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ABSTRACT: The secondary structure of the 33 kDa manganese-stabilizing protein (MSP) asso-

ciated with the oxygen-evolving complex of the cyanobacterium Synechococcus sp. PCC 7942 was

predicted using information from a family of homologous amino acid sequences and applying var-

ious algorithms to: 1) determine the similarity between substituted residues in a particular posi-

tion; 2) predict the propensity of various neighboring residues to contribute to a specific secondary

structure configuration; 3) analyze hydropathy, chain flexibility, potential antigenic determinants

and; 4) identify a region that may serve to bind this polypeptide to the photosystem II core com-

plex. Nine functionally important regions (FIRs) were identified, one of which exhibited a high

degree of flexibility as well as partial sequence similarity to the manganese-binding site of the bac-

terial superoxide dismutase. The nucleotides encoding two aspartic acid residues in this region

have been identified as possible ligands for manganese.

INTRODUCTION

Although experimental evidence indicates that the native conformation of a protein

is encoded in its amino acid sequence, it is not possible at this time to predict the tertiary

structure of a protein or its function based on knowledge of primary structure alone. Most

of what is known concerning the details of folding to produce protein structure has been

obtained from X-ray diffraction patterns of protein crystals. Unfortunately, crystallographic

analysis is a lengthy process that currently lags behind the accumulation of protein se-

quence data. The amino acid sequence of a protein, however, may serve as a framework

for predicting secondary structure and constructing profiles of properties such as hydropathy,

segmental flexibility, bulkiness, and accessibility. A protein profile developed from com-

parisons of sequences of homologous polypeptides from divergent organisms may per-

mit the identification of potentially important domains or residues to aid in the rational

design of site-directed mutagenesis experiments which probe the function of a polypep-

tide or of a specific region of a polypeptide.

In the present investigation, a systematic study of the secondary structure of a pho-

tosynthesis polypeptide, the 33 kDa manganese-stabilizing protein (MSP) from the

cyanobacterium Synechococcus sp. PCC 7942 (also known as Anacystis nidulans R2).

was undertaken to characterize important features of the polypeptide and to identify prob-

able functionally important regions as targets for mutagenesis. The study used various

computer algorithms to analyze features of secondary structure of the polypeptide and to

compare three known MSP amino acid sequences for the extent of sequence conserva-

tion within specific regions. Finally, a homology search was performed to compare func-
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tionally important regions identified within the MSP with amino acid sequences of other

manganese-binding polypeptides.

The MSP is one of several polypeptides of the oxygen evolving complex which are

intimately associated with the photolysis of water to molecular oxygen. Other compo-

nents required for water-oxidizing catalytic activity include a polynuclear manganese com-

plex (2/4 Mn/complex), 2-3 Ca2+ (Cammarata and Cheniae, 1 987; Ikeuchi and Inoue, 1 986;

Yasuhiro, et al, 1986), CI" (Homann, 1987), and a number of intrinsic photosystem II

(PSII) polypeptides (43 kDa, 47 kDa, D 2 , D,, cytochrome b559) (Bertold, etal, 198 1 ; Camm,
et al, 1987; Cammarata and Cheniae, 1987; Ohno, et al, 1986). It has been suggested

that while the presence or absence of the MSP may not be the primary determinant of

residual water-splitting activity, it may nonetheless be responsible for maintaining the

necessary conformation of the Mn-cluster required for efficient oxygen evolution

(Hunziker, et al, 1987; Kuwabara and Murata, 1982; Kuwabara, et al, 1985; Miyao and

Murata, 1984).

The use of the secondary structure analyses to design site-directed mutagenesis ex-

periments targeting functionally important regions within the MSP may clarify some of

the following: the role of specific amino acids in the polypeptide function; the identifi-

cation of residues binding the MSP to the photosystem II (PSII) complex; whether the

MSP serves as a dismutase to scavenge free radicals produced during the photolysis process;

and whether or not Mn is bound to specific amino acids of the MSP for stabilizing the

Mn-cluster in the proper conformation necessary for the efficient oxidation of water

(Kuwabara, et al, 1985; Oh-oka, et al, 1986).

The cyanobacterium, Synechococcus sp. PCC 7942, was used for the study of the

MSP in this investigation for several reasons: 1) the amino acid sequence of the MSP
has been determined, and the gene (psbO) has been cloned in this well-studied

cyanobacterium (Kuwabara, et al, 1987); 2) although Synechococcus sp. PCC 7942

is a prokaryotic organism, it is capable of performing oxygenic photosynthesis in a

manner similar to higher plants and may serve as a general model system of oxygen

evolution in plants; 3) the cyanobacterium is transformable to facilitate future muta-

genesis experiments; 4) thylakoid preparations from cyanobacteria have a looser

structure than preparations from plant chloroplasts (Pistorius, 1983) which may sug-

gest a different means of sequestering Mn required for oxygen evolution; and 5) in

future experiments, the oxygen-evolving capacity of specifically constructed mutants

could be compared to mutants being produced in other well-studied organisms in-

cluding the photoautotrophic cyanobacterium, Synechocystis sp. PCC 6803, which ap-

pears to be able to evolve oxygen at low levels in the absence of the MSP (Burnap

and Sherman, 1991).

The analysis of the secondary structure of the MSP was performed by comparing the

three amino acid sequences from Synechococcus sp. PCC 7942 (Kuwabara, et al, 1985),

pea (Watanabe, etal, 1987), and spinach (Herman, etal, 1987; Oh-oka, et al, 1986) and

applying two algorithms: one to evaluate the similarity of physiochemical properties of

substituted amino acids between the species (Zvelebil, et al, 1987) and a second to cal-

culate the propensity of a particular region to assume a specific secondary structure (Williams,

et al, 1987). This information was used to identify nine conserved, functionally impor-

tant domains (FIRs) for subsequent mutagenesis experiments. Because of their conser-

vation and specific secondary structure features, these FIRs are believed to include

residues that are either responsible for maintaining important structural features or are di-

rectly involved in catalysis and/or in ligand binding.
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Additional information was needed to identify possible ligand binding sites which

are expected to be on surface exposed flexible regions of the polypeptide. Crawford,

et al. (1987) have found good correlation between predicted loop segments, minimal

hydropathy, and maximal flexibility. Thus, algorithms were used to prepare a profile of

average hydropathy (Kyte and Doolittle, 1982) and chain flexibility values (Karplus and

Schultz, 1985). A surface profile of the MSP from Synechococcus sp. PCC 7942 was

generated following the procedure of Karplus and Schultz ( 1 985) and Parker, et al. ( 1 986),

which are based on a composite of algorithms assessing hydrophilicity, accessibility, and

flexibility parameters. The composite profile was plotted and probable antigenic sites

were identified.

In order to identify a potential Mn binding region, the amino acid sequences of our

FIRs were compared with sequences known to bind Mn within other proteins. Amino

acids in region 249-256 within a predicted FIR were identified as a probable ligand bind-

ing region. Partial sequence homology of this region with Escherichia coli superoxide

dismutase led to the identification of two aspartic acid residues (25 1 and 253) which might

be Mn-binding ligands.

Finally, a region of the polypeptide that might serve to anchor the MSP to the pho-

tosystem II core complex was identified using the membrane preference parameters of

Argos, et al. (1982) with a modified window. The window was shortened since the MSP
is not a transmembrane protein but potential membrane anchoring sites might be local-

ized within shorter regions of hydrophobicity.

MATERIALS AND METHODS

Computer analyses. The IBI/Pustell DNA and Protein Sequence Analysis System,

obtained from International Biotechnologies Incorporated, was used in the analysis of the

nucleic acid and amino acid sequences of the MSP. Quattro, the professional spreadsheet

manufactured by Borland International, was employed to perform the necessary mathe-

matical operations dictated by the various algorithms to generate the secondary structure

and physiochemical profiles of the MSP.

Secondary Structure Prediction. Homologous sequences of the 33 kDa polypep-

tide from pea and spinach were aligned with that of the polypeptide from Synechococcus

sp. PCC 7942 according to Kuwabara, et al. (1987). (Since this research was initiated

MSP sequences from additional organisms have become available). The degree of se-

quence conservation at each position along the chain was quantified and assigned a "con-

servation number," Q, following the procedures of Zvelebil, et al (1987) in which values

of Cj ranging from to 1 were computed based on ten chemical properties of the amino

acids at each position. Zvelebil, et al. (1987) characterized each amino acid by assign-

ing yes or no values for the following properties: hydrophobic, positive, negative, charged.

small, tiny, alipatic, aromatic, proline. The conservation number was calculated from the

equation Cj = 0.9 - 0. 1 x P, where P represents the total number of variant chemical prop-

erties of the amino acids at position i. A high conservation number is yielded when chem-

ically similar types of amino acids occur at a position, and a low number results when

there is high variability between substituted residues, or if there is an insertion.

After Cj was calculated for each position, a "smoothed conservation number." CS,.

was figured by averaging Q over three residues (i - 1, i. i + 1 ). The CS, was then plotted

along the sequence, and the average conservation number over the entire sequence (Cav)

was determined.
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The single residue method of Williams, et al. (1987) was used to predict the sec-

ondary structure of the MSP from Synechococcus sp. PCC 7942. According to the method

of Williams, et al. (1987), each amino acid in the MSP from the cyanobacterium was as-

signed a propensity (P) value for forming an alpha helix, beta sheet, or a turn. The con-

formational state profiles were then smoothed by averaging over run constants of 6, 5,

and 2 for helix, strand, and turn, respectively. Residues were predicted to be in a partic-

ular secondary structure if their average preference exceeded the decision constant (DC)

for that structure. According to the procedures of Williams, et al. (1987), decision con-

stants of 0.99, 0.95, and 1.19 were used for helix, strand, and turn, respectively. In cases

of overlap, where the average preference of more than one conformational state exceeded

their respective DCs, priority was given to that propensity farthest above its DC. Regions

not predicted as either helix, strand, or turn were classified in the random coil confor-

mation having average PH , Ps, and PT values less than their respective DCs.

According Zvelebil, et al. (1987), an additional 9% improvement in the prediction

of secondary structure is afforded if the extent of sequence conservation at each residue

is taken into consideration. This was accomplished by calculating (CSj - Cav ) x A. The

constant A is included to heighten differences in conservation. Optimal values, accord-

ing to Zvelebil, et al. (1987), were found to be A = 150 for C av < 0.55 and A = 250 for

Cav > 0.55. In the present investigation, the optimal value for A was found to be 0.25.

This value was then added to the Williams, et al. (1987) conformational state profiles for

helix, strand, and turn, prior to assigning residues to a particular secondary structure.

Profiles of average hydropathy and chain flexibility values were also determined. The

hydropathy scale of Kyte and Doolittle (1982), which uses a sliding window of seven

residues and assigns the value to the fourth residue, was used to generate the hydropathy

profile. The profile of chain flexibility was produced using the algorithm of Karplus and

Schultz (1985) based on crystallographic temperature factors. The weighted average of

a window of seven residues was computed and again was assigned to the fourth residue.

Predicting Functionally Important Residues (FIRs). The conservation plot and

the predicted secondary structure were used to identify FIRs of the MSP. Again, the al-

gorithm developed by Zvelebil, et al. (1987) was used, whereby an active region was pre-

dicted if: 1) within a 5 residue segment, n or more residues were invariant, where n = 4,

if C av > 0.5, and n = 3, if Cav < 0.5; and 2) in a predicted loop region there was a con-

served residue at position i (Q = 1 .0) and the CSj > 1 .5 x C av and CSj > 0.7. The first part

of the algorithm attempts to quantify the extent of sequence invariance (n) in relation to

the background of overall similarity between aligned sequences, while the second part is

founded on the principle that invariant residues in loop regions tend to be more indica-

tive of an FIR than invariant residues within the secondary structure core.

Evaluation of Membrane Preference. In order to obtain information regarding the

anchoring of the MSP to the PSII core complex, the membrane preference parameters of

Argos, et al. (1982) were applied using the function M5 (window of 5) to localize poten-

tial membrane anchoring sites comprised of shorter regions of hydrophobicity. Possible

membrane anchoring regions were predicted when M 5 > 1 .0. Negative M 5 values were

regarded as markers for connecting loops or solvent exposed portions of the protein molecule.

Composite Surface Profile for Predicting Antigenicity. A surface profile of the

MSP from the cyanobacterium was generated following the procedure of Parker, et al.

(1986), which is based on a composite of algorithms assessing hydrophilicity, accessi-

bility, and flexibility parameters. Hydrophilicity (Parker, et al, 1986) and accessibility

(Janin, 1979) profiles were determined by summing the parameters for each residue in a
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seven residue segment and assigning the sum to the fourth residue. The previously de-

scribed algorithm of Karplus and Schultz ( 1985) was used to determine the flexibility pro-

file. In each profile, surface sites were defined as any residues with a profile value greater

than 25% of the average value for that particular parameter. The three surface profile

plots were used to produce a composite profile. The surface sites for each profile were

scaled from to 100 such that the maximum surface site value in each plot was set equal

to 100 and the 25% surface site value was equal to 0. The plots were then superimposed,

and the maximum value of each residue was used to give the composite profile value.

Composite profiles were plotted, and antigenic sites were identified as regions with sur-

face profiles greater than a value of 50%.

RESULTS

Computer comparisons of the nucleotide sequences of the psbO genes and amino acid

sequences of three MSPs indicated that there was a high degree of similarity between their

secondary structures. The analyses facilitated the construction of a conservation profile

of the polypeptide to identify regions of conserved sequences which are believed to be

functionally important. Other analyses revealed important regions of probable structure

or function including: membrane insertion or contact interfaces, surface exposed flexi-

ble regions, antigenic determinants, and residues which might serve as ligands for Mn.

In order to examine the degree of relatedness between MSPs from the cyanobacterium

and two higher plant species, the amino acid sequences of the MSPs from pea, spinach,

and Synechococcus sp. PCC 7942 were aligned as performed previously by Kuwabara.

et al. (1987). As was shown by these investigators, the MSPs from pea and spinach ex-

hibited significant amino acid sequence homology, with 84% of the 248 residues in the

mature protein being conserved between the two species of higher plants. When the MSP
sequence from the cyanobacterium was compared to that of either spinach or pea, the ho-

mology was significantly lower, with only 48% of the residues being conserved.

When similar chemical and physical properties of the amino acids occurring at each

position were taken into account and the extent of sequence conservation quantified ac-

cording to the method of Zvelebil, et al. ( 1 987), the secondary structures of the MSPs ap-

peared to be quite similar. The average conservation number over the entire sequence

was found to be 74%, significantly greater than the absolute amino acid conservation.

The increase in conservation observed using this method suggested that the majority of

amino acid substitutions occurred between residues that share the same physical and chem-

ical properties.

The secondary structures of the three MSPs were predicted using the methods of

Williams, et al. (1987) and Zvelebil, et al. (1987) and are represented in Figure I, which

depicts the propensities of residues to be found in helixes, beta sheets, or turns, respec-

tively. It is evident from the three plots that the MSPs follow the same general trends

with respect to their secondary structure propensities, particularly for beta strand and he-

lical propensities. The MSP may be classified according to the method of Levitt and Chothia

(1976, 1984) as an alpha/beta protein having mixed and alternating segments of a-helix

and B-sheet structures.

The conservation profile generated by comparisons of the three proteins is illustrated

in Figure 2 in which the degree of conservation is plotted against the amino acid align-

ment number. The secondary structure predicted for the MSP from Synechococcus sp.

PCC 7942 is indicated above the plot. Other comparisons of homologous proteins ofknown
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Table 1. Secondary structure prediction of the MSP sequences from Synechococcus sp.

PCC 7942, spinach, and pea. The algorithims of Williams, et al. (1987) and Zvelebiel,

et al. (1987) were applied to predict the secondary structures of the three 33 kDa MSP
proteins (H = alpha helix, S = beta strand, C = random coil, T = turn). A comparison of

the secondary structure composition of the three peptides is also given.

30 40 50 60 70

Synechoc. CC CSSSSSHH HTTTTTHHHHHHHHHHTTSSSSHTTHHHHHH
Spinach CC CCCHHHHHHHHSSSSSSTTTTCCCCCCS STTCCTSSHHTTT CCCHH

Pea CCCCHHHHHHHHHHSSSSSSTTTTCCCCCCC CTTCCTSSSSTTT CCCHH

Conserved CC HH TTT TSS TT HH

90 110 120

HHHHHHHHHHHHHHTTTCCHHHHHHTTS SSSSSSTSSS S STTHHHHHHTT

HHHHHHHHHHHHHTHHHTTTTTCCCCHHHHHHHSSSSTHHTTHHHHTTTT

HHHHHHHSSSSTSSSSSCCHHHHHHHHHHHHHSSSSSHHHTTHHHHHHTT

HHHHHHH S SS TTHHHH TT

130 140 150 160 70

SSSSSSTTTSSSSSSSSSSTTTHHHHHSSSSTSSSSSSTTTCCCCCCCCC
SSSSHHHTHHSSSSSSSSSTTTCCCSSSSSSSSSSS TTT

SSSSHHHTHHSSSSSSSSSSTTHHHSSSSSSSSSSS TTT

SSSS T SSSSSSSSS TT SSSS SSSS TT

TCC

TTC

C

220

190 200 210

CTTTSSSSSSSSTSSSTHHHTHHHTSSSTSSSSTTTT THHHHHHHHHHHS

CTTSSSSSSSTTTSSSTTTTTTTCTTCCCCHHHHTTTTTTHHHHHHHHHHHH

CTTSSSSSSSTTTSSSTTTTTTCCTTCTCHHHHHTTTTTTHHHHHHHTHHHH

CTT SSSSSS TSSST T T TTT THHHHHHH HHH

230 240 250 260 270

SSSSTSSSSSSSSSTTTTTSSTSSSSSHHTTCCCCTTHHHHHHSSSTSSTTSSHHHHH
SSSTTSSSSSSSSSTTTTTSSSSSSSSSSTTCCCCTCCCCCCCCCTSSSSSSHHHH

HTTTTSSSSSSSSSTTTTTSSSSSSSSSSTTCCCH HHHHHHHSSSSSSSSSHHHH

TSSSSSSSSSTTTTTSS SSSSS TTCCC SS S HHH

Overall Consensus = 55.6%
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COMPARISON OF SECONDARY STRUCTURE COMPOSITION

Protein Character Synechoc Spinach Pea

Residue limits 30-278 30-276 30-276

Total Amino Acids 249 248 248

% Alpha Helix 32.5 26.6 31.4

No. Helical Regions 12 12 13

Ave. Helix Length 6.8 5.5 5.9

% Beta Sheet 37.3 30.5 35.1

No. Sheet Regions 19 13 13

Ave. Sheet Length 4.8 5.9 6.7

% Turn 22.4 24.9 22.2

No. Turns 26 22 20

Ave. Turn Length 2.2 2.8 2.8

structure have shown that most insertions and deletions are accommodated in loop or turn

regions rather than in well defined secondary structures (Thorton, et al, 1988). This is

exemplified by the conservation plot of Figure 2 in which most of the minima can be seen

to coincide with loop regions between helical and strand regions (indicated above the plot).

However, the first prominent minimum in the plot occurring after residue 38 in the

cyanobacterial sequence represents an insertion of eight residues that occurs in both polypep-

tides from higher plant species of pea and spinach. The second prominent minimum that

occurs between residues 160-168 represents a deletion in the two higher plant sequences.

Using the algorithm of Zvelebil, et al. (1987), nine functionally important regions

(FIRs) were identified. These are represented above the conservation plot in Figure 2.

Seven of these nine FIRs appear to be located partially, if not entirely, within loop or turn

segments. This is not surprising as in most globular proteins where loops form more than

30% of the structure, loop regions tend to play a key role in recognition between mole-

cules and may often incorporate essential catalytic residues as well (Thorton, etal, 1988).

These nine FIRs which are located between residues 41-45, 71-76, 125-130, 135-156,

1 76- 1 9 1 , 1 99-203, 213-217, 236-244, and 247-255 are prime targets for site-directed mu-

tagenesis experiments which may provide insight into the structure and function of this

important protein.

The information contained in these figures is summarized in Table 1 . As expected

for evolutionary related proteins, the secondary structure homology is greater than that

of the primary structure. While the absolute overall consensus in secondary structure was

found to be only 55% (12% greater than the absolute amino acid homology), it is impor-

tant to note that the true borders between alpha helixes, beta strands, and loops may vary

somewhat from one sequence to another, since the predictions are based on average prop-

erties. The predicted number of helical and beta sheet segments indicate that in this re-

spect considerable homology exists. The number of helical regions are 12, 12, and 13,

and the number of beta sheet regions are 19, 13, and 13 for the cyanobacterium, spinach,

and pea, respectively. Particularly striking in all 3 proteins is the large number of pre-

dicted beta turns. The number and position of the turns are conserved for the most part

among the 3 different species. Like many of the other Mn- and Fe-binding superoxide

dismutases, the MSP is expected to be highly folded (Marres, et al, 1985).



Vol. 102 (1993) Indiana Academy of Science 103

oooo oo o ooo

anivA 3~iuodd aovdans

— r,
; _ o
jr o

p c
o

-a
!>•

.C (J

t>0 tz
c ^
y. o
<U i-r,

r
r cd
cd

</3

s.

E
XS Cfl

cu

O

rs <D
^_ G
C S
C -d
G ^n
'43

cd s.

C <D

E
o
c > qj

< O
s—

rj a.
Tf m
0> o
r^ cd

,-^-

u —

u v.

Q- CD

a. y:
s
C<3 Cl

E
c

c a.
c

sj-l
4—1

Q-
c/3 C/5

S =>

0>
C1J S_

x: O
"£

!+H

c s—

a) o

3
O
E
-;

CL

c_
C/5

--3 >> tu

3 ~
as J2 o
qj

F=

c
Cfl -ii

C -ac c
r3E cd

c >i -)

L -C
cdm X2 -C

d> y c
-.

rs <D i_
bQ o 1_

li< cd —



104 Microbiology and Molecular Biology: Read, Meunier, Vann Vol. 102 (1993)

An analysis of the secondary structure of the cyanobacterial MSP was performed to

determine the conformational preferences for sheet, helix, and turn. The polypeptide was

found to be 32% alpha helical and 37% beta sheet. Twelve alpha helixes, 19 beta sheets,

and 26 turns were predicted in the cyanobacterial protein. Considerable helical potential

was found to exist in the amino terminal region, while several potential alpha/beta/alpha

units exist in the central portion of the protein.

Analyses of the average values of both hydropathy and chain flexibility for the cyanobac-

terial MSP were also performed. Using the profiles of hydropathy and chain flexibility

as complementary, reciprocal indicators of polypeptide segment position with respect to

the hydrophobic interior of the protein works well. Caution should be exercised when

predicting secondary structural elements in this manner, however. Minimal hydropathy

and maximal flexibility values correlated with most (17 out of 26) of the predicted loop

segments, while maximum hydropathy and minimum chain flexibility correlated with only

some (7 out of 19) of the predicted beta strands. According to Crawford, et al. (1987),

the amplitudes of both hydropathy and chain flexibility are comparatively small and vari-

able for predicted alpha helixes. Unfortunately, alpha helixes in the MSP could not be

predicted with any confidence following these criteria.

Since the MSP is not an intrinsic membrane protein, a membrane-buried helix propen-

sity profile was constructed using the parameters of Argos, et al (1982) with a sliding

window of only five residues (H5 ). This function was introduced for two reasons: 1) to

identify possible membrane anchoring segments, i.e., short hydrophobic alpha helixes that

may serve to bind the MSP to the PS II core complex; and/or 2) to localize the position

of hydrophilic solvent-exposed connecting loops that may serve as possible protein-pro-

tein contact interfaces. As expected, the vast majority of the cyanobacterial MSP exhib-

ited a low preference for membrane insertion, and apart from the signal sequence, which

is represented by the first 28 amino acids, the MSP does not appear to have any mem-
brane-buried helical segments.

Residues 135-160, which exhibited some probability for membrane insertion, may

represent a contact interface with another molecule. The stearic hindrance of the two pro-

lines in this region prohibit the segment from adopting an alpha helical structure, and

hence, it was not predicted to be membrane-immersed. Secondary structure analysis in-

dicated that this sequence is likely to form a beta/alpha/beta structure. The presence of

nonpolar residues and the absence of many charged residues suggested that this region,

which is one of the longest of nine identified FIRs, might be membrane immersed. The

few charged residues within this region, two glutamic acid residues and one lysine, may

be important in terms of charge pairing, perhaps with another protein associated with the

PSII core complex.

Contact interfaces between molecules are often as closely packed as the interior of a

protein molecule. Contacts constitute a precise fit between hydrophobic side chains, charge

pairings, side chains, and backbone hydrogen bonds (Argos and MohanaRao, 1982; von

Heijne, 1987). Since this region is relatively long in terms of its conservation, exhibits

minimal to moderate flexibility, and is the most likely region to be membrane-immersed,

it may indeed play an important role in anchoring the MSP within the thylakoid membrane

or to another protein. On the other hand, the association of the MSP with the PSII reac-

tion center may be primarily ionic, since treatment with high salt will remove the MSP.

The most prominent negative depression in the membrane-buried helix profile was

found between residues 82-92. This region is likely to be a connecting loop on the sur-

face of the protein and is one of the most highly charged regions of the polypeptide. The
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concentration of charge and the hydrogen bonding potential of the residues in this region

could also be important in forming a contact interface with another protein molecule. This

region, however, is not a FIR.

Figure 3 is a composite surface profile of the Synechococcus PCC 7942 MSP. Pro-

file plots of accessibility, HPLC-hydrophilicity, and flexibility parameters were combined

to produce the composite surface profile. The surface site values (a surface site is de-

fined as any residues with a profile greater that 25% above the average) for each profile

were scaled from to 100 with the maximum surface site value in each plot set to 100

and the 25% surface site value set to 0. The profiles were then superimposed, and the

maximum value of each residue was taken as the composite profile value. Although only

a small number of antigenic sites are composed of residues that are continuous in the pri-

mary sequence, according to Parker, et al. (1986), these sites will have composite surface

values greater than 50%. The two most prominent antigenic sites produced by contigu-

ous amino acids within the MSP were formed by residues 82-90 and 249-256. Antibod-

ies might be raised to synthetic peptides mimicking these portions of the polypeptide.

While several other regions exhibited surface profile values that exceeded 50%, these

regions are less likely to be antigenic because they encompass few residues. It is worth

noting that the highly antigenic region, which encompasses residues 249-256, was a pre-

dicted FIR. Since this region also exhibited partial similarity to the Mn-binding site of

superoxide dismutase from E. coli, it was identified for future saturation mutagenesis.

If the region from 249-256 is indeed a ligand binding domain, it must be accessible,

and a certain degree of segmental flexibility would be expected to allow the protein to

undergo conformational changes upon binding ligands or substrates. Flexibility can be

advantageous in aiding the access of ligands to the active site and may also affect the rate

and equilibrium constant for the ligand binding. If the MSP binds Mn which cycles be-

tween various oxidation states, flexibility of the protein structure would be necessary for

electron transfer as the protein is reversibly oxidized and reduced. It would be essential

that the structure be able to relax in order to accommodate changes in geometry around

the Mn atom as it changes its oxidation state.

It is important to note that there are four Mn associated with the PSII complex, and

twenty to twenty-four ligands are expected in the coordination sphere of the Mn-cluster.

How many ligands, if any, are provided by the MSP to bind Mn or to hold the oxygen

evolving complex in the proper conformation is not known (Philbrick, et al, 1991). At

this time, only one residue, the Glu-60 of the reaction center D2 polypeptide, is known

to provide a ligand to the Mn-cluster (Vermaas, 1990), but work by Diner, et al. (1988)

suggests that processing of the carboxy terminus of the Dl polypeptide is also required

for proper Mn binding and assembly of the oxygen-evolving complex.

Other potential Mn-binding domains on the MSP include the site that corresponds to

that previously identified by Oh-oka, et al. (1986) in pea, which also exhibited partial se-

quence homology with the bacterial superoxide dismutase, and the FIR between amino

acids 176 and 192. The MSP sequence from Chlamydomonas reinhardtii (Philbrick and

Zilinskas, 1988) was compared to that of spinach, and a stretch of 33 identical residues

in this region (139 to 171) was observed which was 70% conserved in the two known

cyanobacterial sequences {Synechocystis sp. PCC 6803 and Synechococcus sp. PCC
7942). The region identified by Oh-oka, et al. (1986) in Synechococcus sp. PCC 7942

encompasses the first FIR and a few neighboring residues in our analyses. It was pre-

dicted to be in a loop or turn in all three of the MSPs but did not appear to be particularly

accessible or flexible. The FIR at 175-191 was predicted to be in a beta sheet.
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Until recently, the MSP was believed to be required for the lysis of water and oxy-

gen evolution. Mayfield, et al ( 1 987) found that expression of the MSP was required for

stability of PSII particles by examining Chlamydomonas reinhardtii mutants. In this or-

ganism, only about 25% of the core PSII proteins accumulated in mutants deficient for

expression of the polypeptide. However, psbO deletion and insertion mutants were con-

structed in Synechocystis sp. PCC 6803, which resulted in the lack of expression of the

MSP (Mayes, et al, 1991; Philbrick, et al, 1991; Burnap and Sherman, 1991). The mu-

tants exhibited normal expression and assembly of the polypeptides of PSII, but oxygen

evolution was 70% of that seen in wild-type organisms, and mutants were more suscep-

tible to photoinhibition. Thus, the results of these recent experiments suggest that the

MSP may play only a minor role, if any, in providing Mn ligands.

Our analyses also suggested that the MSP is a highly folded protein which has a beta/al-

pha/beta super-secondary structure. These recurrent motifs are energetically favorable

configurations, and the beta/alpha/beta structure is common to many globular proteins.

DISCUSSION

Clearly, there is sufficient information embedded in an amino acid sequence to de-

termine the final folding of the polypeptide. However, predictions of the tertiary struc-

ture of a polypeptide from the primary sequence are currently not accurate because of two

important considerations (King, 1986): 1) little is known about the rules regulating the

assembly of sequential intermediate forms of the polypeptide that are short-lived and un-

stable but which are necessary to achieving the final tertiary structure; and 2) almost all

algorithms which attempt to relate structure to sequence implicitly assume that each residue

carries information for the folding process, but experimental evidence has shown that many

residues are not involved.

The identification of specific residues as targets for mutagenesis, however, did not

require knowledge of the tertiary structure of the polypeptide. Recognition of important

structural and functional residues was performed not only by the application of algorithms

to predict a structural profile of secondary structure but also by the comparison of ho-

mologous polypeptides to identify conserved residues which play important structural and/or

functional roles.

Having built a structural model by analysis of secondary features and by examina-

tion of the homology of one sequence to another, it is necessary to consider the validity

of this approach. Although secondary structure analyses are still unable to delineate the

full three-dimensional structure of a protein molecule from its primary amino acid se-

quence alone, regions of ordered secondary structure may be delineated with reasonable

accuracy. Predictions of tertiary structure will become more feasible as x-ray crystal-

lography data accumulates and methods of analysis of structure and predictions of polypep-

tide folding continue to rapidly evolve.

Statistical propensities for "alpha helix forming" and "beta sheet forming" abilities

based on known X-ray crystallography data have been extended to arrive at empirical pre-

diction schemes such as the well-known Chou-Fasman method of predicting secondary

structure (Chou and Fasman, 1974a, 1974b, 1978a, 1978b). While the method of Chou-

Fasman is only 49% accurate, a modified version of this analysis developed by Williams,

et al. (1987) was used in this investigation. This method eliminates many of the Chou-

Fasman rules, chooses the best decision constants for structure assignments, and has been

shown to be 57% correct in assigning helical, strand, and turn conformational states.
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The inaccuracy of prediction methods is often associated with delineating the termini

of sheets and helixes (Argos, et al, 1982). It is difficult to define the exact residue span

encompassing a certain ordered structure, and often the transition from coil to order is

made in a continuous fashion requiring several residues. Furthermore, the rules govern-

ing predictive methods can be ambiguous and lead to overlapping helix and sheet deter-

minations. Thus, it is difficult for secondary structure prediction methods which only

consider local information to accurately delineate structure. Using these kinds of pre-

dictions on known structures, the number and relative positions of helixes and strands are

correctly predicted but are often slightly displaced or of the wrong length (Taylor, 1987).

Chothia and Lesk (1986) have analyzed the accuracy of secondary structure predic-

tions by examining pairs of homologous sequences of known structures. They observed

that above 50% residue homology the differences between predicted and actual secondary

structure are slight and that a model built structure can be almost as good as a moderate

resolution crystal structure. The degree of homology between the polypeptides in this in-

vestigation is very close to 50%, and the secondary structure predictions of the 33 kDa
MSP of Synechococcus PCC 7942 were enhanced by comparisons of the polypeptide to

the two known MSP sequences in higher plants.

The secondary structure analyses and identification of potential ligands for manganese

binding will permit construction of site-directed cyanobacterial mutants which can be ex-

amined for altered function to determine if the analyses correctly identified a function-

ally or structurally important region within the MSP.
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