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Abstract The great similarity between the binding of Fe(II) and 
the high-affinity Mn-binding site in the Mn-depleted PSII 
membranes (Semin et al. (1996) FEBS Lett. 375, 223-226) 
suggests that the coordination sphere of Mn in PSII is also 
suitable for iron. A comparison is performed between the primary 
amino acid sequences ofDI and D2 and diiron-oxo enzymes with 
the function of oxygen activation. All conservative motifs 
(EXXH) and residues binding and stabilizing the diiron cluster 
in diiron-oxo enzymes have been found in the C-terminal domains 
of Dl and D2 polypeptides. On the basis of these sequence 
similarities we suggest a structural model for the manganese 
cluster in the oxygen-evolving complex. 
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1. Introduction 

The photosynthetic water cleavage takes place within a 
multicomponent pigment-protein complex called photo system 
II (PSII). The active centre for the charge accumulation and 
the water oxidation is a tetranuclear Mn cluster located on the 
lumenal side of PSII (for reviews of PSII, see [1-3]). The 
structure of the Mn complex is still the subject of numerous 
investigations. Recently, EXAFS studies on the Mn cluster 
have provided evidence for two Mn-Mn distances of 2.7 A 
and 3.3 A in the Sl state [4,5]. These data have been explained 
by a model in which two di-/l-oxo bridged Mn binuclear 
structures with a Mn-Mn separation of 2.7 A are linked by 
mono-/l-oxo and mono- or dicarboxylato bridges yielding a 
Mn distance of 3.3 A [6,7]. 

However, the nature of the terminal amino acid ligands 
involved in the coordination of the Mn cations and the loca­
tion in the subunit(s) of PSII are still essentially unknown. 
EXAFS studies indicate that either 0 or N atoms form the 
coordination sphere of the Mn cluster [4]. The participation of 
histidine as a potential terminal ligand has been revealed in 
experiments with electron spin echo envelope modulation [8]. 
The involvement of carboxylate residues and histidines in the 
coordination of Mn has also been shown using chemical mod­
ification of the amino acids [9-12]. Several glutamate, aspar­
tate and histidine residues of DI and D2 have been identified 
as potential ligands of Mn by site-directed mutagenesis of 
PSII (for reviews see [1-3]). 

In a preceding work [13] we used Fe(II) and Fe(III) as 
probes for the high-affinity Mn-binding site of PSII. Using 
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the diphenylcarbazide/2,6-dichlorophenolindophenol assay 
we studied the interaction of these cations with the high-af­
finity Mn-binding site in Mn-depleted PSII membranes. Fe(II) 
binds to the Mn site in the same way as Mn(II). The following 
common peculiarities of the interaction of these cations with 
the Mn-binding site were found: (i) the effective concentration 
for binding is smaller than I /lM; (ii) the binding is accom­
panied by the oxidation of the cations; (iii) the affinity of 
Mn(II) and Fe(II) to this site changes in the presence of dif­
ferent anions in the same manner; (iv) reductants inhibit the 
binding of Mn(II) and Fe(II) [13]; (v) the ligation of Fe (II) is 
a light-dependent process leading to the formation of a bi­
nuclear 2 Fe(III) cluster, as in the case of Mn(II) [14,15]. 

The great similarity between the interaction of Fe(II) and 
Mn(II) with the Mn-binding site in Mn-depleted PSII mem­
branes suggests that the coordination sphere of Mn in PSII is 
also suitable for iron. This could be very important for the 
identification of Mn-binding ligands. There exist iron-contain­
ing proteins (superoxide dismutase, ribonucleotide reductase, 
dioxygenase, acid phosphatase [16]) which can perform the 
same biological function with Mn instead of Fe. For some 
of them the structure of the metal-binding centre has been 
determined and can be used to obtain information on the 
ligation of Mn in PSII. Taking into account the formation 
of a diiron cluster during the binding of Fe(II) to the Mn­
binding site of the oxygen-evolving complex (OEC) we used in 
our study the enzymes with a binuclear iron centre such as 
ribonucleotide reductase. We compare the iron-binding do­
mains in the sequence of these polypeptides with sequences 
of the polypeptides D I, D2, which are thought to bind pref­
erably the Mn cluster (for review see [I]). 

2. Results and discussion 

Examples of diiron-oxo enzymes are ribonucleotide reduc­
tase (R2 component), methane mono oxygenase (MMOH), 
and stearoyl-ACP desaturase (for a review see [17]). These 
enzymes contain two main conserved motifs, EXXH, partici­
pating in the binding of the two irons [18]. These motifs can 
also be found in the carboxy-terminal domains of the DI and 
D2 polypeptides of PSII (Fig. I). The D I polypeptide contains 
the region E329VMH332, and the D2 polypeptide contains a 
similar region D334QPH337. These motifs are conserved in 38 
sequences of the DI polypeptide and in 15 sequences of the 
D2 polypeptide [19]. In D2 the motif contains aspartate in­
stead of glutamate but this is an insignificant difference be­
cause both contain carboxyl groups. Thus, these two motifs 
exactly correspond to those providing the coordination of the 
iron cluster in R2, MMOH and desaturase [18]. Two copies of 
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Fig. 1. Comparison of the amino acid sequences of Dl, D2 with the FeA and FeB sites of diiron-oxo enzymes. The sequences of the Dl and 
D2 polypeptides are aligned relative to the conserved EXXH motif in the C domains of the DlID2 heterodimer of Spinacia oleracea [19]. We 
also show the amino acid sequences of the iron-binding motifs of diiron-oxo proteins: E. coli ribonucleotide reductase R2 protein (R2) [20], M. 
capsulatus methane mono oxygenase (MMOH) [21] and castor bean stearoyl-ACP desaturase (Desat) [18]. Iron ligands and hydrogen-bonding 
partners to the cluster in diiron-oxo proteins and the corresponding residues in the D I, D2 polypeptides are enclosed in shaded boxes. Residues 
that are identical in DlID2 subunits and DlIR2 or D2/R2 are boxed. Bold type residues represent amino acids that have a reversible position 
(a pair IN in DIID2) or dismissed in one position relative to each other. 

the primary sequence motif EXXH provide four of the cluster 
coordination in R2 [20], MMOH [21] and desaturase [18]. 

Two other ligands in the class II diiron-oxo proteins are 
provided by aspartate or glutamate residues preceding the 
EXXH sequence. In R2 these are D84 and E204. A comparison 
of the primary sequences of the C-terminal domains D I and 
D2 polypeptides which were aligned relative to the conserved 
motifs EXXH reveals two symmetrically located residue pairs 
preceding the EXXH by 9 and 20 residues respectively (Fig. 
I). These are D319/E324 and D308/E313 . A comparison with 
domains in the Band E helix respectively which contain the 
fifth and sixth coordination for the iron cluster in R2 implies 
that D3!9 of D I and E324 of D2 coordinate the dimanganese 
cluster. This suggestion is strengthened by the following ob­
servations: (i) in R2 after D84 and E204 there are the residues 
186 and 1206 [20]. Likewise, in the same position relative to 
D319 (D!) and E324 (D2) one finds 1321 and 1326 ; (ii) in the 
E helix of R2, A202 or L202 is located before E204 . The L322 is 
found in the same position relative to E324 of D2. The residues 
1321 and 1326 are conserved in all sequences of the Dl poly­
peptide besides blue-green alga and L 322 is conserved in all 15 
sequences of D2 polypeptide published in [19]. 

The comparison shows that the C-terminal domains of DI 
and D2 contain all key residues for the coordination of the 
iron in the diiron-oxo proteins such as R2, MMOH and de­
saturase. It is interesting that the similarity of the amino acid 
sequence around the key ligands is closer to R2 which func­
tion is connected with the generation of a stable tyrosyl radi­
cal [22]. Moreover, an analogy has been made between the 
function of OEC and oxygen-consuming proteins including 
ribonucleotide reductase [23,24]. 

Besides the residues which serve as the iron coordinations 
diiron-oxo proteins also contain partners performing hydro­
gen bonding to the cluster. The hydroxylase of MMOH, de­
saturase and helix F of R2 (Fig. I) have D/E residues yielding 
the motifs DEXXH and EEXXH respectively as conserved 

sequences in these proteins. These aspartate/glutamate stabi­
lise the coordinated histidines by hydrogen bonding. The con­
served D237 from helix F of R2 (E. coli) forms a hydrogen 
bond to the iron ligand H1I8 in the C-helix. MMOH and 
desaturase contain identically conserved D242 and D261 resi­
dues respectively and also additional symmetrical identically 
conserved D I43 and E175 from the helix C which are hydrogen­
bonded to the iron ligands H246 and H265 respectively. The 
EXXH and the DXXH motifs from DI and D2 do not con­
tain these residues before E and D respectively, but have E333 
and E338 after the histidines. This opposite location of the 
glutamates can be understood in the following way. The he­
lices C and F of R2 containing the motifs DEXXH have 
opposite directions. The antiparallel arrangement determines 
the location of the hydrogen acceptors D143 and D242 with 
respect to the hydrogen donors H246 and H147. For the C­
terminal domains of the Dl and D2 chains an antiparallel 
direction is less probable. The membrane-spanning a-helices 
E of DI and D2 are bounded by the non-haem iron through 
H272 and H269 [1]. The close neighbourhood of these trans­
membrane helices makes an identical direction of C-terminal 
domains rather probable. According to the model of the iron 
centre of MMOH the residues participating in the formation 
of hydrogen bonds should be disposed opposite to each other. 
If we consider such an arrangement, the E/D residues accept­
ing the hydrogen can be located only on the side of the his­
tidines. The displacement of E333 and E338 in a way to allow 
hydrogen bonds with histidine in a parallel arrangement of the 
E/DXXH motifs accentuates once more the astonishing re­
semblance between domains forming the coordination sphere 
of the diiron centre in diiron-oxo proteins and the pnmary 
sequence of the C-terminus of D1ID2 polypeptides. 

As discussed, the C-terminal domains of the DI and D2 
polypeptides of PSII contain all key motifs for the coordina­
tion of the iron centre in the diiron-oxo enzymes. This ex­
plains why we were able to bind two irons to the high-affinity 
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Mn-binding site of Mn-depleted PSII membranes [13). There 
are additional arguments which suggest that these motifs in 
the DIID2 heterodimer participate in the coordination of the 
dinuclear centre of the tetranuclear manganese cluster: (i) 
mutants which terminate the D2 translation prematurely 
and mutants which have deletions near the C-domain of D2 
have proved the involvement of this region in the formation 
of the OEC [3); (ii) the replacement of H332 in DI results in 
the loss of oxygen-evolving activity [25); (iii) the chemical 
cross-linking analysis has shown that the carboxyl-terminal 
domains of the DI subunit (D308_A334) and those of the D2 
subunit (y297_L353) are in close proximity [26); (iv) the C­
terminal regions of D I and D2 are highly conserved among 
the oxygen-evolving species [l9); (v) the Land M subunits of 
the reaction centres from purple bacteria which do not evolve 
oxygen have significant homology in the sequence with the DI 
and D2 polypeptides but a shorter carboxy-terminal exten­
sions [27); (vi) the LFI mutant of Scenedesmus obliquus has 
no post-translational cleavage of the carboxy-terminal exten­
sion of the DI polypeptide and thus a failure to assemble a 
functional Mn complex [28). 

In accordance with the known structures of the iron centre 
in the diiron-oxo proteins R2 and MMOH we suggest the 
following structure for the dinuclear manganese in the 
water-splitting system of PSII (Fig. 2). According to this mod­
el the dimanganese centre is coordinated by the two histidines 
H332 (DI) and H337 (D2). The carboxylate group of E329 (DI) 
builds a bridge between the Mn atoms. One glutamate, E324 
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Fig. 2. A schematic representation of the coordination of oxo 
bridged diferric clusters and the proposed dimanganese centre of the 
water splitting system. A: R2 component of ribonucleotide reduc­
tase from E. coli [20]; B: Dl/D2 reaction centre of PSII from spin­
ach. 
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Fig. 3. Proposed model for the Mn complex in PSII. In this figure 
we place the halide ligand in the position of sixth ligand to Mn2 ac­
cording to the model constructed by Yachandra et al. from EXAFS 
measurements [7]. 

(D2), and two aspartates, D319 (DI) and D334 (D2), occupy 
three coordinations. The residues E338 (D2) and E333 (DI) 
form a hydrogen bridge to the histidines H332 (DI) and 
H337 (D2) respectively. Since all diiron proteins have a 
mono-!l-oxo or hydroxo bridge and such a bridge has been 
suggested on the basis of EXAFS data [7), we include a mono­
!l-oxo bridge in our model. A monocarboxylato bridge can be 
also formed by D334 (D2). A slightly greater similarity be­
tween the DI primary sequence and the B-C helices in which 
the E1l5 forms the carboxylato bridge (see Fig. I) stimulates 
us to take the E329 of D I as the bridging ligand. An involve­
ment of histidine in the ligation of manganese in the OEC has 
been shown [8). There it is suggested that the histidine ligand 
could play a role in the proton conduction from oxidised 
water to the luminal phase. Thus, the pairs H332 (DI)-E33 
(D2) and H337 (D2)_E333 (D I) in our model could be part 
of a 'proton channel' for this proton transfer. 

According to the Mn distances obtained by EXAFS the Mn 
cluster consists of a pair of di-!l-oxo bridged binuclear man­
ganese clusters linked by a mono-!l-oxo, mono- or dicarbox­
ylato bridge [7). This means that the binuclear cluster pro­
posed by us can be a part of the structure suggested by 
Yachandra et al. [7). The question is then the arrangement 
of the other two manganese atoms. EXAFS implies the ex­
istence of two di-!l2-oxo bridged Mn binuclear structures and 
this fact has to be taken into account. The Mn atoms in our 
model are unsymmetrical: one of them has only one free co­
ordination (Mn2), the other has two coordinations (Mnl in 
Fig. 2). This implies that the sequence of distances between 
the Mn atoms cannot be 2.7 A-3.3 A-2.7 A. Instead, the Mn 
sequence has to be 3.3 A-2.7 A-2.7 A (compare Fig. 3). Such 
an arrangement of Mn atoms was not ruled out on the basis 
of EXAFS [7). Our arrangement shows that the Mn3 atom 
having a distance of 2.7 A to Mnl and Mn4 can accept only 
two additional ligands. 
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At present there exists no X-ray structure of the OEC. Only 
such a structure determination could finally prove or disprove 
our model. 

In our comparison with the reaction centre of the PSII we 
used enzymes performing O2 activation [18]. The similarity 
between oxygen-evolving and oxygen-consuming structures 
can be helpful for the understanding of the mechanism of 
oxygen abstraction from water and the development of such 
a mechanism during evolution. 
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