234, were without ma-
jor effect on the protein’s ability to reconstitute PS II
activity. Motoki et al. (2002) singled out a highly
conserved region in the sequence of S. elongatus
MSP, “8VPSYRTANFLDPKGRGLASG '6%Y, and
prepared several mutants. Of these, D158N, K160Q,
K160R, R162Q, R162K, R152Q, R152K, and F156L
dramatically reduced the ability of the protein to re-
constitute Oy evolution activity. The importance of
this sequence domain of MSP was further emphasized
by Motoki et al. (2002) through a series of insertion
mutants in which a Gly, Ala, or Val was inserted into
MSP between positions 156 and 157, or when L157
was deleted. In all cases, these insertions or deletions
inactivated the ability of the mutagenized MSP to re-
store activity to MSP-depleted PS II. At the same time,
where it was examined, these mutants showed second-
ary structure content comparable to that found in the
wild-type control.

C-terminal mutations

Seidler (1994), in his characterization of His-tagged
MSP mutants, prepared a C-terminal spinach muta-
tion with a 6-His extension. The resulting protein
would reconstitute activity, but exhibited sigmoidal
rebinding to PS II. Betts et al. (1996b) discovered a
mutation near the C-terminus of MSP (V235A) that
conferred temperature sensitivity on MSP rebinding
to PSII. The mutant showed normal O, evolution
activity, but weakened binding behavior was evid-
ent in experiments in which wild-type MSP was able
to displace V235A from PSII binding sites (Betts et
al. 1997). Betts et al. (1998) and Lydakis-Simantiris
et al. (1999a) characterized a series of mutations in
which C-terminal residues were systematically elim-
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inated from MSP by replacing amino acid codons with
stop codons (@), or where Glu246 was changed to
Lys and Leu245 to Glu. Arabidopsis MSP lacks Q247
and exhibits normal activity with MSP-depleted PSII
from spinach. The mutation E246@ showed temper-
ature sensitive binding behavior, but was otherwise
normal. Truncation of MSP’s C-terminus by three or
four residues (L245@, Q244 @) had profound affects
on MSP function, however. In both cases, only limited
binding and reconstitution of activity could be ob-
tained with these recombinant mutants, showing that
both Q244 and L1245 were essential for MSP binding
to PS II and recovery of O evolution activity. The
L245E mutant exhibited low reconstitution activity,
but surprisingly, the mutant E246K at the adjacent po-
sition in the amino acid sequence exhibited an activity
that was about 75% that of the control.

Structural consequences of chemical or genetic
modifications of amino acids in MSP

An advantage of MSP overexpression in E. coli is that
one can produce sufficient amounts of protein for use
in methods such as CD, FT-IR, fluorescence, or gel
filtration, which provide information on the protein’s
secondary structure or solution conformation. As was
mentioned above, near-UV CD can provide informa-
tion on the protein environment surrounding aromatic
amino acid residues (Phe, Trp, Tyr) by monitoring the
intensity of the ellipticity from these residues at their
characteristic absorption wavelengths (Schmid 1997).
Likewise, fluorescence emission from these residues
has been used to monitor the status of proteins during
folding-unfolding. Table 3 collects data for those MSP
species (heated or mutated) where information on their
secondary or tertiary structures is available. There are
several noteworthy points that can be derived from this
table.

Firstly, although a number of mutations have a pro-
nounced effect on the activity of MSP with respect to
reconstitution of O evolution activity, many of these
mutations do not produce a large-scale effect on sec-
ondary structure content, as monitored by far-UV CD.
The greatest changes occur in the B-sheet content of
C-terminal mutants (L245@, Q244@, and L245E).
The loss of S-sheet structure is less extensive in wild-
type MSP heated at 90 °C. Second, MSP is able to
retain some residual secondary structure even upon
heating at 90 °C (see Table 3). This phenomenon is
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Figure 2. Near-UV CD spectra of wild-type and C28AC51A MSP
in 10 mM KH,POy, pH 6. The prominent features at 285 and 293
nm are due to Tyr and Trp, respectively, in hydrophobic environ-
ments. Heating at 90 °C, or elimination of the disulfide bridge,
greatly reduces these peaks, which is interpreted to indicate that a
structural transition has occurred with altered hydrophobicity of the
environment around these aromatic amino acid residues.

probably a reflection of the natively unfolded behavior
of the protein.

Thirdly, where measurements have been made,
near-UV CD appears to yield results that are con-
sistent with the data from gel filtration experiments.
When results from these techniques are combined, it
can be seen that a number of N-terminal mutations
generate an increase in hydrophobicity (1) around Tyr
and Trp residues and a somewhat diminished size
of the resulting proteins, as monitored by gel fil-
tration. However, these mutants’ secondary structure
remains unchanged. One N-terminal truncation, how-
ever, AE18M reverses this effect. This mutation shows
a modest loss of hydrophobicity (|), along with a
small loss of secondary structure, even though the pro-
tein’s size is not substantially altered. Significantly,
this mutant exhibits dramatically weakened binding to
PS 11, and only one copy of the protein can rebind
(Popelkova et al. 2002b). This is part of the stepwise
loss of ability to reconstitute activity that correlates
with the loss of binding of first one (AT7M), and then
the second (AT15M), copy of MSP required for full
activity of the enzyme system. The absence of large
changes in secondary structure and structural com-
pactness upon truncation of MSP’s N-terminus, would
suggest that this domain functions principally as a re-
cognition sequence that guides MSP to the appropriate
docking site, most likely on CP47. At the C-terminus,
an opposite effect is observed. Here, truncation or
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Table 3. The effect of mutation and heating on the structure and function of manganese stabilizing protein from spinach and

Synechococcus elongatus

d

Protein Secondary structure Tertiary structure # N SBY  size O; evolution  Reference
a-helix  B-sheet  Turn + other kDa  activity®
Wild type 4 41 56 - no 37 100% A
PreMSP 5 37 57 N yes 49 114% A
AG3M 4 37 58 A yes 34 130% A
ARSM 4 37 57 0 yes 34 100% S
AL6M 4 37 58 A yes 35 95% S
ATTM 5 38 58 No no 34 60% S
AE1OM 4 37 59 0 yes 33 70% A
AS13M 3 38 57 0 yes 33 70% B
AK14M 3 41 56 b yes 33 70% B
ATISM 3 37 59 0 yes 33 20% S
AE18M 4 34 61 l yes 33 20% B
C28AC51A 4 34 63 N yes 51 60% C
E246K 6 39 55 No no 41 100% D
E246@ 7 33 59 J no 42 88% D
L245@ 8 24 67 N yes 52 10% D
L245E 4 19 75 J yes 62 45% D
Q244@ 6 17 78 l no 58 0% D
Rwt-90°C¢ 6 29 63 N ND8 ND ND E
Nwt-90 °C 4 30 65 l ND ND ND E
Syn-wtl 7 39 54 - no ND  100% F
Syn-R152Q 8 38 54 b yes ND 16% F
Syn-D158N 9 38 54 ND yes ND 18% F
Syn-K160Q 8 38 54 ND yes ND 11% F
Syn-R162Q 7 39 55 N yes ND 18% F

4 Arrows indicate an increase (1) or decrease ({) in the hydrophobic environment around aromatic amino acid residues Trp241

and Tyr242 compared to wild type.

bNSB, nonspecific binding of MSP to PS II, compared to wild-type binding.

€Oxygen evolution activity is presented as a percentage of the wild-type value.

dA: Popelkova et al. 2002a; B: Popelkova et al. 2002b; C: Wyman and Yocum, unpublished data; D: Lydakis-Symantiris et al.
1999a; E: Lydakis-Symantiris et al. 1999b; F: Motoki et al. 2002; S: Popelkova et al., submitted.

SRwt — recombinant wild-type MSP from spinach; Nwt — native wild-type MSP from spinach.

fSyn — wild type and mutant MSPs from Synechococcus elongatus.

&ND - not determined.

mutagenesis beyond E246 causes a loss of some -
sheet structure and a rather large increase in size, and
also decreases the intensity of the relevant near-UV
CD peaks from Trp and Tyr. In this case, the largest
changes are seen in the C-terminal mutations L245@,
Q244@, and L245E. On the other hand, no change
in the near-UV features of Tyr and Trp is observed
in the mutant E246K. Moreover, this mutant does not
exhibit a higher apparent mass on gel filtration and re-
tains secondary structure. The structural properties of
the E246@ mutant are intermediate between E246K
and other C-terminal mutants (Lydakis-Simantiris et
al. 1999a).

Elimination of the disulfide bridge by mutagen-
esis gives a result that provides information on the
structural changes caused by C-terminal mutations.
Figure 2 presents data on the near-UV CD spectra
of wild-type MSP, wild-type MSP at 90 °C, and the
C28AC51A double mutant at 25 °C. For the heated
protein, as well as for the mutant, the CD spectra give
evidence for a complete loss of the hydrophobic envir-
onments of Tyr residues and Trp241. Data in Table 3
show that some changes occur in the secondary struc-
ture elements of these proteins and, in the case of
C28ACS51A, an increase in apparent mass is also ob-
served. However, the C28AC51A mutant is capable
of rebinding to PS II and restoring activity to near-
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Figure 3. Schematic models of the solution tertiary structure of the wild-type and mutant MSPs from spinach. The dashed line represents the
interaction between Glu246 and Lys48, and the solid line represents the covalent bond between Cys28 and Cys51; for other details, see text.

wild-type levels (Betts et al. 1996a). Thus, loss of
the hydrophobic domain at the C-terminus, along with
some fB-sheet structure, as monitored by near- and far-
UV CD, is not necessarily diagnostic for loss of MSP
function. This would indicate that the elimination of
key amino acids at the C-terminus (Leu245, Gln244),
which also cause a loss of the hydrophobic charac-
ter of this domain (Lydakis-Simantiris et al. 1999a),
creates the lesion that prevents activation of PS II by
MSP lacking critical C-terminal amino acid residues.
Thus, two domains of MSP can be clearly identified
with the binding and assembly of MSP into PS II. The
first of these, the N-terminus, is essential for the pre-
liminary docking of the protein with sites that have
been identified as being associated with the extrinsic
E loop of CP47. This contact alone is insufficient
to permit completion of the steps that lead to tightly
bound MSP, however. Key residues at the C-terminus
must be present in order for MSP to achieve a func-
tionally bound state. At a minimum, these residues
must include Leu245 and Gln244. In accord with the
observation that MSP assembly into PS II involves a
gain of B-sheet secondary structure (Hutchison et al.
1998), it seems likely that MSP binds to PS II in a

process that contains at least two ordered steps, initial
contact followed by folding into a new structure that is
presumably more compact than the solution structure:

PS II + MSPynroLpeD — PS I — MSPyNroOLDED
— PS II — MSPro1LDED

Step one can proceed without key C-terminal amino
acid residues (Betts et al. 1998), but recovery of func-
tion, as well as high affinity binding, requires an intact
C-terminus. Part of this rebinding-refolding mechan-
ism may require a substantial rearrangement of MSP
structure, such as that revealed by the crosslinking
studies of Enami et al. (1998). These investigators
found that when MSP was in solution, Glu246 cross-
linked to Lys48, as mentioned above. The modified
protein, when rebound to PS II, was capable of pro-
tecting against Mn loss, but not of restoring O, evolu-
tion. When PS II-bound MSP was probed, a crosslink
between Glu246 and Lys190 was detected, which the
authors interpreted as evidence for a major shift in
MSP structure upon binding to PS II. Although the
hydrophobic environment around Tyr and Trp residues
is not important for functional assembly of MSP into
PS 11, it does appear to play relevant role in the pro-



tein’s tertiary structure in solution. An increase or
decrease in hydrophobicity in this C-terminal domain
correlates, in most cases, with nonspecific binding of
MSP to PS II (see Table 3). Thus, the hydrophobic do-
main at the C-terminus of the wild-type protein may be
necessary to prevent nonspecific binding interactions
between MSP and PS II.

A model for MSP solution structure

The structure of MSP bound to PS II has been reported
as part of the crystal structures from cyanobacterial
preparations (Zouni et al. 2001; Kamiya and Shen
2003). In these structures, the protein is bound to the
lumenal side of PS II as a prolate ellipsoid shape con-
taining extensive amounts of B-sheet. At the present
levels of resolution (3.7-3.8 10\), it is not possible to
identify individual amino acids. In addition, there ap-
pears to be only one copy of MSP associated with
the cyanobacterial preparations, whereas biochemical
evidence favors the presence of two copies in higher
plant preparations (Xu and Bricker 1992; Seidler
1994; Leuschner and Bricker 1996; Betts et al. 1996b,
1997; Frankel et al. 1999). The shape of the bound
subunit agrees with predictions for the prolate ellips-
oid shape of MSP in solution, as discussed above.
From the effects of mutations and chemical modific-
ations on the solution structure of MSP, it is possible
to propose a model for the conformation in solution of
the wild-type protein that is consistent with the data
that are now available.

Two lines of evidence, the crosslinking results of
Enami et al. (1998), and the results from MSP N-
terminus truncations by mutagenesis (Popelkova et al.
2002a, b), both suggest that the C-terminal domain
of wild-type MSP interacts with the N-terminal do-
main. If correct, these data predict that wild-type MSP
adopts a solution conformation in which the primary
sequence and secondary structure elements are fol-
ded back upon themselves (see Figure 3—wild type).
According to the results of Enami et al. (1998), an
interaction between Lys48 and Glu246 exists in this
structure, so it is possible that the N-terminus folds
back towards this contact point and assists in stabil-
izing it. This interaction requires the presence of the
disulfide bridge and, minimally, the presence of a C-
terminal sequence -WYAQLE-. The results of Yu et
al. (2001) on NBS-modification of Trp241, where the
modified MSP shows a large increase in the amount of
random coil and a loss of «-helix and B-sheet struc-
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tures, would suggest that this residue is also essential
for maintaining the protein in an active conforma-
tion, and the hydrophobic domain around this residue
prevents nonspecific binding of the protein to PS II.
Elimination of the stabilizing disulfide bridge disrupts
the hydrophobic environment around Trp241, partially
unfolding the protein to the more ‘open’ conformation,
but preserving a functional interaction (E246 — K48)
between the C- and N-termini and also allowing non-
specific binding of the protein to PS II (see Figure 3 —
C28AC51A).

Disruption of the N — C-terminus interaction ap-
pears to have two consequences. First, in most cases,
MSP increases in apparent molecular mass owing to
changes in its hydrodynamic properties, and second,
for those mutants where C-terminal residues have been
removed, high affinity MSP binding and O, evolution
activity reconstitution are lost, but the protein can bind
nonspecifically to PS II. The models for solution struc-
tures of the L245@ and Q244 @ mutants in Figure 3
represent a schematic of this altered structural state,
in which MSP loses the hydrophobic region around
Trp241, and adopts an even more ‘open’ conforma-
tion than C28ACS51A. This conformational flexibility
is likely to be facilitated by the natively unfolded
behavior of MSP in solution. The large amount of
unassigned secondary structure in the MSP sequence
(Figure 1) represents regions where turns and un-
ordered structure could come into play both in disrup-
tion of the interactions between the N- and C-termini,
and also in regions that might undergo folding when
MSP assembles into PS II.

Conclusion

Our knowledge of the solution structure of MSP, and
the identity of critical amino acid residues that are
needed for its binding and assembly into PS II, has ad-
vanced considerably in the last two years. The disorder
in MSP’s tertiary structure, and its lack of secondary
structure as well, are common features of a num-
ber of proteins that are involved in protein—protein or
protein—nucleic acid interactions. While the disulfide
bridge in MSP is not essential to produce a solu-
tion structure capable of assembly into PS II, in vivo
mutagenesis results clearly indicate that this structural
feature of the protein is essential to produce a stable
species capable of activating water oxidation in in-
tact cyanobacterial cells. Both the N- and C-terminal
domains of MSP can now be recognized as essential
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contributors to the Oy evolution activity of the pro-
tein, and an interaction between these domains can be
identified as a marker for the solution conformation of
the wild-type protein. The solution structure models
we propose here are consistent with the existing data.
Testing such models is a daunting enterprise, however.
The size of MSP is at the upper limits where NMR
is useful. It is possible that soluble MSP may one day
be crystallized. An initial promising report has already
appeared (Anati and Adir 2000).
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