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ABSTRACT The manganese-stabilizing pro-
tein (PsbO) is an essential component of photosys-
tem II (PSII) and is present in all oxyphotosynthetic
organisms. PsbO allows correct water splitting and
oxygen evolution by stabilizing the reactions driven
by the manganese cluster. Despite its important
role, its structure and detailed functional mecha-
nism are still unknown. In this article we propose a
structural model based on fold recognition and
molecular modeling. This model has additional sup-
port from a study of the distribution of characteris-
tics of the PsbO sequence family, such as the distri-
bution of conserved, apolar, tree-determinants, and
correlated positions. Our threading results consis-
tently showed PsbO as an all-beta (b) protein, with
two homologous b domains of approximately 120
amino acids linked by a flexible Proline-Glycine-
Glycine (PGG) motif. These features are compatible
with a general elongated and flexible architecture,
in which the two domains form a sandwich-type
structure with Greek key topology. The first domain
is predicted to include 8 to 9 b-strands, the second
domain 6 to 7 b-strands. An Ig-like b-sandwich
structure was selected as a template to build the 3-D
model. The second domain has, between the strands,
long-loops rich in Pro and Gly that are difficult to
model. One of these long loops includes a highly
conserved region (between P148 and P174) and a
short a-helix (between E181 and N188)). These re-
gions are characteristic parts of PsbO and show that
the second domain is not so similar to the template.
Overall, the model was able to account for much of
the experimental data reported by several authors,
and it would allow the detection of key residues and
regions that are proposed in this article as essential
for the structure and function of PsbO. Proteins
2001;45:372–381. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

The higher plant photosystem II (PSII) oxygen-evolving
complex has three extrinsic polypeptides associated with
the luminal side of the thylakoid membranes. These
polypeptides, with apparent molecular weights of 33, 23,

and 17 kDa, are important components of the oxygen-
evolving apparatus because they stabilize the correct
function of the manganese cluster, the site of water
splitting and oxygen evolution. These polypeptides are
encoded by three nuclear genes known as psbO, psbP, and
psbQ. They are all present in the photosystem II of algae
and higher plants, but PsbO is the only one also present in
cyanobacteria, themost primitiveoxyphotosynthetic organ-
isms.

Experimental data on the specific role of the polypeptide
PsbO associated with themanganesecluster arecontrover-
sial because this protein is not directly involved in the
binding of the manganese or calcium required for oxygen
evolution. This lack of clear, functional data comes to-
gether with a limited knowledge of the PsbO structure.
Several groups have carried out analyses of the protein by
Fourier transform infrared (FTIR), circular dichroism
(CD), far-UV CD, and other biophysical techniques and
have reported diverse data concerning its secondary struc-
ture.1–5 The FTIR and CD data seem to indicate that PsbO
presents a major b–structure component, but they differ
substantially about the explicit composition, with values
for the a-helix content ranging from 8% to 27%. Hydrody-
namic studies have indicated that the shape of the manga-
nese-stabilizing protein is elongated in solution, with
approximate dimensions of 12.6 nm 3 3.0 nm, yielding an
axial ratio of 4.2.6 Folding studies on isolated PsbO have
suggested that the kinetics of unfolding and refolding of
this protein are similar to those of the immunoglobulin
light chain.7 Recent studies havepresented an open discus-
sion about the structure or conformation assigned to PsbO
in solution, with some authors suggesting that it has a
“natively unfolded” structure8,9 and others proposing that
it attains a “molten globule” structure. 10 In a recent
publication the first X-ray structure of photosystem II
from a thermophilic cyanobacteria (Synechococcus elonga-
tus) at 3.8 Å resolution presented.11 This work provided
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some new information about PsbO, such as the assignment
of an electron density region of the extrinsic luminal side of
photosystem II crystals to half the molecular mass of
PsbO. This region showed a cylindrical structure 35 Å in
length and corresponded to a group of b-strands of uncer-
tain connectivity.11 Because these X-ray data were low
resolution, they did not provide clear knowledge about the
PsbO fold. The model published (PDB 5 1FE1) only gave
coordinates for alpha-carbons without assignment of resi-
due types.11 For this reason it was not possible to know
which part of the PsbO sequence corresponded to the
electron density observed. This experimental work,11 pub-
lished after the first submission of our threading model,
showed good agreement with our model, which in turn
may help to further the assignment of residues in the PSII
X-ray density map.

Protein structure prediction using computational meth-
ods is an expanding field that can provide interesting
insight into protein function and biochemistry. In the
current work, in which we used fold recognition methods,
we made significant progress on previous structural predic-
tions about PsbO.12 “Threading,” “fold recognition,” and
“remote homology modeling” are names given to a set of
techniques to predict a protein’s three-dimensional struc-
ture in the absence of obvious sequence similarity with
proteins of known structure. Threading methods attempt
to accommodate the problem sequence into the 3-D coordi-
nates of several proteins of known structure and, with the
aid of an appropriate scoring system, to select the best
sequence–structure fit. Many scoring schemas have been
proposed, ranging from simple concordance of secondary
structure elements13 to potentials of mean force,14 statisti-
cal potentials,15 fitness of sequence profiles,16 and many
others. More sophisticated methods, combining different
potentials using neural networks technology, followed the
initial approaches.17 According to the results reported at
several CASP (Critical Assessment of Techniques for
Protein Structure Prediction) meetings, threading meth-
ods are increasingly reliable and a genuine alternative
method for predicting protein structures.18 According to
reports at recent CASP and CAFASP events it has been
also shown that using a combination of several thread-
ing methods for fold recognition considerably increases
the correctness of predictions (http://www.cs.bgu.ac.il/
;dfischer/CAFASP2).

There were three steps in our process of making a
prediction about the PsbO structure: (1) obtaining possible
models by using a series of complementary threading
methods—TOPITS, GONPM, H3P2, 3-PSSM, HFR,
THREADER2, and HMM; (2) comparing the results to
select the most consistent predictions; and (3) assessing
the possible models using information from the study of
the PsbO protein structure family, including the distribu-
tion of conserved, apolar, correlated, and subfamily-
specific residues. This approach is largely based on our
previous systematic assessment of threading models with
sequence-derived properties.19 Finally, we compared the
best model with the available experimental information
and made suggestions to further experimental work. Do-

ing structural analyses on PsbO increased our understand-
ing of the relations between the structure and function of
this protein.

METHODS
Threading Methods

Following are descriptions of the basic principles of the
seven threading methods used in this work, including
explanations of their scoring systems and associated reli-
ability, that is, their chances of being correct in predicting,
or percentage of certainty, along with the addresses of
their Web sites. Four methods use Z-score schemas:
z-score 5 (raw 2 mean) / s, where raw is the query-
template alignment score, mean is the mean score of the
query with all the possible folds in the fold library, and s is
the standard deviation of the score distribution:

● TOPITS13 (http://dodo.cpmc.columbia.edu/predictpro-
tein/) is based on the matching between the predicted
secondary structure and solvent accessibility of the
problem sequence and the known secondary structure
and accessibility of the templates. The results are
ranked by Z-score. Hits with Z-scores of more than 3.0
are expected to correspond to correct predictions in more
than 60% of the cases.

● GONPM20 (http://fold.doe-mbi.ucla.edu/) uses sequence–
sequence replacement tables and sequence-derived prop-
erties of the query protein, including the predicted
secondary structure. The results are also arranged by a
Z-score value, and when it is greater than 4.0, it
indicates reliable predictions. The authors do not pro-
vide a quantitative value of certainty for the scores.

● H3P221 (http://fold.doe-mbi.ucla.edu/) is similar to the
previous ones and uses a five-dimensional sequence-
structure substitution matrix derived from known struc-
tures and predicted secondary structure. Z-scores are
also used to classify the results. The authors presented
an evaluation of the reliability associated with the
Z-scores performed by counting the number of false
positives in 243 examples using a fold library of 811
proteins. The probability of a false positive for Z-scores
of 2.5 was 1.2 3 1023, decreasing to 1.9 3 1024 for
Z-scores of more than 3.0.

● 3D-PSSM22 (http://www.bmm.icnet.uk/;3dpssm/) com-
bines multiple-sequence profiles with structure-based
profiles (which include solvation potentials derived from
known structures and predicted secondary structure).
The results are sorted by e-values. The authors indicate
that an e-value of 0.97 corresponds to a certainty of
correct prediction of 71.7% and an e-value of 1.11 to a
certainty of 67.2%. Therefore, e-values , 1.0 are taken
as significant.

● HFR23 (http://www.cs.bgu.ac.il/;bioinbgu/) is a hybrid
method that collects results from five threading pro-
grams, combining them in a search for the most consis-
tent fold prediction among them. It also takes into
consideration evolutionary information. The ranking of
the hits is based on a combined score, which for values of
more than 9.0 corresponds to correct predictions. A
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quantitative value of certainty associated with the score
was not provided.

● THREADER215,24 (http://insulin.brunel.ac.uk) is quite
different from previous methods; it combines sequence
information with pseudo-energies obtained from solva-
tion and contact potentials previously derived from
known protein structures. This method provides a
Z-score to calibrate the significance of a prediction. The
authors indicate that for a Z-score of greater than 3.5
the result is very significant, with a more than 60%
chance of being correct.

● HMM16 (http://www.cse.ucsc.edu/research/compbio/
HMM-apps/) is perhaps the more different approach
because it is based on a direct sequence comparison
potential provided by a Hidden Markov Model engine.
In this approach the query sequences are compared
with collections of profiles derived for each one of the
known protein structures (fold library). The score pro-
vided for each fold measures the probability that a
query sequence belongs to such class or group of se-
quences with the same fold. A high score (such as 69.0)
indicates that the sequence of interest is probably a
member of the selected class. Explicit certainty values
associated with the scores are not provided.

Evaluating Threading Models by Sequence
Features

Threading models were evaluated according to the fit-
ting of sequence-extracted features derived from the study
of the PsbO protein family. The clustering of apolar
residues, of conserved residues, of correlated residues,19

and of tree-determinant amino acids (Pazos & Valencia,
unpublished) were the four properties studied. The idea
was to discard those models in which, for example, apolar
residues do not form a cluster, as statistically expected
from the analysis of known globular proteins.

The tendency of sets of residues to cluster together was
calculated as the difference between the distribution of
distances among all pairs of residues and the distance
distribution of the residues on which we are focusing:
apolar, conserved, correlated, and tree-determinants. The
explicit calculation was carried out with the previously
derived formula25:

Xd 5 O
i 5 1

n Pic 2 Pia

di z n

where n is the number of distance bins (there are 15
equally distributed bins from 4 to 60 Å); di is the upper
limit for each bin (e.g., 8 for the 4–8 bin, normalized to 60);
Pic is the percentage of apolar, conserved, correlated, or
tree-determinant pairs with distance between di and di21;
and Pia is the same percentage for all pairs in the model.
Defined in this way, Xd 5 0 indicates no separation
between the two distance populations, Xd . 0 indicates
positive cases where the population of apolar, conserved,
correlated, or tree-determinant pairs is shifted to smaller
distances with respect to the population of all pairs
(clustering).

RESULTS AND DISCUSSION
Threading Consistently Assigns an All-b Structure
to PsbO

We explored the possible threading models for PsbO by
applying seven programs to three divergent PsbO se-
quences: PsbO-spiol, a sequence from the plant Spinacea
oleracea; PsbO-chlre, from the algae Chlamydomonas rein-
hardtii; and PsbO-synec, of the cyanobacteria Synechocys-
tis sp. PCC6803. These three sequences cover the main
range of known PsbO sequences down to 43% sequence
identity.

The results obtained (Table I) are given in terms of the
possible framework protein in PDB,26 followed by the score
proposed for each query-template alignment obtained with
each threading program (e.g., 1fnf 2.32) and the structural
characteristics that define each template according to
SCOP,27 that is, structural class (e.g., all-b), type of fold
(e.g., sandwich), number of b-strands of a domain (e.g.,
seven strands), topology of the domain (e.g., Greek key),
number of domains, and SCOP code (e.g., 1.002.001.002.
001.003 for 1fnf, included for comparison purposes and not
as an absolute reference because it cannot be expected to
be stable over time).

All the PDB proteins selected by the threading methods
as candidates for modeling PsbO are all-b proteins. Seven
of the 11 proteins with significant scores (bold in Table I)
are all-b sandwich proteins. Despite the consistent detec-
tion of an all-b-type structure, two methods (TOPITS and
H3P2) did not predict any protein with a significant score
and two other methods (3D-PSSM and THREADER2)
produced only one best prediction above their confidence
threshold, as shown in Table I. This could indicate that
PsbO is a difficult protein to predict and that the more
simple automatic programs cannot find any reasonable
model for it. The best relative scores were produced by
HFR and THREADER2 for models based on 1prr and 1hnf.
The relative score 4.39/3.5, given by THREADER2, corre-
sponds to a certainty greater than 80%.

According to the meaning of the scores (see the Methods
section) and considering the agreement observed in Table
I, we can estimate about a 90% level of confidence in the
prediction of PsbO as an all-b protein, and about an 80%
level of confidence in the prediction as an all-b sandwich
protein. This estimation is prudent but has to be taken
with caution because the accuracy of different threading
methods has not been compared quantitatively in any
published study, making it difficult to make a precise
estimation of certainty.

PsbO Seems to Match Ig-Like b Sandwich
Fold Type

Even if all the proteins presented in Table I belong to the
very general all-b structural class, it would be necessary to
do additional investigation into the possibility of predict-
ing a more specific fold. For this reason the relative scores
for different templates of the most significant methods
(3D-PSSM, HFR, and THREADER2) are presented in
Figure 1. The results consistently show the abundance of
all-b sandwich and Ig-like b sandwich among the top five
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proteins obtained with these methods. In some cases the
prediction was all-b barrel: for example 1avgI, predicted
by 3D-PSSM for Chlamydomonas PsbO. This kind of
structure is less represented than the all-b sandwich.
Indeed, the models of PsbO based on all-b barrel struc-
tures are usually partial, leaving important parts of PsbO
out of the model (data not shown). The comparison of three
threading methods in Figure 1 reflects that 3D-PSSM
gives less confident predictions than do HFR and
THREADER2, indicated by the lower values of the relative
scores. As can be inferred from the discussion of the
scoring schemas presented in Methods, a score/threshold
parameter of 1 corresponds to a certainty level of around
60% to 70%.

PsbO Seems to Include Two Similar b Domains

A common and interesting feature of the threading
models based on all-b sandwich proteins is that most of
them correspond to two-domain proteins, with a few others
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Fig. 1. Graphical representation of the threading results. The first five
proteins selected by three threading methods (3D-PSSM, HFR, and
THREADER2) for PsbO sequence of spinach (PsbO-spiol), Chlamydomo-
nas (PsbO-chlre), and Synechocystis (PsbO-synec). The bar size corre-
sponds to the values of the score given for each protein over the
confidence threshold of the corresponding threading method. The gray
bars correspond to all-b proteins, the bars in black correspond to Ig-like b
sandwich protein, and the bars in white correspond to other folds.
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(1fnhA, 1fnf) corresponding to proteins with three or four
domains. Moreover, the best threading scores for the PsbO
sequence were obtained with two-domain proteins. We
interpret these results as a first indication of the presence
of two structural domains in PsbO.

To use some independent or different information to test
further the idea of a two-domain protein structure, we
searched for possible domain boundaries in a multiple
sequence alignment containing 15 PsbO sequences.12 A
clue came from the presence of a conserved PGG motif,
from position 118 to position 120 in the pea sequence
(117–119 in the spinach sequence). The flexible structure
of this motif and its likely role as a domain linker or hinge
can indicate the presence of two parts or regions in a
protein with 118 and 127 residues, respectively.

A multiple alignment of four PsbO plant sequences (pea,
potato, tomato, and rice) was generated to check the
internal identity of the proposed domains. The result,
shown in Figure 2, yielded a remarkable homology (20
totally conserved residues, with 16.9% identity and 47.4%
similarity). It is surprising that such a symmetry had not
been detected previously. Perhaps this is because the
similarity between the two domains in the algae and
cyanobacteria sequences is much lower, in turn making

the similarity less obvious when all the known PsbO
sequences are compared. The discovery of a symmetry in
the protein, with two regions of clear sequence similarity,
strongly supports the two-domain structure of PsbO ini-
tially suspected from analyzing the threading models. This
observed two-domain structure cannot be detected using
the standard domain databases ProDom28 and Pfam.29

Separated Threading of Two PsbO Regions Also
Selects Ig-Like b Sandwich Proteins

Because different methods—structure- and sequence-
based—had indicated a two-domain structure for PsbO,
independent threading runs with each of the two PsbO
regions were carried out: first, with the N-terminal region,
from residue 1 to residue 120, and second, with the
C-terminal region, from residue 117 to residue 248. The
threading results with each separated region pointed
again to all-b sandwich proteins as the most favorable
models, with a similar distribution to the one presented in
Table I, in which the threading experiments had been
carried out with the full sequence. Some templates pro-
posed were: 1ksr 5 actin binding protein 120, for the
N-terminal region, and 1srdA 5 Cu,Zn-superoxide dis-
mutase, for the C-terminal second region, both of which

Fig. 2. Domain distribution shown of the multiple-sequence alignment of selected PsbO sequences: two
regions from pea, potato, tomato, and rice. The first region includes 118 residues and the PGG final motif,
marked within a gray box. The second region includes 127 residues. In each region the conserved Pro and Gly
are marked with boxes. There are 20 positions fully conserved in the alignment, six of which are Pro.
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corresponded to the Ig-like b sandwich fold. These results
can be viewed as confirming the proposed domain struc-
ture and fold. For the second domain the 1srdA template
provided a better alignment than did the templates ob-
tained for the whole protein. This protein (1srdA, superox-
ide dismutase) has longer loops between the b-strands
that fit better with the PsbO loops in this region.12 As a
whole, the threading runs with the individual domains did
not lead to higher scores, and they produced models that
only covered half the protein.

Selection of the Best Frameworks Among the all-b
Sandwich Candidates

A search of the FSSP database to compare protein
structures30 (http://www2.embl-ebi.ac.uk/dali/fssp/fssp.
html), using the seven all-b sandwich protein candidates
(Table I), led us to distinguish two groups of all-b sand-
wiches. In the first group were five proteins—1hnf, 8fabA,
1fnf, 1fnhA, and 1mfn; in the second group two, 1prr and
2bb2. These groups correspond to two different folds in the
SCOP classification, the first to Ig-like b sandwiches and
the second to crystallines. To select the optimum possible
template to model PsbO, each of these b proteins was
assessed using two criteria: threading alignment coverage
and conservation of PsbO sequence properties.

The threading alignments of PsbO with each template
protein showed that the coverage of the aligned sequence
(248 aa) was quite complete for the first group of proteins
(Ig-like b sandwich fold) but only partial for the second
group (crystalline fold). Such partial alignment is reflected
in the number of residues not aligned in the N-terminus or
C-terminus of the models:

PDB Code Not Aligned Residues
1st— 1fnf 3 Nt or Ct

1fnhA 3 Nt or Ct
1hnf 19 Ct
8fabA 9 Nt and 15 Ct
1mfn 39 Nt

2nd— 2bb2 55 Ct
1prr 85 Nt

These differences in model completeness may indicate
that PsbO fits better to the number of secondary structure
elements and topology characteristic of an Ig-like b sand-
wich fold.

Additional information was required to make the selec-
tion of a specific template from among different possible

Ig-like b sandwich frameworks for modeling PsbO. Our
strategy was to evaluate the distribution of a number of
relevant PsbO sequence characteristics in each model. We
evaluated in detail the distribution of the conserved,
apolar, tree-determinant, and correlated residues that
were calculated from the sequences of the PsbO protein
family. The visualization of the sequence characteristics in
the various models and the numerical evaluation of the
significance of their distribution (see Methods section) was
carried out with the program Threadlize.31

The distribution of the various residues (Table II) shows
1mfn and 1hnf as the best candidate models. The table also
shows that 1prr and 2bb2 have negative scores, indicating
they are not appropriate models for PsbO, which confirmed
our previous deduction. In general, the lowest values were
obtained for non-Ig-like folds. A combined score adding the
four sequence features (Table II, last column) also selects
some of the folds as better frameworks for holding the
PsbO sequence attributes in a consistent spatial proxim-
ity. Such an addition of the fitting values produced the best
numbers for 1mfn (5.351) and 1hnf (4.449). Several rea-
sons formed the basis for the final selection of the best
template from between these two proteins: (1) as indicated
above, the coverage of the alignment of PsbO with 1mfn
leaves out 39 N-terminal residues but only 19 C-terminal
residues with 1hnf; (2) the 1mfn PDB corresponds to 20
structures determined by NMR that are more difficult to
use for modeling than is the 1hnf X-ray structure; and (3)
the relative threading score (Table II, second column) was
best for 1hnf.

FSSP Structural Family Assigned to PsbO and
Some Functional Clues

Because we had inferred there was a two-domain struc-
ture for PsbO, the structural families that best fit each
domain had to be considered in the model building. Both
are homologous Ig-like b sandwich domains, but they have
some topological differences in their b-strands. The first
domain of 1hnf belongs to the FSSP structural family led
by 1qa9A (see the FSSP database30 at http://jura.ebi.ac.uk:
8765/holm/qz?filename5/data/research/fssp//1qa9A.fssp),
which includes 8fabA, 1fnf, 1fnhA, 1cdy, and 1dr9A. These
proteins are mentioned because several were detected as
possible templates for PsbO by the threading methods (see
8fabA, 1fnf, and 1fnhA in Table I) or because they are
structurally and functionally very closely homologous to
1hnf (1cdy and 1dr9A). The second domain fits better in

TABLE II

PDB Id
Threading

score/threshold

Fitting values of PsbO properties in each template

¥

properties
Conserved
residues

Apolar
residues

Tree-
determinants

Correlated
mutations

8fab A 0.866 0.685 1.008 0.467 0.470 2.630
1fnf 0.773 0.385 1.093 0.063 22.189 20.648
1fnh A 1.011 0.376 0.305 21.110 20.650 21.079
1hnf* 1.254* 0.387 1.067 0.553 2.442 4.449*
1mfn 1.050 0.258 1.193 0.832 3.068 5.351
2bb2 1.003 21.129 0.377 20.246 20.414 21.412
1prr 1.100 1.306 20.053 20.667 22.521 21.935
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the FSSP structural family led by 1mfmA (see the FSSP
database30athttp://jura.ebi.ac.uk:8765/holm/qz?filename5/
data/research/fssp//1mfmA.fssp), which also includes pro-
teins 8fabA, 1fnhA, 1fnf, 1cdy and 1dr9A.

From a study of these two FSSP families we noted some
important features about them. First, both families in-
clude proteins with very different functions. For instance,
T-lymphocyte glycoprotein fragment, T-cell receptor frag-
ment, fibronectin, superoxide reductase, and cytochrome f
(cited in order of decreasing Z-value in the FSSP) are all
part of the 1qa9A family; and superoxide dismutase,
fibronectin, Fab fragment from human Ig, beta-amylase,
and T-cell surface glycoprotein fragment are members of
the 1mfmA family. Second, many of these functions are
related to cell adhesion or macromolecule interaction. And,
third, we observed that the folds of the redox-related
enzymes superoxide dismutase and superoxide reductase
are assigned to PsbO. It has been shown that proteins with
similar folds can perform completely different functions,32

and so the use of a T-lymphocyte adhesion glycoprotein
(1hnf) as a template to model an oxygen-evolving protein
(PsbO) should not be very surprising. However, the struc-
tural correlation found in this work may also include some
unknown functional relation. In this respect, it was very
interesting to find that PsbO (involved in the production of
oxygen from water) has the same fold as that of superoxide
reductase (an enzyme that reduces superoxide to hydrogen
peroxide) and superoxide dismutase (an enzyme that
catalyses a similar reaction with superoxide, producing
hydrogen peroxide plus oxygen). If this predicted struc-
tural correlation includes any functional meaning, we
would suggest that PsbO might be involved in the quench-
ing of oxygen radicals produced during oxygen evolution.
This is a totally new but sensible hypothesis that should be
tested experimentally.

Proposal of a 3-D Remote Model for PsbO

The construction of a good alignment between template
and query proteins is essential for obtaining sensible
models. The global alignment of spinach PsbO against the
best template selected, 1hnf, was obtained by the
THREADER2 method, with some small regions taken
from an alignment obtained with the HFR method (Fig. 3).
Some small modifications were carried out because of the
FSSP structural alignments of the two groups of proteins
that correspond to each domain.

Most of the 1hnf region aligned with PsbO corresponds
to the structural core of its FSSP structural families.
Therefore, the main secondary structure features (mostly
the b-strands) of 1hnf and those predicted for PsbO are in
good agreement. This is particularly clear for the first
domain because the second domain of PsbO has some
specific regions (mainly loops) that could not be aligned
(Fig. 3).

The alignment was prepared with SWISS-PDBviewer,33

Version 3.6 (http://www.expasy.ch/spdbv/mainpage.htm)
and submitted to SWISS-MODEL33 (http://www.expasy.ch/
swissmod/SWISS-MODEL.html) for the automatic build-
ing of a protein model. The quality of the model obtained

was fairly good according to the scores of the evaluation
programs (WhatCheck34), taking into account that it corre-
sponds to a remote homology modeling case. For example,
the first-generation packing quality was 23.733, Ram-
achandran plot appearance was 23.883, inside/outside
distribution was 1.142. The structural model generated by
SWISS-MODEL can be visualized with any representation
software. As expected, given the low level of sequence
identity between the query and the framework, the core of
each domain was fairly well formed, but other regions,
such as surface loops, presented serious modeling difficul-
ties. The regions corresponding to insertions and deletions
(see alignment in Fig. 3) corresponded mainly to loops in
the structure, an indication that the structural core of the
template matches the PsbO predicted structure. Long
loops in the PsbO second domain were impossible to model,
including the regions from residues Gly152 to Gly163 and
from Gly177 to Asn198 (boxes in Fig. 3). The first loop
corresponds to a very conserved PsbO region12 and the
second to a RGD cell-attachment motif (residues 178–
180), followed by a short predicted a-helix, which does not
have any counterpart in 1hnf. The size of the insertions
confirms that PsbO second domain is less similar to the
template than the first domain.

The structure of the PsbO model is represented in
Figure 4; the corresponding coordinates are available from
http://gredos.cnb.uam.es/pazos/PsbO. Given that the model
corresponds to a two-domain protein linked with a flexible
region, it is possible that the relative positions of both
domains in PsbO would be different from those of 1hnf.

PsbO Model Based on 1hnf Is Congruent With
Known Structural Data

Biophysical and biochemical data on the structure of
PsbO are available from several sources. A few residues of
significant importance for the PsbO structure have been
identified, such as two Cys (Cys28 and Cys51) close to the
N-terminus that form a disulfide bridge essential to main-
taining native PsbO tertiary structure.35,36 Trp241 is the
only Trp in the protein; it is closed to the C-terminus, and
its fluorescence emission spectrum indicates it is buried in
a nonpolar niche, probably inside the PsbO core.7,10

The proposed model, based on 1hnf (Fig. 4), locates the
cysteines in the first b-domain in a way that could interact
to form the disulfide bridge and stabilize the two b-sheets
that compose such a domain. In the model Trp241 is in the
last b-strand in the interior of the second domain, where it
forms part of the hydrophobic core. This is in good agree-
ment with the previous experimental data. In addition,
reports on refolding kinetics experiments based on the
intrinsic fluorescence of Trp have indicated that PsbO
presents an unfolding pattern similar to the characteristic
pattern of inmunoglobulins,7 providing additional indirect
support for the proposed structural model.

Two other structural characteristics experimentally iden-
tified for PsbO are its elongated form, with a length-to-
depth ratio of 4:1,6 and its flexible architecture,8,9 which
corresponds to its composition being rich in Gly and Pro
pairs (Fig. 1). The proposed model, based on 1hnf, is in
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good agreement with both features because it corresponds
to an elongated protein structure and contains a consider-
able proportion of loops rich in GG, GP, and PP pairs. The
location of the conserved PGG triplet in the middle of two
b-domains also provides additional flexibility to the pro-
tein.

Most recent structural information on PsbO has been
provided by X-ray data at 3.8 Å resolution about cyanobac-
terial PSII,11 which showed that a 35-Å section of PsbO
has a b-sheet with at least five strands. Our model agrees
with these data because both the domains in the PsbO
model are 32–40 Å long and include two b-sheets with
more than five strands. From an examination of the
matching of the strands in size and position, we also
suggest that the region presented in the X-ray low-
resolution model corresponds to the N-terminal region of
our PsbO model.

CONCLUSION

The use of computational methods to analyze, compare,
and predict protein structure is a great aid in guiding
experiments in protein biochemistry. Fold recognition is
part of the protein structure prediction methodology, and
it was used in this work to gain new insight into a protein
with an unknown detailed structure. The structure of
PsbO has been a controversial subject in recent years, with
some researchers claiming that it is a “natively unfolded”
protein,8,9 and others suggesting that it has a “molten
globule”–type structure.10 Our results indicate that PsbO
has a well-defined b core, surrounded by long flexible
loops. This proposition is well supported by the new X-ray
data about PSII.11 Our model also agrees well with the
idea that the protein has a elongated flexible structure,
including a possible hinge point between two domains.
This proposed PsbO architecture, with two domains con-

Fig. 3. Sequence to structure alignment of PsbO and 1hnf. Vertical bars mark the conserved residues. The predicted PsbO secondary structure is
shown above its sequence, and the actual 1hnf secondary structure is indicated bellow its sequence (E corresponds to b-structure and H to a-helix). The
residues in b-strands are shown in shadow if the reliability of the secondary structure prediction is above 90%. Some significant PsbO residues are
marked in gray boxes on the sequence, including the two Cys (C28 and C51), the PGG motif (from residue 118 to residue 120), the RGD cell attachment
domain (from residue 178 to residue 180), and the only Trp present in PsbO (W241). The numbering corresponds to the spinach sequence.
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nected by a linker region, would be ideal for providing
conformational flexibility required to close and give stabil-
ity to the manganese cluster in the thylakoid membrane or
to be released free in the lumen when PSII is inactivated.5

Some of the ideas derived from the model can now serve as
a guide for additional experimental approaches that may
validate it and may provide new insights into the detailed
mechanism of PsbO function. Some proposals for future
experiments are: (1) the cloning and expression of each
separated PsbO domain to check their independent fold

and folding kinetics and to test how it is their particular
docking or interaction works with the oxygen-evolving
complex; (2) construction of mutants in the highly con-
served P148–P174 loop to see how they affect the oxygen-
evolving activity; and (3) testing the ability of the PsbO
protein to react with hydrogen peroxide or with other
oxygen radicals. Some of these lines of research are
currently being undertaken in our laboratory.

The modeling steps followed in this work can be also
seen as a general strategy for the selection of templates for

Fig. 4. Graphical representation of the PsbO model based on the 1hnf framework. The PsbO backbone of the model is represented. Note that it is
based on a remote similarity with the 1hnf template. Consequently, large deviations are expected from the real structure of PsbO.37 The representation
was made with RASMOL.38 The critical residues C28, C51, and W241 are presented as balls. Different regions are indicated corresponding to the two
possible structural domains, the linker region (PGG motif) and the position of the two long insertions that were not included in the structural model.
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proteins of unknown structure based on the combination of
results from different threading methods, sequence infor-
mation, and experimental data.
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