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ABSTRACT

The water-oxidizing complex of chloroplast photosystem
II is composed of a cluster of four manganese atoms that
can accumulate four oxidizing redox equivalents. Deple-
tion of manganese from the water-oxidizing complex ful-
ly inhibits oxygen evolution. However, the complex can
be reconstituted in the presence of exogenous manganese
in a process called photoactivation. In the present study,
mononuclear manganese complexes with ligands derived
from either nitrosonaphthol and ethylenediamine (Niten)
or from diaminohexane and salicylaldehyde (Salhxn) are
used in photoactivation experiments. Measurements of
photoinduced changes of chlorophyll fluorescence yield,
thermal dissipation using photoacoustic spectroscopy,
photoreduction of 2,6-dichorophenolindophenol and ox-
ygen evolution in manganese-depleted and in reconstitut-
ed photosystem II preparations demonstrate that photo-
activation is more efficient when Niten and Salhxn com-
plexes are used instead of MnCl,. It is inferred that the
aromatic ligands facilitate the interaction of the manga-
nese atoms with photosystem II. The addition of CaCl,
and of the extrinsic polypeptide of 33 kDa known as the
manganese-stabilizing protein during photoactivation
further enhances the recovery of electron transport and
oxygen evolution activities. It is proposed that mononu-
clear manganese complexes are able to contribute to re-
constitution of the water-oxidizing complex by sequential
addition of single ions similarly to the current model for
assembly of the tetranuclear manganese cluster and that
these complexes constitute suitable model systems to
study the assembly of the water-oxidizing complex.
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INTRODUCTION

The water-oxidizing complex (WOC)t of chloroplast pho-
tosystemn II (PSII) is located on the luminal side of the thy-
lakoid membrane where it performs the decomposition of
water into molecular oxygen, protons and electrons. The
WOC is composed of a manganese (Mn) cluster that can
accumulate four oxidizing redox equivalents that are reduced
with the simultaneous oxidation of two water molecules. The
electrons are sequentially used to reduce P680, the primary
electron donor of the PSII reaction center, that is oxidized
upon light-induced charge separations resulting in electron
transfer to specific quinone acceptors (1-3).

The precise organization of the Mn cluster and its asso-
ciation with PSII polypeptides is still under debate (1,4,5).
It is known that a functional WOC is composed of four Mn
atoms that are probably assembled in two binuclear clusters
(6,7). Only two Mn seem to be implicated directly in water
cleavage, and the other two possibly play a structural role
(6—12). The nature of the polypeptides involved in Mn bind-
ing is not totally elucidated but it is likely that the Mn cluster
is embedded at the luminal face of PSII in or near the poly-
peptides D1, D2 and the pigment-binding polypeptides CP47
and CP43 (1-3,13). From studies using chemical modifica-
tion of amino acids and site-directed mutagenesis, several
amino acid residues of the polypeptide D1 were suggested
to be involved in the formation of Mn binding sites. It has
been demonstrated that at least one or two histidine residues,
possibly His-190 and His-337 of the polypeptide D1, are
bound to Mn (13-15), and it was suggested that a histidine
residue is involved in the photooxidation of coordinated
Mn?* (16,17). Carboxyl groups were also reported to be in-
volved in photoactivation and Mn binding (15,18,19). More
precisely, the residue Glu-69 of the polypeptide D2 and the
residue Asp-170 together with other residues in the carboxy-

tAbbreviations: ADRY, acceleration of the deactivation reactions of
the water-splitting enzyme system Y; Chl, chlorophyll; DCPIP,
2,6-dichorophenolindophenol; Niten, nitrosonaphthol and ethyl-
enediamine; PSII, photosystem II; Salhxn, diaminohexane and sal-
icylaldehyde; TEMED, N,N,N’,N’-tetramethylethylenediamine;
WOC, water-oxidizing complex.
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terminal domain of the polypeptide D1 were suggested as
ligands for Mn (20-22). The hydrophobic domain (loop E)
of the pigment-binding polypeptide CP47 was also suggested
to be involved in the formation of a stable WOC (23).

Depletion of the Mn from the WOC fully inhibits water
cleavage and oxygen evolution. The WOC can be reconsti-
tuted in the presence of exogenous Mn under weak illumi-
nation, a process called photoactivation (24). This has been
demonstrated in various types of materials, including PSII-
enriched membranes (25-29), and constitutes a multistep
process that requires two separated short illumination peri-
ods (30-32). Besides Mn?*, a maximally effective photoac-
tivation also requires the presence of Ca?* and Cl- together
with the 33 kDa extrinsic polypeptide known as the Mn-
stabilizing protein (24,33-37).

In the past few years, several Mn complexes have been
synthesized as models to mimic the Mn cluster of the WOC.
Most of these complexes are binuclear or tetranuclear; how-
ever, little attention has been focused on mononuclear com-
plexes (38,39). Synthetic Mn complexes could provide a
powerful system to analyze the assembly of the WOC. In
recent reports, photoactivation of Mn-depleted PSII-enriched
membranes in the presence of tetranuclear (30) and binuclear
(40,41) Mn complexes (with catechol and 2-hydroxy-1,4-
naphthoquinone monoxime as ligand, respectively) was
shown to be more effective in comparison with photoacti-
vation in the presence of MnCl,. It was proposed that the
aromatic ligand could facilitate the interaction of the Mn
atoms with PSII, the ligand being stripped off from the Mn
atoms only inside the PSII complex where it is substituted
by amino acid side chains (40).

The current model for the assembly of the Mn cluster
during photoactivation, however, indicates that the first two
Mn are integrated sequentially (24-32). The first Mn?* is
photooxidized with a high quantum efficiency to Mn** be-
fore a second Mn?* can be ligated resulting in formation of
a Mn?>*-Mn?* complex. This intermediate is then photooxi-
dized with low quantum efficiency to Mn3*—Mn?**, a reaction
that is followed by the relatively slow ligation of two addi-
tional Mn?* ions and the formation of an active complex
(24,25,31). In the present study, mononuclear Mn complex-
es, with ligands derived from either nitrosonaphthol and eth-
ylenediamine (Niten) or from diaminohexane and salicylal-
dehyde (Salhxn), are used for the first time to reconstitute
the WOC in spinach Mn-depleted PSII preparations. The
mononuclear complexes are proposed to enable the sequen-
tial addition of the four individual Mn ions according to the
above description of the reconstruction of the WOC.

MATERIALS AND METHODS

Chloroplasts were isolated from deveined spinach leaves following
the procedure described by Whatley and Amon (42). The PSII-en-
riched membranes were prepared by treatment of chloroplasts with
0.4% digitonin and 0.15% Triton X-100 and centrifugation at 20 000
g as described elsewhere (7-10,38). These preparations, referred to
as DT20, evolved O, at a rate of 250-300 pmol/mg chlorophyll
(Chl) h under saturating light with 200 pM phenyl-p-benzoquinone
plus 300 wM potassium ferricyanide as electron acceptor. The con-
centration of PSII reaction centers was calculated from the photo-
reduction of the primary electron acceptor pheophytin and from the
photooxidation of the primary electron donor P680 (7,10-
12,40,41,43). The DT20 preparations contained 80—100 Chl mole-
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Figure 1. Chemical structure of A, Niten ligand; B, Mn—Niten com-
plex; C, Saihxn ligand; D, Mn—-Salhxn complex.

cules per P680 or one photoreducible pheophytin and 15 500-16 000
Chi molecules per P700 (10,11,40).

Extraction of Mn (>97%) and of the extrinsic polypeptides of 33,
24 and 18 kDa associated with the WOC from the DT20 prepara-
tions was performed as reported previously (40,44). Samples at a
concentration of 200 pg Chl/mL were incubated for 10 min at 2°C
in a medium containing 20 mM Mes-NaOH (pH 6.5), 0.5 mM MgCl,
and 20 mM N,N,N’,N’-tetramethylethylenediamine (TEMED). After
centrifugation at 20000 g, the pellet was washed twice in 20 mM
Tris-HC1 (pH 8.0) and 35 mM NaCl. Photoactivation of the Mn-
depleted DT20 samples was performed in the presence of MnCl, or
Mn complexes and four dark/light cycles (A > 600 nm, I = 55 W
m-2, illumination of 3040 s periods separated by 3040 s of dark)
as described in detail by Klimov ez al. (30). The manganese content
was assayed with AAS-1 flame atomic absorption spectrophotometer
(Carl Zeiss Jena), and the polypeptide composition was verified us-
ing sodium dedecyl sulfate—polyacrylamide gel electrophoresis as
described previously (7,10-12).

Simultaneous fluorescence and photoacoustic measurements were
performed using a laboratory-constructed instrument composed of a
photoacoustic cell (MTEC Photoacoustics Inc., Ames, 1A) in com-
bination with a PAM-101 chlorophyll fluorometer (Walz, Effeltrich,
Germany) as previously described (45). The photoacoustic-measur-
ing beam was provided from a 150 W xenon lamp (ILC Technology,
Sunnydale, CA) as reported (45-47). The intensity of this measuring
beam (680 nm, 35 Hz) was 3 W m~2. The DT20 samples (200 pL,
200 pg Chl/mL) were prepared by aspiration onto a nitrocellulose
filter following a procedure described in detail elsewhere (45—49).

The rate of oxygen evolution was monitored at 20°C with a Clark-
type electrode (50). The sample (3 mL) was illuminated by red light
(KC 11 filter) passed through a heat filter consisting of a 5% CuSQ,
solution. The light intensity at the cell surface was 100 W m 2 The
assay medium consisted of DT20 at a concentration of 10 ug Chl/
mL, 25 mM Mes-NaOH (pH 6.5), 5 mM CaCl,, 10 mM NaCl, 300
mM sucrose and 200 pM phenyl-p-benzoquinone/300 wM potassium
ferricyanide as electron acceptor.

The photoreduction of 2,6-dichorophenolindophenol (DCPIP) by
DT20 preparations was measured at 20°C using a spectrophotometer
(SLM-Amino DW-2000 UV-visible) by following the absorbance
change at 580 nm with 500 nm as a reference beam. The reaction
medium contained DT20 preparations at a concentration of 10 pg
Chl/mL., 20 mM Tris-HCI (pH 7.8), 10 mM NaCl, 2 mM MgCl, and
50 uM DCPIP. The control value (100%) was 150-160 pmol DCPIP
reduced/mg Chl h.

The mononuclear complexes used in this study were prepared
using the following procedures: The ligand bis(a-nitroso-B-naph-
thol)ethylenediamine (Niten) (Fig. 1A) was prepared by mixing 2.5
mol of a-nitroso-P-naphthol and 1 mol of ethylenediamine in chlo-
roform solution and refluxing for about 24 h. A bright green product
was collected by filtration. This precipitate was washed with chlo-
roform and benzene and dried over silica gel. The Mn complex with
this ligand (Fig. 1B) was obtained by refluxing stoichiometric
amounts of the ligand Niten and Mn(II) acetate in chloroform so-
lution for 24 h under nitrogen atmosphere. The dark brown crystals
formed were filtered and washed with chloroform, then dried in a
desiccator over silica gel. The second ligand, a quadridentate Schiff
base (Salhxn) (Fig. 1C), was prepared by condensation of 1,6-di-



Figure 2. Simultaneous measurement of fluorescence and thermal
emissions in DT20 preparations. Up and down arrows indicate lights
on and off, respectively. Numbers under the arrows: 1, fluorescence
probe beam; 2, photoacoustic measuring beam; 3, saturating back-
ground illumination. Trace 1, control; trace 2, Mn depleted; trace 3,
reconstituted with 20 uM MnCl,; trace 4, reconstituted with 20 pM
Mn-Salhxn complex; trace 5, reconstituted with 20 pM Mn-Niten
complex. Details are given in the Materials and Methods.

aminohexane with salicylaldehyde in a 1:2 molar ratio and crystal-
lized from ethanol. The Mn complex (Fig. 1D) was prepared by
mixing the ligand Salhxn (0.05 mol) and solid NaOH (0.1 mol) with
Mn(II) acetate (0.05 mol) in ethanol under nitrogen atmosphere. The
resulting brown crystals were filtered, washed with ethanol and dried
under vacuum. Spectral and magnetic measurements indicated that
the above complexes have a tetrahedral structure (the author’s un-
published results) (51,52).

RESULTS

Simultaneous fluorescence and photoacoustic
measurements

Typical traces corresponding to the simultaneous measure-
ment of fluorescence and thermal emission in a DT20 prep-
aration are shown in Fig. 2. The 1.6 kHz excitation beam
(beam 1, Fig. 2) from the Walz fluorometer induces the ini-
tial fluorescence rise to F, without generating any measur-
able thermal dissipation (see acoustic signal, Fig. 2). The
latter is obtained by the subsequent addition of the 680 nm
modulated light (35 Hz, 3 W/m?, beam 2), which procures
the thermal signal Q, analogous to the fluorescence intensity
F, obtained simultaneously due to the closure of part of the
PSII reaction centers by the 35 Hz modulated light. Total
closure of the reaction centers is achieved following further
addition of the white nonmodulated saturating beam 3 from
the Walz KL1500 illuminator that provides the maximal
fluorescence and thermal intensities F,, and Q,, respectively.
In control samples (Fig. 2, trace 1), the saturating beam in-
duced a three- to four-fold increase over the initial value of
F,. On the other hand, the thermal energy storage measured
as [(Q, — Q)YQ,.] X 100% (41) was 10-14%. Variable fluo-
rescence (both F, and F,, levels) and thermal dissipation were
dramatically reduced after TEMED treatment due to the loss
of the oxygen-evolving activity that results in a limited elec-
tron donor capacity (Fig. 2, trace 2).

Significant restoration of the variable part of fluorescence
and thermal dissipation, indicating the recovery of electron
transport capacity and reduction of the primary quinone ac-
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PHOTOREDUCTION OF DCPIP (au.)

Figure 3. Photoreduction of DCPIP measured at 590 nm in DT20
preparations. Trace 1, control [65]; trace 2, Mn depleted [8]; trace
3, reconstituted with 1 pM MnCl, [36]; trace 4, reconstituted with
1 pM Mn-Salhxn complex [52]; trace 5, reconstituted with 1 pM
Mn-Niten complex [20]. The initial rates of photoreduction (p.mol
DCPIP/mg Chl h) are given in backets. Conditions are given in the
Materials and Methods.

ceptors of PSII, was effected by photoactivation in the pres-
ence of exogenous MnCl, at a concentration of 20 pM (Fig.
2, trace 3). A similar restoration was achieved with the Mn
complexes with both ligands. However, photoactivation with
the mononuclear Mn complexes was more effective in com-
parison with MnCl, and the best restoration of variable fluo-
rescence was obtained with the Mn-Niten complex (Fig. 2,
trace 6).

Photoreduction of DCPIP

The above observations clearly show that mononuclear com-
plexes could reconstitute the Mn-depleted DT20 prepara-
tions in terms of electron transport to the primary quinone
acceptors. Reconstitution of electron transport capacity is
further demonstrated by the experiments using DCPIP as the
final electron acceptor (Fig. 3). The initial rate of DCPIP
photoreduction in Mn-depleted DT20 preparations (Fig. 3,
trace 2) was severely reduced in comparison with the rate in
control samples (Fig. 3, trace 1). Photoreduction was greatly
restored in the samples photoactivated in the presence of
either MnCl, or mononuclear Mn-Niten or Mn-Salhxn com-
plexes (Fig. 2, traces 3, 4 and 6). However, the rates were
not as greatly sustained as in control samples, which indi-
cates that some photoinhibition may occur in these samples
as they are not fully functional on the oxidizing side of the
photosystem.

Oxygen evolution

Recovery of the electron transport capability of Mn-depleted
DT20 preparations as measured by the recovery of variable
fluorescence and thermal dissipation and by the photoreduc-
tion of DCPIP does not discriminate between electron do-
nation by Mn bound to DT20 particles and the reconstruction
of an active WOC. The oxygen-evolving activity of these
preparations is reported in Table 1. The oxygen-evolving
activity is almost completely inhibited in Mn-depleted DT20
samples. This activity is partially recovered after photoacti-
vation with MnCl,. Photoactivation in the presence of added
33 kDa polypeptide, the extrinsic polypeptide known as the
Mn-stabilizing protein, was more efficient in comparison
with photoactivation in its absence. However, the addition
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Table 1. Reactivation of oxygen evolution in Mn-depleted DT20
preparations

Initial rate of
oxygen evolution
(pmol O,/mg Chi h)

Native preparations 275

Mn-depleted 0
Reconstituted with*

MnCl, 44

+ 33 kDa polypeptide 57

+ 33 kDa polypeptide and CaCl, 92

Mn-Niten complex 76

+ CaCl, 81

+ CaCl, and 33 kDa polypeptide 98

Mn-Salhxn complex 69

+ CaCl, 76

+ CaCl, and 33 kDa polypeptide 89

*MnCl; or Mn complexes were added at a concentration of 2 pM,
the 33 kDa polypeptide at 40 pg/mL and CaCl, at 20 mM.

of 20 mM CaCl, that supplemented the S mM CaCl, already
present in the assay medium used for oxygen evolution mea-
surements further increased the efficiency of the oxygen-
evolving activity and therefore aided in the reconstruction of
an active WOC.

Photoactivation in the presence of the Niten or Salhxn
complexes is also shown in Table 1. In both cases, the Mn
complexes yielded a greater initial rate of oxygen evolution
in the reconstructed preparations than MnCl,. Similar to pho-
toactivation with MnCl,, photoactivation with the mononu-
clear Mn complexes was clearly enhanced by the addition
of 20 mM CaCl, and the addition of the 33 kDa polypeptide
elicited a further enhancement.

A more detailed description of the reactivation of oxygen
evolution is described in Figs. 4-6. The effect of the con-
centration of MnCl, and mononucliear Mn complexes on
photoactivation is presented in Fig. 4. With the Mn com-
plexes, about four Mn per reaction center were required to
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Figure 4. Reactivation of oxygen evolution in Mn-depleted DT20
preparations reconstituted with various concentrations of Mn: (—@-),
MnCl,; (-O-), Mn—Niten complex; (—A-), Mn—Salhxn complex;
(—A-), without Mn. The reactivation medium contained 20 pg Chl/
mL, 20 mM CaCl, and 40 pg/mL 33 kDa protein. The rates are
given as a percentage of the optimal rates obtained in native DT20
preparations. Other details are as in the Material and Methods.
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Figure 5. Reactivation of oxygen evolution in Mn-depleted DT20
preparations reconstituted with Mn in the presence of various con-
centrations of the 33 kDa protein. (—@-), MnCl,; (-O-), Mn-Niten
complex; (—A-), Mn—Salhxn complex. The reaction medium without
CaCl; contained 20 pg Chl/mL and 10 Mn (as MnCl, or Mn com-
plex) per PSII reaction center. The rates are given as a percentage
of the optimal rates obtained in native DT20 preparations.

obtain optimal photoactivation. It is also evident from these
traces that the Niten complexes participated in a more ef-
fective reactivation of the rates of oxygen evolution in com-
parison with the Salhxn complexes. The concentration of the
33 kDa polypeptide required in the medium for optimal pho-
toactivation was similar for MnCl, and for Mn complexes
and was about 40 pg/mL (Fig. 5). The action of the Mn-
stabilizing protein was more important when photoactivation
was performed with MnCl,. In comparison, the presence of
60 pg/mL of the 33 kDa polypeptide raised the yield of
photoactivation by 100% when MnCl, was used for reacti-
vation while the rise was only 35-40% when the Mn—Niten
or Mn-Salhxn complexes were used. The requirement for
CaCl, during photoactivation in preparations already supple-
mented with 40 mg/mL 33 kDa polypeptide is clearly illus-
trated in Fig. 6. However, the presence of Ca’* that was
optimal at 10 mM had much more impact when MnCl, was
used for reactivation. From Fig. 6, it can be calculated that
the presence of 15 mM CaCl, raised the yield of photoacti-
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Figure 6. Reactivation of oxygen evolution in Mn-depleted DT20
preparations reconstituted with Mn in the presence of various con-
centrations of CaCl,. (-@-), MnCl,; (-O-), Mn-Niten complex;
(—A-); Mn-Salhxn complex. The reaction medium contained 20 pg
Chl/mL, 10 Mn (as MnCl, or Mn complex) per PSII reaction center
and 40 pg/mL 33 kDa protein. The rates are given as a percentage
of the optimal rates obtained in native DT20 preparations.



vation by about 95% if MnCl, was used and by only 25%
with Mn—Niten or Mn-Salhxn complexes.

DISCUSSION

The above results demonstrate that mononuclear Mn com-
plexes using Niten and Salhxn ligands can reconstitute the
WOC in Mn-depleted PSII preparations and restore signifi-
cant rates of electron transport and oxygen evolution. Pho-
toactivation using Mn complexes was more efficient in com-
parison with the results obtained with MnCl,. Binuclear and
tetranuclear Mn complexes were also more efficient electron
donors than MnCl, (30,40,41). Similarly, several secondary
amines with bulky aromatic substituents and acidic -NH
groups were reported to be strong catalysts of the ADRY
effect in an intact WOC (53). It is likely that the ligands
Niten and Salhxn that contain, respectively, four and two
aromatic rings facilitate interaction with the exposed donor
side of PSII. Accordingly, Mn-Niten complexes having four
aromatic rings were significantly more efficient than Mn—
Salhxn complexes in restoring fluorescence induction and
DCPIP photoreduction (Figs. 2 and 3). In the case of DCPIP
photoreduction the initial rates were higher with the Salhxn
ligand but they declined rapidly while the initial rate of pho-
toreduction remained stable for a much longer period of time
in the case of the Niten ligand. Niten complexes were thus
more competent electron donors. The superiority of Niten
complexes indicates that the complexes formed with this li-
gand gained more accessibility to the Mn oxidation sites in
the protein matrix. This also brings about higher rates of
oxygen evolution (Table 1, Fig. 4) owing to the effective
reconstruction of an active WOC.

In the case of binuclear Mn complexes, there was no spe-
cial requirement for addition of exogenous Ca?* during pho-
toactivation (40). It was inferred that the Ca’* retained in
the isolated DT20 preparations was sufficient or that Ca?*
was not required for insertion of binuclear complexes. In
contrast, in the present experiments where mononuclear
complexes are used, the addition of 20 mM CaCl, during
photoactivation significantly stimulated the initial rates of
oxygen evolution in the samples photoactivated in the pres-
ence of Mn complexes using either Niten or Salhxn ligands
(Table 1, Fig. 6). The use of mononuclear complexes, in
contrast to the binuclear or tetranuclear complexes, should
allow the reconstruction of the WOC through a sequential
addition of single Mn ions according to the current model
for assembly of the tetranuclear Mn cluster (24-37). It was
suggested that during reconstruction with binuclear com-
plexes, Mn was bound to PSII as a binuclear cluster (40).

In photoactivation experiments using MnCl,, it has been
inferred that a Ca®* ion is involved in the conversion of the
first Mn?* mononuclear intermediate to the Mn3*-Mn?* in-
termediate (37). Accordingly, the formation of a carboxylate
bridge between Mn and Ca?* has been suggested from Fou-
rier-transform infrared spectroscopy (54). Further, site-di-
rected mutagenesis experiments indicated that several ami-
no-acid residues of the carboxyl-terminal domain and of the
lumenal interhelical domains of the D1 polypeptide either
ligate with Ca* or influence its interaction with the WOC
(20). Chloride is another cofactor that may influence pho-
toactivation (35). Even though it was reported that Cl- is not
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absolutely essential (24), Cl- concentrations above 3 mM
were suggested to increase the quantum yield of photoacti-
vation (1,33-35). The extrinsic 33 kDa polypeptide identi-
fied as the Mn-stabilizing protein was shown to decrease the
Cl™ requirement and to stimulate photoactivation (1,6,8,33—
35,40). The presence of this polypeptide during photoacti-
vation with the mononuclear complexes also increased ox-
ygen evolution in the photoactivated samples (Table 1, Fig.
5). Hence, the presence of exogenous Ca’?* and Cl- during
photoactivation using the mononuclear complexes acceler-
ates the photoassembly of a competent Mn cluster and re-
duces the photoinactivation caused by the ligation of non-
functional Mn3* jons as reported for experiments using
MnCl, (1,7,34-37). Interestingly, though the optimal con-
centrations of CaCl, and 33 kDa polypeptide for photoacti-
vation were similar with MnCl, and Mn complexes, these
cofactors increased the yield of photoactivation to a greater
extent when MnCl, was used to reconstitute an active WOC
(Figs. 5 and 6). It is probable that the organic ligands par-
ticipated in the stabilization of the forming oxygen-evolving
Mn cluster.

In conclusion, the present study demonstrates that syn-
thetic mononuclear Mn complexes were able to reconstitute
the WOC with a greater efficiency than MnCl,. Photoacti-
vation by mononuclear complexes was characterized by a
cofactor requirement similar to what is necessary for optimal
photoactivation with MnCl,. These Mn complexes thus con-
stitute suitable model systems to study the assembly of the
WOC.
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