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I. Introduction 

The most important role yet recognized for 
manganese (Mn) in nature is its direct involve- 
ment in the photocatalytic, four-electron oxidation 

Abbreviations: py, pyridine; bipy, 2,2'-bipyridine; OAc, acetate 
anion; Him, imidazole; EXAFS, extended X-ray absorption 
fine structure; /~n-X, inorganic nomenclature indicating that 
ligand X is bridging n metal atoms (the subscript n may be 
omitted when n = 2); #, magnetic moment, related to the 
square root of the magnetic susceptibility; PS II, Photosystem 
II. 

Correspondence: G. Christou, Department of Chemistry, Indi- 
ana University, Bloomington, IN 47405, U.S.A. 

of water to 02 within the photosynthetic apparatus 
of green plants and cyanobacteria. A total of four 
Mn atoms have been established as essential for 
02 evolution activity, and current evidence sug- 
gests that they are bound at or near the lumenal 
surface of the thylakoid membrane and near to 
the P-680 (PS II) reaction center [1-3]. It is cur- 
rently believed that the Mn assembly is ligated to 
one or both of the membrane-bound polypeptides 
labeled D 1 and D 2 (which would correspond to 
the L and M polypeptides of the better-char- 
acterized bacterial reaction center of purple 
bacteria) and which probably bind the PS II chlo- 
rophyll groups and accessory components in- 
volved in the photochemistry and subsequent 
charge separation processes [4,5]. The Mn assem- 
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bly functions as the electron donor to PS II via the 
intermediacy of Z, the EPR-detectable group 
which represents the direct-electron donor to P- 
680 + (being converted to Z +) and which is now 
believed to be the phenolic side-chain of Tyr-161 
of polypeptide D 1 [6]. The function of the Mn 
assembly is, therefore, actually the re-reduction of 
Z + allowing further electron donation by the latter 
to the reaction center. The Mn assembly can pro- 
vide a total of four electrons in four one-electron 
steps. When the fourth electron is donated, the 
Mn assembly is re-reduced to its lowest oxidation 
state by the four-electron oxidation of two water 
molecules (Eqn. 1), and is now 

2 H 2 0  ~ O 2 + 4 H  + + 4 e -  ( I )  

ready for recycling. The Mn assembly can thus be 
considered as acting as a 'biological capacitor', 
capable of storing a total of four oxidizing equiv- 
alents before the 'capacitor' is discharged by 
oxidation of water. In this way, Nature has evolved 
a means of avoiding the generation of hydroxyl 
radicals. Since the PS II (P-680) photochemistry 
and subsequent charge separation involve a one- 
electron process, and the Z / Z  + couple is also a 
one-electron process, direct use of water as the 
electron donor to Z would lead to generation of 
highly reactive hydroxyl radicals, a situation that a 
biological system would reasonably be expected to 
avoid (Eqn. 2). The intermediacy of the Mn 

H 2 0  ~ H + + H O ' + e -  (2) 

thus allows storage of the oxidizing equivalents 
and subsequent oxidation of water by two two- 
electron or one four-electron steps, thus avoiding 
the generation of HO'. Also, of course, the metal 
site can function as the catalytic site, binding the 
substrate molecules and facilitating oxygen-oxy- 
gen bond formation. 

The above general considerations define the 
overall function, but what is lacking at the present 
time is an understanding of the precise structure 
and mechanism of action of the Mn assembly at a 
molecular level, viz what is the precise structure of 
the Mn assembly and its ligands, and what is the 
precise mechanism by which it binds the substrate 
( H 2 0 )  molecules and ultimately converts them to 

Off A number of such proposals have been pub- 
hshed to date, but  few of these have incorporated 
a three-dimensional structure for the Mn unit or 
been based on structural units known to exist in 
the inorganic chemistry of this metal [7,8]. 

As inorganic chemists, our contribution to this 
area has been the application of the inorganic 
model approach. This involves the synthesis and 
establishment of the exact structures and proper- 
ties of Mn complexes capable of existence, and 
their use as a well-characterized and sound start- 
ing point to suggest by extrapolation what may be 
occurring within the biological system. An inher- 
ent belief in this approach is that the metal-con- 
taining unit in the biological system is capable of 
laboratory synthesis! Confidence that this is the 
case is provided by numerous studies with other 
metallobiomolecules which have shown that their 
metal units do not owe their absolute existence to 
the polypeptide environment in which they natu- 
rally reside, but  instead represent thermodynamic 
minima of the constituent components. The argu- 
ment on which "our inorganic modeling approach 
is based is thus the logical inverse of this state- 
ment viz that the established thermodynamically 
stable synthetic complexes obtained in the labora- 
tory from reaction mixtures containing the ap- 
propriate (biologically relevant) components may 
very well correspond to those in the native unit. 
The sequence of events in our modeling approach 
is thus the following: (i) establish and characterize 
the thermodynamically stable Mn complexes ca- 
pable of existence; (ii) identify those that possess 
the appropriate properties (e.g., nuclearity, struct- 
ural features, oxidation levels, etc.) to suggest that 
they may correspond to the biological unit; and 
(iii) employ them to propose the mechanism by 
which these complexes, when within the native 
system, could be carrying out the observed bio- 
logical function, making sure that the proposal 
both makes 'inorganic' sense and is consistent 
with the various biochemical and biophysical data 
accumulated on the catalytic cycle. 

Our inorganic modeling approach has recently 
provided a variety of synthetic materials which 
allow us to proceed to steps (ii) and (iii). In this 
respect, this paper represents a progress report of 
our approach and is by no means meant to be 
taken as the final story. 
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Our mechanistic hypothesis has already been 
briefly communicated [8]; we herein summarize 
our synthetic studies, and results therefrom, which 
led to the proposal being formulated, describe the 
latter in more detail, and discuss its potential 
relevance to the biological site by examining it in 
light of current data obtained from the variety of 
techniques employed in studying the native site. In 
addition, we shall suggest how the inorganic chem- 
istry and the proposal itself can help explain or at 
least rationalize certain data on the native site 
which have proven difficult to interpret or, in 
some cases, interpret unambiguously. 

II. Synthetic studies 

Current evidence, much of which will be con- 
sidered in subsequent sections, suggests the Mn 
assembly probably consists of a tetranuclear Mn 4 
cluster bridged by an undetermined number of 
oxide (0 2-) groups and ligated predominantly by 
carboxylate side-chain functions of aspartate and 
glutamate, and possibly with imidazole and phe- 
noxide ligation from histidine and tyrosine side- 
chains. The Mn cluster is capable of cycling 
through five oxidation levels labeled So-S 4, the 

last of which is unstable and spontaneously reverts 
to So with evolution of 0 2 [9]. 

- - e  - - e  - - e  - - e  

So --' $1 --' $2 ~ $3 --' $4 
t [ 

/ 
02 

The Mn oxidation levels are believed to comprise 
combinations from the range II-IV. This sug- 
gested both the ligands and Mn oxidation levels to 
be employed in our inorganic modeling studies 
and, in particular, we have concentrated on em- 
ploying simple organic carboxylic acids as 'sub- 
stitutes' for aspartate and glutamate. 

After preliminary experimentation, synthetic 
procedures have been developed leading to the 
desired complexes vis-~t-vis nuclearity, oxide 
bridges and ligation type. Treatment of the tri- 
nuclear complexes [Mn30(O2CR)6L3] °,+ ( R =  
various, L = py, H20 ) with three equivalents of 
the bidentate ligand bipyridine (bipy) leads to 
clean and high yield formation of the tetranuctear 
products [Mn402(O2CR)6(bipy)2 ] (!, R = M e )  
and [MnaO2(O2CR)7(bipy)2] z+ (2, Z = 0, R = Ph; 
_3, Z = 1, R = H, Me, Et, Ph) [10,11]. The struc- 
tures of 1 and _3 (R = Me) ha(~e been determined 
by X-ray crystallography establishing the presence 

o• 
J 

Fig. 1. The structure of Mn4Oz(O2CMe)6(bipy)2 (1). The  primed and unprimed atoms are related by an imposed inversion center. 
Oxygen atoms 0(3) and 0 (3) '  lie above and below the perfect Mn  4 plane. Mn(1) and Mn(1) '  are the Mn  m ions. 
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0(3~) ~~'~ 0(31 ) -h ,.~ 

( ~  ~ d O( 2k~1 ) ~ w l  ~:it % ( 7 )  ~ V J 

i O(27) 

Fig. 2. The structure of MngO2(O2CMe)7(bipy) ~ (3), emphasizing the non-planar or 'butterfly' arrangement of the Mn 4 unit. 

of the  Mn4(/.t3-O2-)2 central unit. The Mn 4 unit 
in ! is planar (Fig. 1) whereas in _3 it adopts a 
'butterfly' arrangement (Fig. 2) with Mn(1) and 
Mn(3) occupying the so-called 'hinge' or 'back- 
bone' positions and Mn(2) and Mn(4) occupying 
'wing-tip' positions. The complexes both possess 
two distinct M n . . . M n  separations. In _3, the 
central Mn(1). . .  Mn(3) distance is 2.848 A whereas 
the remaining M n . . .  Mn separations are in the 
range 3.299-3.385 A. In 1, the two corresponding 
separations are 2.779 A (Mn(1) . . .Mn(1) ' )  and 
3.288-3.481 ,~. 

Complexes 1-3 contain average Mn oxidation 
levels of + 2.5, + 2.75 and + 3.0, respectively; 
these of course arise from the individual oxidation 
state content of (2 Mn II, 2 Mn m), (Mn n, 3 Mn In) 
and (4 Mnln). Based on S 1 containing all Mn m 
centers, the oxidation state correspondence with 
the Sn states would be that depicted below: 

Mn402 (O2CR)6(bipy)z Mn402 (O2CR)7(bipy)2 

2Mn n, 2Mn m Mn II, 3Mn m 
S_1 So 

Mn402 (O2CR)7(bipy)f 
4Mn m 

S1 

S_ 1 is the most reduced, stable state accessible, 

but it does not participate in the catalytic cycle 
(vide infra). It is our submission that the 
[Mn402]-containing products may represent mod- 
els of the lower S n states of the native site. If this 
is entertained, an important quesnon to be ad- 
dressed is whether the synthetic materials display 
the appropriate electrochemical interconversions 
required of these S n states during turnover. An 
investigation by the cyclic voltammetric technique 
has indeed established the presence of reversible, 
one-electron couples, as summarized in the two 
electron-transfer equations below where equiv- 
alent oxidation levels are presented in the same 
column. 

[] ,v-- [] ~_ [Mn402(O2CR)7(bipy)2 ] + ~_ []2+ 
2 3 

[Mn402(OzCR)6(bipy)2 ] ~- []+ 
1 

S 1 So Sl $2 

Thus, the proposed S a model complex _3 displays 
an electrochemically quasi-reversible reduction to 
complex 2; inversely, complex 2 shows an identi- 
cal process but in the opposite direction. Reduc- 
tion of 2 to the S_ 1 oxidation level is both electro- 
chemically irreversible and at a quite negative 
potential. It is perhaps not surprising, therefore, 
that the isolated S_ 1 model is of a different for- 



mulation, viz with only six RCO~- ligands; this, in 
turn, can be electrochemically converted by a re- 
versible one-electron process to [Mn402(O2CR)6 
(bipy)2] ÷, currently not obtained in an isolated 
form. Overall, then, the three isolated oxidation 
levels of the Mn402 complexes are electrochem- 
ically interconvertible, albeit with a slight adjust- 
ment of the ligand-to-metal ratio being required 
for a stable S_ a model complex. 

The S 1 model complex 3 also displays a quasi- 
reversible, one-electron process yielding [Mn402 
(O2CR)7(bipy)212+. This would correspond to the 
S 2 state. Although this oxidation level of the syn- 
thetic species has yet to be isolated, its detection is 
important in considerations to be discussed below. 

Continued synthetic investigation eventually led 
to tetranuclear complexes possessing the average 
Mn oxidation level (+3.25; 3Mn hI, Mn TM) be- 
lieved to correspond to $2; however, these prod- 
ucts were of a structure different from putative 
[Mn4Oz(O2CR)v(bipy)2] 2+ detected electrochem- 
ically. The first such species was [Mn403C16 

Fig. 3. The structure of [MrI403C16(O2CMe)3(HIm)] 2- (4). 
Mn(1) is the Mn Iv ion. 
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(OAc) 3(Him)] 2- (4j H im = imidazole) depicted in 
Fig. 3 [12]. Other forms of this material have since 
been obtained viz Mn403C14(OAc)3(py)3 (5) and 
Mn403C14(OAc)3(HIm)3 (6) (Ref. 14; see also Li, 
Q., Boyd, P.W., Hendrickson, D.N., Vincent, J.B., 
Libby, E. and Christou, G., unpublished results). 
These all contain a Mn 4 tetrahedron with the 
Mn TM in the apex. A C1- bridges the basal face 
whereas an O 2- bridges each of the three vertical 
faces. An acetate group bridges each MnW-Mn nI 
edge, and ligation at the three Mn m sites is com- 
pleted by various combinations of terminal CI- 
and terminal Him or py groups (leading to the 
three different complexes 4-6). As for the 
[MneO2]-containing species, M n . . . M n  sep- 
arations fall into two distinct types. The MnW...  
Mn m separations are approx. 2.8 A, whereas 
Mnm. . .  Mn m separations are approx. 3.3 ,~. Com- 
plexes 4-6 display no reversible processes when 
examined by the cyclic voltammetry technique. 

It is interesting to note that the [Mn403] core 
of 4-6 is more structurally related to the Mn402 
core than might at first glance seem apparent. The 
Mn403 core can be obtained from the Mn402 
butterfly unit by merely placing a third/~3-O 2- to 
bridge between the two 'wing-tip' and one of the 
'hinge' Mn sites, as shown below: 

0 2- 0 
Mn Mn-~Mn j I ~ M n  

~0~ Mn-. d ~ o / M n - . . d  
X M n J  \ M n  / 

This again will be important to later discussion. 

IlL The 'double-pivot' mechanism 

We will now describe how the results of the 
synthetic studies summarized above can be em- 
ployed to formulate our mechanistic proposal for 
the water-oxidation cycle. The proposal is de- 
picted in schematic form (Scheme I) in Fig. 4 [8]; 
for clarity, the peripheral ligation is not shown. At 
So, we place the Mn402 unit established in com- 
plex 2. A one-electron oxidation converts this to 
S 1, where we also depict a Mn402 unit as we 
found in complex 3; remember that electrochem- 
ical conversion of _2 to 3 was established, as de- 
scribed earlier. On oxidation of S 1 to S 2, the same 
Mn402 unit is retained, but now the two substrate 
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M w HN _~N le÷ 
Mn Mn 

Oe 

Mn 
$4 ~ N ~ N  ~0\\ \, 'Mn "1/// 

Mn ON-M- 7 8* 

,o / .S  I 

Fig. 4. Mechanistic proposal for the water oxidation cycle; referred to as Scheme I in the text. 

water molecules are indicated as bound to the two 
'wing-tip '  Mn atoms (we do not imply that they 
are not bound at S 1, necessarily, only that they are 
bound by $2). Note that electrochemical genera- 
tion of the M n 4 0  z unit at this oxidation level was 
observed, although the product has not been iso- 
lated. Conversion of S o to S 1 and to S 2 thus 
requires no structural changes in the central 
M n 4 0  z core, only electron abstraction, and possi- 
bly adjustment of peripheral ligation. On oxida- 
tion of S 2 to S 3, we now invoke a structural 
change. Water molecules bound to high oxidation 
state Mn atoms would be expected to be quite 
acidic and, on generation of S 3, we invoke a 
structural rearrangement brought about by depro- 
tonation of the H20 molecules and their con- 
version to bridging positions and, in the extreme, 
formation of a Mn404 cubane unit. The latter is 
actually depicted in Fig. 4 as Mn4Oz(OH)2 for 
reasons described below, but the former version is 
preferred, based on the tendency of high oxidation 
Mn to bind 0 2 -  rather than O H - .  

Conversion of the Mn402 unit at S 2 to a Mn404 
unit at S 3 requires little change in the positions of 

the constituent atoms. Note  that the central Mn 202 

unit of the Mn402 structure is already half the 
cubic structure of the proposed S 3 structure; con- 
version of S 2 to S 3 thus requires only the slight 
movement  towards each other of the two outer 
(' wing-tip') Mn atoms, each metal 'pivoting'  about 
the /~3-O 2- bridge, a motion requiring only an 
increase in the pyramidali ty of this O 2- ion. 

The reason for invoking this structural re- 
arrangement is based on the fact that coupling of 
two substrate molecules requires bringing them 
into close enough proximity such that subsequent 
oxygen-oxygen bond formation is facilitated al- 
lowing evolution of 02 . We estimate the 
( H 2 ) O . . . O ( H 2 )  separation in Sa to be about 
4.5-5.0 A. Structural conversion to S 3 now lowers 
the ( H ) O . . . O ( H )  separation to approx. 2.5 A, a 
decrease of over 2 A. The system is now poised for 
the all-important substrate-coupling reaction. 

On oxidation of S 3 to unstable $4, substrate 
oxidation is triggered. The O atoms move towards 
each other, initiating bond formation, and there is 
concomitant movement  apart of the two Mn 
atoms, internal electron transfer from O to Mn 
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(and loss of any remaining H+). An intermediate 
in this concerted process might be a peroxide- 
bound intermediate as depicted, at which point 
the O - O  distance should be approx. 1.5-1.6 ,~ 
with a net of two electrons having been trans- 
ferred to Mn. Continued approach of the two O 
atoms, transfer of two more electrons to the Mn 
and further movement apart of the latter leads to 
generation and evolution of 02 and return of the 
remaining Mn402 unit back to S o, in terms of 
both structure and oxidation level, ready for re- 
cycling. The indicated peroxide-bound inter- 
mediate requires electron transfer to take place in 
two two-electron steps rather than one four-elec- 
tron step, but no intermediate has been observed 
in the S3-to-S 0 transition and we are therefore not 
claiming the peroxide-bound form to be a stable 
intermediate but merely a transient during the 

substrate-coupling process. Note also that the 
overall formation of 02 from the initially oxidized 
S 3 state represents a reductive elimination, a com- 
mon process in inorganic chemistry but not, to our 
knowledge, well established to date for 02 forma- 
tion from bridging 0 2 .  (or OH- ) .  

The complete scheme as depicted has two par- 
ticularly attractive aspects in our opinion. One is 
that it is based, to a major extent, on species that 
are now established as capable of existence in a 
variety of oxidation levels, viz the Mn402-contain- 
ing complexes. Two, the complete cycle requires 
little movement by the M n / O  framework. Indeed, 
the central Mn20  a unit in the Mn402 species 
undergoes no movement at all and can be almost 
considered as possessing only a structural role. 

The S2-to-S 3 transition does, however, require 
some movement of the two outer Mn, but these 

HN NH+ 18. 

_/-f 
I I M! $4 $2 M~ ou 18" 

' , ,  / I 
o 2 H*~~.. . .__ $3 ~ 2  - o 

Mn OH 18" 

Fig. 5. Alternative mechanistic proposal for the water oxidation cycle; referred to as Scheme II in the text. 



266 

are minimal involving only fractions of an 
~ngstrom. Overall, we feel only small reorganiza- 
tional barriers will be introduced by our proposed 
scheme. 

While the S 3 level depicted in Scheme I is 
shown as a cube with /~3-0xides derived from 
substrate, there is no absolute requirement for 
/~3-O 2 bridges, and a M n 4 ( ~ 3 - 0 2 - ) 2 ( / ~ 2 - 0 2 - ) 2  

unit would be equally possible. The formation of 
such a unit would still require the same 'pivoting' 
about the/~3-oxide bridges. 

An alternative form of the scheme (Scheme II) 
can also be proposed, incorporating the now- 
established existence of the Mn403 core identified 
in complexes 4-6. This alternative scheme is de- 
picted in Fig. 5 and differs only in the identity of 
the S 2 state [14]. Basically, instead of the two 
substrate molecules being bound in peripheral 
(terminal) positions to a S 2 Mn402 unit, we pro- 
pose that one of them is deprotonated to O H -  or 
O 2- and is incorporated into the Mn402 unit, 
converting it to Mn403 or Mn402(OH ), as shown. 
(A second H20  molecule may or may not also be 
bound in a terminal position, as in Scheme I.) This 
would require that pivoting of the Mn about the 
/~3-O 2- groups occurs at the Sl-to-S 2 transition 
rather than at the S2- to -S  3 transition, as in Scheme 
I. The /~3-C1- seen in complexes 4-6  would oc- 
cupy the remaining site of the M n 4 0  s 'partial 
cube', shown as vacant in Scheme II. This remain- 
ing site is subsequently occupied by the second 
deprotonated substrate molecule on oxidation of 
S 2 to S 3. In essence, the two schemes differ only in 
that in Scheme I incorporation of the two sub- 
strate molecules to yield the S 3 Mn404 unit occurs 
all at once during the S2-to-S 3 transition, whereas 
in Scheme II the substrate molecules are incorpo- 
rated sequentially during the S~-to-S2 and $2-t0-$3 
transitions; the possibility of sequential binding of 
substrate molecules by the  native site has been 
discussed. Presently, the biophysical data on the 
enzyme do not allow clear preference for one of 
the two proposed schemes. 

IV. Comparison with data on the native site 

We now consider the proposed mechanisms in 
light of available biochemical and biophysical data 
accumulated on the native site. 

IV.A. Nuclearity and manganese oxidation states 

Below we review current data bearing on the 
question of the nuclearity of the native Mn cluster 
and the average metal oxidation state at each S n. 
We will, in fact, begin by summarizing in advance 
the conclusions of this work, namely that the 
majority of current data support the cluster as 
being tetranuclear and the S n states to contain the 
following Mn oxidation states: 

S_ 1 2MnI1, 2Mnln 

S o Mn n ,3Mn m 

S 1 4Mn Ill 

S 2 3Mn m ,Mn TM 

S 3 2Mn n1,2Mn TM 

The only other reasonable possibility is that in 
which each S n state has a two-unit increase in 
oxidation level; for example, S 1 would be 
2MnlII,2MnlV and S 2 would be Mnnl,3MnIV. De- 
tailed EXAFS and edge studies have been re- 
ported, primarily on S 1 and S 2 [15]. Fits to the 
data lead to the following conclusions: 

State Mn_O b a Mn_O,N t b M n . . . M n  
(~) (X) (X) 

S 1 1.75(5) 2.00(5) 2.70(3) 
S 2 1.76(5) 1.98(5) 2.72(3) 

a Bridging ligands. 
b Terminal ligands. 

In addition, a fourth scattering shell has been 
assigned to a longer M n . . .  Mn separation of ap- 
prox. 3.3 A [16,17]. The two distinctly different 
M n . . .  Mn separations support both a nuclearity 
greater than two and significant asymmetry. As- 
suming tetranuclearity, these suggest either (i) 
two dinuclear units (Mn . . .  Mn = 2.7 A) separated 
by approx. 3.3 A (no example currently ° known) or 
(ii) a dinuclear unit (Mn . . .  Mn = 2.7 A) with two 
additional Mn at approx. 3.3 A but the latter 
themselves well separated. The 1.75 A separation 
is indicative of bridging 0 2 -  groups (or, conceiv- 
ably, O H - )  and the approx. 2 A separations indi- 
cative of terminally bound O/N-based  ligands 
[15]. The EXAFS data thus suggest an asymmetri- 
cal, oxide-bridged Mn 4 cluster with peripheral 



ligation provided by O/N-based  ligands. Since no 
porphyrins are present, and available quinones 
have been assigned other functions [18], the pe- 
ripheral ligands appear to be amino acid, side- 
chain functions viz carboxylate (glutamic/aspartic 
acids), phenoxide (tyrosine), imidazole (histidine), 
or combinations thereof. It can readily be seen 
that the Mn402 unit is in close correspondence 
with the EXAFS conclusions. Complex 2 consists 
of an asymmetrical, oxide-bridged array (type (ii) 
above) with both 'short '  (2.85 A) and 'long' (ap- 
prox. 3.3 A) separations, and peripherally ligated 
O/N-ligands. 

EXAFS data on S 2 show little difference from 
Sa, suggesting little change in the basic coordina- 
tion or structure during the Sl-tO-S 2 transition 
[15]. Our proposal of a Mn402-unit at S 2 in Scheme 
I is thus consistent with this. Note, however, that 
EXAFS provides radial, not angular, information. 
Consequently, a small structural change could have 
occurred between S 1 and $2 which, if no change in 
interatomic separations occurs, might yield the 
same EXAFS spectrum. Thus, the S 2 data could 
also be consistent with the Mn 403-type unit indi- 
cated in Scheme II. The Mn403 cluster again 
possesses both 'short '  (2.81 A) and 'long' (approx. 
3.3 A) Mn. . .  Mn separations and oxide bridges. It 
is our suggestion, therefore, that either a Mn402 
or Mn403 unit (the latter with O / N  peripheral 
ligands not C1- as in 4-6) could be at S 2 such that 
Scheme I or II cannot be preferred on this basis 
alone. Note also that fits of S 2 incorporating 1 
C1/4 Mn are equally as good as with no C1 [15], 
such that the entire Mn403C1 unit as seen in 
complexes 4-6  could indeed be present at S 2. 

Additional support for a tetranuclear cluster 
derives from EPR fitting of the 'multiline' g ~ 2 
EPR signal (vide infra). From a simulation study, 
it was concluded that the number of observed 
hyperfine lines (17-19) could not be arising from 
a dinuclear unit, but were instead due to a tetra- 
nuclear unit [19]. The simulations, however, could 
not distinguish between the possible oxidation 
levels a t  5 2 of 3MnnI,Mn TM or MnHI,3MnW. Ad- 
ditional attempts to simulate the hyperfine struc- 
ture have been reported [44]. Introduction of g-an- 
isotropy was necessary to adequately simulate the 
X-band spectrum; however, the authors point out 
that the parameters obtained were unable to 
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simulate the Q-band spectrum correctly [29]. The 
anisotropy is also inconsistent with orientation 
dependence studies [26] and studies using variable 
microwave frequencies [29]. Consequently, the in- 
ability to simulate the multiline signal with Mn 2 
models suggests inclusion of contributions from 
additional Mn atoms may be necessary. See also 
Ref. 74 for recent additional comments conclud- 
ing a nuclearity greater than 2. The EPR spectrum 
of complex 4 displays a g ~  2 signal with 16 
hyperfine lines [12]; signal-to-noise is currently 
too great, due to low solubility, to allow any 
additional lines in the wings to be observable (if 
present), but  does establish for the first time that a 
synthetic tetranuclear 3Mnm,Mn TM cluster can yield 
a spectrum somewhat similar to S 2. 

1H-NMR has also been used as a probe for the 
Mn oxidation levels in the S n states. The studies 
involved measuring the solvent water relaxation 
rates as a function of Sn state. The observed rates 
at each S, showed the order S o > S 1 < S 2 and the 
authors concluded that the S0-to.S ~ transition in- 
volves a Mn n--~ Mn HI oxidation, whereas the S a- 
to-S 2 transition involves a Mn III ~ Mn TM oxidation 
[20]. Inherent in this analysis was the assumption 
that the Mn atoms within the cluster are only 
weakly coupled such that they behave as isolated 
Mn ions. This may or may not be a safe assump- 
tion, but the experimental results seem neverthe- 
less correct for they are supported by other stud- 
ies. For example, measurement by EPR spin echo 
of the relaxation rates of D + (the phenoxide radi- 
cal of Tyr-160 of polypeptide D2) [6] shows that 
the relaxation rates again display the pattern S o > 
S 1 < S 2 [21]. If the cluster cannot be considered as 
four, only weakly coupled Mn ions, then the re- 
laxation rates should parallel the overall para- 
magnetic susceptibifity of the cluster, suggesting 
that the cluster magnetic moments should also be 
S o > S 1 < S 2. Recent studies have probed the mag- 
nitude of the moments and values o f  ]I 2 have been 
concluded to show the same pattern, viz S 1 < S 2 
[22]. These three different studies thus all lead to 
the same conclusion. Interestingly, the room tem- 
perature moments of our S o, $1 and S 2 model 
complexes expressed as /x z display this same pat- 
tern viz S o > $1 < S 2. In addition, the magnitude 
of z~/~ 2 for the transition Sa-to'S 2 is approx. + 13, 
which agrees surprisingly well with the A ~  2 for 
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complexes _3 and 5 (A/I 2= + 14.4). Such an in- 
crease in /~2 is not that expected for a simple 
dinuclear unit being oxidized from a Mn~ I (Sa) to 
a MnnIMn TM ($2) level, for the greater magnetic 
coupling expected in the latter complexes com- 
pared with the former would be expected to lead 
to a decrease in/~2 on the St-to-S 2 transition; i.e., 
A/~ 2 would be negative. The increase in /~2 in _5 
arises from a mixture of antiferromagnetic cou- 
pling between the Mnm-Mn TM pairs and ferromag- 
netic coupling between the MnIH-Mn In pairs [13]. 
Such a coupling scheme also likely occurs for the 
Mn assembly in the S 2 level [19,27]. 

Difference UV/visible spectra have also been 
measured during the transitions S o ~ S 1 ~ S 2 ~ S 3. 
After some initial disagreements from different 
laboratories, the majority have now reached a 
consensus, viz the S0-to-S 1 transition yields a dis- 
tinctly different spectrum to the Sl-tO-S 2 and S 2- 
to-S 3 transitions while the latter two display the 
same difference spectra [23-25]; one study, how- 
ever, reports the latter two spectra to be different 
[13]. The conclusion is that a distinctly different 
process is occurring for S0-to-S a compared to sub- 
sequent oxidations, and the authors have assigned 
S0-to-S 1 as involving a Mn II---, Mn II1 oxidation, 
whereas Sl-tO-S 2 and S2-to-S 3 each involve a Mn m 
---, MnIVoxidation. Our proposed S o and S 1 model 
complexes 2 and _3 display a difference spectrum 
extremely similar in band position and profile to 
the native S0-to-S 1 difference spectrum and differ- 
ent from those for the subsequent oxidations (Fig. 
6). 

2C 

1c 

u 

v 
z 

<l  

E 
o - -  

i 
4 0 0  

o 300 ,4oc 

~ o -  o 

' 35o ' ' ' ' 3~o ' ' ' 

W a v e l e n g t h  ( n m )  

The U V / v i s  difference spectrum Fig. 6. for the 
[Mn402(O2CR)7(bipy)2] 0'+ pair (complexes 2 and R =  Ph 
analogue of _3). The inset contains the difference spectra for the 
So/S 1 (a) and S1/S 2 and $2/S 3 (b) transitions (taken from 

Ref. 24). 

As we noted earlier, four Mn are needed in 
simulating the number of hyperfine lines in the 
'multiline' EPR signal of S 2. Additional support 
comes from the temperature dependence of this 
signal's non-Curie-like behavior [22,28], incon- 
sistent with a dinuclear species. Other workers 
have, however, reported Curie-like behavior for 
their samples [29]. The differences observed in the 
temperature dependence studies have been shown 
to be a function of the cryoprotectant used, for 
reasons which are currently unclear [44]. Fitting of 
the temperature dependence data with the model 
recently developed for 5 [75], the only char- 
acterized MnI~IMn TM complex, could prove useful. 

A combination of studies has been reported 
which bears on the question of the Mn oxidation 
levels at S i 1, the most reduced, stable form of the 
cluster. Treatment of S 1 with H202 yields S_ a 
which requires five flashes of light before 02 is 
generated [30]. That H202 is not degrading the 
cluster during the reduction and the cluster is 
reformed during the subsequent reoxidation is 
supported by careful studies employing low con- 
centrations of H202 which show that no free Mn 2+ 
is generated [31]. Thus, a cluster which still main- 
tains its integrity is indicated, and based on S 1 
containing 4Mn nI, S_ 1 must contain 2Mnn,2Mn m. 
Attempts to reduce further than S_ 1 now lead to 
observation of liberated free Mn 2+, suggesting S_ 1 
is indeed the most reduced level the cluster can 
adopt without degradation [32]. 

Studies from the 'opposite direction' have also 
been performed. Using particles which have been 
depleted of all Mn, the reincorporation of added 
Mn 2+ has been studied [33,34]. No reactivation is 
observed without flashes of light being adminis- 
tered. On one flash, one Mn z+ is oxidized and 
attached. A second flash of light leads to incorpo- 
ration of a second Mn 3+ and, spontaneously, the 
incorporation of two further Mn 2+. Since only two 
flashes of light are needed for this photoreactiva- 
tion process, and each flash leads to a one-elec- 
tron charge separation at the reaction center, the 
apparent implication is that the four Mn atoms 
have been reincorporated as 2Mnn,2Mn hI. Al- 
though the Sn state thus formed has not been 
identified, it seems reasonable to suspect that this 
is S_ 1. It must now be determined how many 
additional flashes are required to generate the 



EPR-active $2 state; our arguments suggest that 
this will be three (S_1 --* $2). 

The results of our synthetic work are in accord 
with the above reduction and reactivation experi- 
ments. The lowest oxidation level we have been 
able to generate for our synthetic Mn 4 complexes 
is 2MnlI,2Mn tlx corresponding to S_1. Further re- 
duction (with NHzOH, etc.) leads to degradation. 
We believe these parallel observations support our 
contention that the Mn402 units may well indeed 
represent the units to be found in the native site at 
the lower Sn states. 

Some general inorganic chemistry comments 
seem to be warranted at this point. It has often 
been argued by workers preferring the alternative 
oxidation state description (i.e., S 1 is 2Mnm,2Mn TM 

and therefore S_ a is 4Mn m) that this avoids the 
presence of Mn n at any Sn state, and that this is 
essential because Mn 2+ is known to be labile and 
its generation in lower S n states would lead to the 
cluster 'falling apart'. This is inconsistent with the 
variety of data briefly reviewed above indicating 
Mn n at lower S n states and also is not supported 
by the inorganic chemistry of this metal. While 
mononuclear Mn n is indeed labile, its incorpora- 
tion within mixed valence, oxo-bridged clusters 
leads to stable species. Thus, mixed-valence 
MnH,Mn In species have been found for dinuclear, 
trinuclear (Mn306+) and, of course, the tetra- 
nuclear (Mn4 O6+'7+) complexes 1_ and _2- It is, 
therefore, not valid to argue that no Mn n can be 
present at the lower S n states; both the data on the 
native site and Mn inorganic chemistry support 
the alternative belief. 

In summary, the majority of data support the 
native site to consist of a tetranuclear Mn cluster. 
Further ,  available da ta  support  the Mn  
oxidation-state assignments specified earlier or 
cannot distinguish between it and the alternative 
assignment. Further, the synthetic species contain- 
ing Mn402 and Mn403 units are in satisfactory 
agreement at the present time with native data in 
terms of nuclearity, ligation type, structural 
parameters, oxidation levels and spectroscopic 
properties. 

IV.B. EPR data and substrate binding 

Oxidation of S 1 to S 2 at approx. 190 K or 
above, by a single flash of light, generates the 
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familiar g - - 2  EPR signal of $2, which possesses 
Mn hyperfine structure (17-19 lines) and is re- 
ferred to as the 'multiline' signal [35]. If, however, 
the oxidation is performed at 130 K, a different 
signal centered at g - - 4  is obtained instead 
[36-38]. On warming this sample, the g ~ 4 signal 
decays and is replaced by the multiline spectrum 
[39]. These results were originally interpreted as 
indicating an S = 3 /2  ground state (g - -4 )  with 
an S = 1 /2  excited state (g = 2) [39]. However, it 
has since been reported that these two species may 
not be arising from differing thermal populations 
of the same cluster [29]. 

Substrate binding to S 2 has been probed by 
investigating the appearance of the multiline in 
the presence of 170, H20  and 2H20. The former 
shows broadening of the multiline signal when 
generated at approx. 210K [40]. This would sug- 
gest binding of labeled H20 at the substrate bind- 
ing site or bridging oxide exchange with labeled 
H20  with no binding of H20 at the substrate site; 
oxide exchange between labeled H20 and bridging 
O 2- has been shown in synthetic dinuclear Mn 
oxide-bridged complexes [41,42]. The 2H20 ex- 
periments at both 200 K and 10°C also show 
sharpening of the multiline signal, however, sug- 
gesting that water is bound at the substrate bind- 
ing site at $2 [43]. Taken together, these results 
imply the form of S z yielding the multiline signal 
is able to bind substrate molecules. Our S 2 models 
depicted in Schemes I and II are consistent with 
this, as will be described. Whether water is bound 
at S1, however, is currently not as clear. 

(a) If no H20 is bound to S 1, we suggest the 
g - - 4  signal might arise by oxidation to S 2 but, 
due to the low temperatures, water cannot bind 
and therefore the normal multiline signal is not 
observed, i.e., the g = 4 signal is the cluster without 
bound substrate, whereas the g ~ 2 signal is the 
cluster with bound substrate. The substrate-bound 
form could be either as depicted in Scheme I 
(H20 molecules in peripheral positions) or in 
Scheme II (one H20 incorporated to give a Mn403 
unit; a second H20 could or could not be bound 
in a peripheral position). 

(b) If H20  is bound at S 1 or H20 binding can 
occur at 130 K, the g ~ 4 species could be merely 
the same Mn402 unit (with bound H20 ) at a 
higher oxidation level, which cannot undergo any 
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structural change due to the low temperature. The 
g ~ 2 species could then be for example the Mn403 
unit, i.e., the required structural change has now 
occurred. 

For both possibilities (a) and (b), warming the 
g ~ 4 species now allows either the H20  binding 
or the structural change that the low temperatures 
have blocked. It has been reported that the con- 
version of the g -- 4 to the g -~ 2 species involves 
an associative process (AS negative) [44]; both a 
substrate binding and a structural change would 
be consistent with this. X-ray absorption edge 
studies of the species giving rise to the two ESR 
signals indicate that the species can only differ 
subtly [15], perhaps favoring (a). 

Also note that continuous illumination of the 
g - - 4  species at low temperatures does not yield 
any S 3 or 02 evolution. Again, both the absence of 
bound substrate or the blocking of the Mn402 to 
Mn403 conversion would be consistent with this, 
for formation of the S3-type cluster in Schemes I 
and II would itself be blocked. 

A parallel series of experiments has been per- 
formed in the presence of N H  3 as a potential 
substrate analog. The various data obtained are 
more difficult to interpret and, as a result, their 
rationalization by or consistency with our pro- 
posed mechanisms is more difficult to gauge. Nev- 
ertheless, we shall attempt a partial rationaliza- 
tion. 

Generation of $2 at - 1 0  °C  in the presence of 
N H  3 yields a 'modified' multiline ( g - - 2 )  signal, 
suggesting N H  3 has bound at the subtrate binding 
site [45]. However, generation of S 2 at 210 K 
yields instead a mixture of the normal g -- 4 signal 
and the normal g ~ 2 signal, suggesting N H  3 is 
not bound [45,46]. Incubation of this sample, how- 
ever, at 0 o C leads to the ' modified' g ~ 2 signal, 
suggesting N H  3 is now bound. While such behav- 
ior is open to detailed interpretation in several 
ways, we would propose the following: (a) these 
studies would argue against any H 2 0  being bound 
at Sa, for one would reasonably assume that N H  3 
would also bind at $1 and would remain bound at 
$2, yielding modified S 2 g ~  4 or g ~  2 signals, 
even when generated at low temperatures; (b) 
generation of S 2 at 210 K leads to a mixture 
comprising the g ~ 4 species (as described above) 
and the normal multiline ( g - - 2 )  species repre- 

senting the H20-bound form (Mn402 with periph- 
erally bound H 2 0  as in Scheme I or Mn403 as in 
Scheme II). Why water might bind at 210 K or 
lower but not N H  3 can be possibly rationalized on 
the basis that the concentration of H20  molecules 
is vastly greater than the concentration of N H  3. 
Basically, the normal multiline seen at 210 K 
could represent a kinetic product, the lower tem- 
perature of the glass slowing N H  3 binding which 
would represent formation of the thermodynamic 
product, the latter occurring at higher tempera- 
tures. It would be interesting to know whether 
long-term storage of the S 2 sample generated at 
210 K slowly converts to the 'modified'  multiline 
of the NH3-bound form; to our knowledge, this 
experiment has not been performed. 

The identity of the species yielding the mod- 
ified multiline signal could be either an Mn402- 
unit with peripheral N H  3 (the S 2 model of Scheme 
I with N H  3 in place of H 2 0  ) or a Mn403 (as in 
Scheme II) with peripherally bound N H  3. Note 
that preformed normal g ~ 2 spectra are con- 
verted to the modified form on subsequent ad- 
dition of NH3; according to Scheme I, this would 
simply be exchange of H 2 0  by NH~, whereas for 
Scheme II, this could be binding of N H  3 to a 
vacant site on the Mn403 unit or displacement of 
a peripherally bound H20.  

In the presence of N H  3, O 2 evolution is blocked 
[47]. Again, we can possibly rationalize this as 
being due to the inability of generating the S 3 
structure; N H  3 is much less acidic than H20  and 
its deprotonation to NH~- is thus extremely un- 
likely; it therefore cannot allow the corresponding 
NH~-bridged S3-type structure to form, and being 
bound instead of H 2 0  molecules does not allow 
the latter to mediate formation of the S 3 cluster 
either. Consequently, O - O  bond formation is 
blocked on subsequent oxidation. Along the same 
lines, note that binding of N H  3 to preformed S 2 at 
high temperatures is rapid, but its binding to 
preformed S 3 is very slow [47]. This might be due 
to the need to disrupt the indicated S 3 cluster, 
displacing the bridging 0 2 -  (or O H - ) ,  i.e., a 
seriously perturbed or abnormal S 3 structure is 
generated, one not lying on the normal catalytic 
cycle. 

Further evidence suggesting the incorporation 
of substrate water at the S 2 level comes from 



investigation of the temperature dependence of 
S-state transition kinetics [48]. The activation en- 
tropy for the Sl-to-S 2 transition is considerably 
more negative than for the S2-to-S 3 transition, 
indicating more ordering for the first transition. 
This would be consistent with the binding of 
substrate water at the S 2 level or incorporation of 
a molecule of water and pivoting of an Mn402 
unit to the Mn403 core. Also, the potential for the 
oxidation of the synthetic Mn(III)402 complex is 
higher than that of the oxidant of the biological 
manganese. This suggests that a mechanism for 
reducing this redox potential such as the binding 
of H20  or ammonia or incorporation of an ad- 
ditional bridging oxide is necessary to generate an 
Mn402-based complex at the S 2 oxidation level. 

IV. C. Miscellaneous data 

Mass spectral studies employing 180 water have 
led to the conclusion that no intermediate oxida- 
tion state products of H 2 0  are generated during 
the S n state advancement to S 3 [49,50]. This im- 
plies all substrate oxidation occurs during the 
final S3-to-S 0 transition. For that reason, both 
forms of our mechanism show only changes to the 
protonation of the substrates, not their oxidation 
level. 

The observed proton release pattern during the 
S-state advancement S O ~ S 1 ~ S 2 ----) S 3 --~ S 0 is 
1,0,1,2 [51]. Of course, this may not correspond to 
the actual proton release from H20  , for they 
could be transferred from H 2 0  to basic sites in 
the environment. Nevertheless, we have adjusted 
our schemes to be consistent with this pattern and 
show, for instance, some Sn states possessing 
bridging O H -  instead of O2-; we actually prefer 
the latter. Also, we invoke in some steps the 
involvement of amino acid side-chain functions 
such as the indicated histidine to function as 
proton acceptor sites [52,53]. We emphasize, how- 
ever, that although we  have adjusted our schemes 
to be consistent with the observed proton release 
pattern, this is done only tentatively, for the 
elucidation of the precise movement and fate of 
protons in such a complex system is likely to 
require much more detailed and sophisticated 
study. 

The water oxidation activity is known to re- 
quire C1- although other simple anions can be 
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substituted with retention of activity [2,3]. Most 
current evidence suggests the CI-  binding sites are 
not the Mn centers [54,46] but the identification of 
complexes 4-6  containing a/~3-C1- in the Mn403 
central unit is intriguing. It is tempting to specu- 
late that our proposed S 2 model in Scheme II is 
actually a Mn403C1 unit, the CI-  being displaced 
by the subsequent incorporation of another 0 2.  
(or O H - )  during conversion to S 3. Note that 
EXAFS fits do not rule out 1 C1/4 Mn. It is also 
interesting that Cl--depleted systems yield an S 2 
state exhibiting a g - - 4  signal and which cannot 
be further oxidized [55,56]. Within the framework 
of our mechanisms, one could interpret this as 
blocking the formation of the Mn403 unit in 
Scheme II by either precluding formation of 
Mn403CI or by blocking any subtle conforma- 
tional changes needed to accommodate formation 
of Mn403 from Mn402. Alternatively, for Scheme 
I, blocking of conformational changes required to 
allow access of H 2 0  to the Mn site would yield a 
Mn402 unit without bound H 2 0  and unable to 
advance to S 3. 

The function of D + seems to be to oxidize S o to 
S 1 during periods of dark adaptation [57,58], pos- 
sibly suggesting that S 1 is more stable than S o and 
a defense mechanism operates to prevent the 
long-term existence of S O . We have no argument 
with this contention as long as it is based on 
relative stabilities. As we discussed earlier, mixed 
valence MnnMn II~ clusters are not intrinsically 
unstable. Additionally, we do not see the need for 
the D + oxidation of S o if the latter were 
3MnXn,MnIV; indeed, we view the function of D + 
to lend additional support to the presence of Mn n 
at So. 

IV.D. Location of the Mn cluster 

Current evidence f rom studies of a mutant 
cyanobacterium (with the oxidizing side of its PS 
II reaction center blocked [59,60]), and from 
iodination studies [61] has associated the D1 
membrane protein (albeit circumstantially) with 
manganese. Additionally, a cross-linked poly- 
peptide complex composed of D1, D2, and a 33 
kDa extrinsic polypeptide retains bound Mn [62]. 
As the extrinsic protein can be washed from PS II 
reaction centers with retention of Mn [63], this 
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Fig. 7. Diagrammatic representation of the P-680 (PS II) reaction center (ph = pheophytin).  The dashed line shows the presumed 
electron transfer pathway to quinone QB. The two potential locations of an Mn 4 cluster in a carboxylate-rich region are shown 

(m = histidine, • = aspartic or glutamic acids, • = tyrosine). 

suggests the bulk of the Mn ligation to be pro- 
vided by the D1 and D2 proteins. The amino acid 
sequences of these proteins have been determined 
from a number of cyanobacteria and plants 
[64-66]. Based on the homology of these two 
proteins and the L and M subunits of bacterial 
reaction centers (two of which have been char- 
acterized by X-ray crystallography [67,68]), the 
folding patterns of D1 and D2 have been pre- 
dicted and recently confirmed by site-directed an- 
tisera studies [69,70]. As the manganese has been 
shown to be limited to the lumenal side of the 
thylakoid membrane, the recent prediction of the 
D1 and D2 structures allows probable manganese 
binding sites to be identified. For the spinach 
proteins, 23 glutamate or aspartate, 8 histidine, 
and 7 tyrosine residues are exposed to the lumen 
[4]; thus, ligation of the photosynthetic manganese 
might be primarily through the carboxylate func- 
tionalities of glutamate and aspartate residues. In 
the case of the synthetic complexes with Mn402 
cores, at least six carboxylates have always been 
found to be ligated. Two carboxylate-rich sites can 
be identified on the D1 and D2 polypeptides: (1) 
on the carboxy termini of the D1 and D2 poly- 
peptides which retain the C 2 symmetry believed to 
be present in the PS II reaction center and (2) on 
the region of the D2 polypeptide connecting the 
first two transmembrane helices from the amino 
terminus. Based on the position of Z + (presuma- 
bly tyrosine 161 of D1 [6] and the electron accep- 

tot to the Mn assembly), we prefer the latter. The 
above comments are summarized pictorially in 
Fig. 7. 

IV.E. Carboxylate substitution and cluster extrusion 

One property of complex _3 which is of poten- 
tial biological significance is its ability to undergo 
facile carboxylate exchange. Thus, treatment of a 
solution of [Mn 402 (OAc) 7 (bipy) 2 ] + with excess 
RCOOH (R = H, Ph) leads to quantitative conver- 
sion to [Mn402(O2CR)7(bipy)2] +. This is analo- 
gous to the thiolate substitution reactions exhibited 
by the [Fe4S4(SR)4] 2- clusters which are models 
of the ferredoxin proteins. For the latter, this has 
allowed the 'core extrusion' reaction 

Fe4S4(pep) + x s  PhSH ~ [Fe4S4(SPh)4]a-+pepH4 

to be developed as shown below where pepH 4 is 
the ferredoxin apoprotein [71]. Thus, the Fe/S 
cluster can be extracted or 'extruded' from its 
native environment. 

The observation of facile carboxylate exchange 
by more acidic carboxylic acids in complex 3 
suggests a similar reaction may be possible with 
the Mn cluster. Thus, treatment of chloroplast 
particles under appropriate conditions with excess 
carboxylate reagents (and bipyridine ?) might al- 
low extraction of the native cluster in a form 
peripherally ligated by small ligands rather than 



the native polypeptides (D1, D2, etc.). Indeed, we 
were intrigued by the observation that high con- 
centrations of acetate destroy water oxidation ac- 
tivity. It was proposed that this was due to compe- 
tition by acetate for the substrate or C1- binding 
sites [72]. Might it have instead been due to partial 
displacement of the cluster from its binding poly- 
peptides? On removal of the acetate, the water 
oxidation activity is regained; this would be con- 
sistent with the polypeptides reattaching the Mn 4 
duster  by re-displacing the bound carboxylates. 
Recent studies have additionally shown that 
acetate treatment leads to uncoupling of the Mn 
complex from its electron acceptor [73]. It will be 
interesting to see if conditions can be found for 
treating chloroplast particles with small carboxy- 
lates, and whether a Mn 4 unit can be then 
extracted into non-aqueous solvents, for example, 
to allow spectroscopic comparisons with available 
synthetic materials. 

V. Conclusions 

Elucidating the structure and mechanism of 
action of such a complex system as the water 
oxidation center represents a challenge of some 
magnitude. It certainly requires a variety of tech- 
niques and expertise to be brought to bear on the 
problem, not least of which is inorganic chemistry. 
While our work in this area is still in its early 
days, a pool of synthetic complexes has already 
been assembled and they have allowed initial 
mechanistic proposals to be offered for consider- 
ation. They may or may not prove to be related to 
the native system and will, in any case, no doubt 
be modified as work progresses and more data 
become available; such is the nature of hypothe- 
tical proposals in Science. At the very least, the 
proposals are based largely on established Mn 
complexes that should therefore, we believe, be 
entertained as candidates for the metal units 
evolved to be present in the native system. Of 
course, the described complexes represent the ini- 
tial products of our efforts, and different struc- 
tural types may well result from work in progress. 
At such time as the latter are obtained (and should 
they prove to be attractive as models) their poten- 
tial incorporation into alternative or preferable 
mechanistic schemes will be evaluated. In the 
meantime, we refrain from alternative mechanisms 
based on purely hypothetical complexes, prefer- 
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ring as we stated in the Introduction to employ as 
much as possible structural types known to exist. 
Further work in progress is directed towards both 
the synthesis of the structural unit proposed at $3, 
and the investigation of any other structural types 
capable of existence at these oxidation levels and 
with the appropriate, biologically-relevant ligands. 
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