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Involvement of residues of acidic amino acids in photo-
ligation of manganese into the apo-water-oxidizing com-
plex was investigated by use of 1-ethyl-3-[3-(dimethylami-
no)propyllcarbodiimide (EDC), a water-soluble carboxyl
modifier. Treatment of Mn-depleted PSII membranes by
EDC in the presence of nucleophiles induced a loss of
photoactivation capability in the Mn complex and partial
loss of capability of photooxidation of Mn**, but little
decrease in the DCIP photoreduction supported by diphen-
ylcarbazide. The inhibition of diphenylcarbazide-photo-
oxidation by submicromolar Mn?*, indicative of the in-
tactness of high-affinity Mn-binding sites, was apparently
abolished by EDC treatment. From amino acid quantita-
tion analysis of D1 and D2 proteins and CP47 of the chemi-
cally-modified membranes, approximately three carboxyl
groups of the D1 protein were found to be chemically-modi-
fied with EDC after removal of the functional Mn. These
results suggest that acidic amino acids on the D1 protein
are involved in photoactivation of the apo-water-oxidizing
complex and probably in ligation of Mn to the water-oxidiz-
ing complex.

Key words: Chemical modifier — Manganese — Oxygen
evolution — Photoactivation — Photosystem — Spinach.

In oxygenic organisms, manganese plays a central role
in the water-oxidizing reaction to evolve oxygen. The tetra
Mn atoms function in an accumulation of oxidizing equiva-
lents generated by photoreactions, and are clustered within
PSII intrinsic proteins (Amesz 1983, Debus 1992). EXAFS
studies on PSII (Yachandra et al. 1987, McDermott et al.
1988, Penner-Hahn et al. 1990, Yachandra et al. 1993) have
revealed that Mn-X (X=Mn, N or O) interactions with
different distances occur in the Mn cluster; two-three (Pen-
ner-Hahn et al. 1990), or three-five (Prince et al. 1987,
George et al. 1989) ~2.7A Mn-Mn interactions, two

Abbreviations: CP47 and CP43, PSII chlorophyll binding
proteins; DCIP, 2,6-dichlorophenol indophenol; DEPC, diethyl
pyrocarbonate; DPC, 1,5-diphenylcarbazide; EDC,1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide; Q, and Qg, primary and
secondary quinone acceptors on the reducing side of PSII; SML,
sucrose monolaurate.
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~1.8 A Mn-O or Mn-N interactions, two-four 1.9-2.1 A
Mn-O or Mn-N interactions and one ~3.3 A interaction.
On the basis of these findings, a model has been presented
that the Mn cluster consists of two di-u,-oxo dimers which
are bridged by one mono-u,-0xo and two carboxylate
bridges (Yachandra et al. 1993). According to this model,
more than ten other ligands should be required.

On the basis of Mn coordination chemistry, possible
candidates as ligands to the Mn complex have been pro-
posed to be carboxyl-, alkoxo-, phenoxo- and imidazole-
groups in amino acids (Pecoraro 1988). Precise identifica-
tion of the proteins ligating functional Mn still remains to
be done. However, considerable evidence has been accumu-
lated that carboxyl groups and histidine residues on the D1
and D2 proteins are ligands to the Mn complex. From
studies on site-directed mutations in cyanobacterium (Ver-
maas et al. 1990, Boerner et al. 1992, Debus 1992, Nixon
and Diner 1992), potential ligands to the Mn complex have
been proposed as follows: seven acidic amino acid residues
(Asp-59, -61, -170, -342, Glu-65, -189, -333) and two
histidine residues (His-190, -337) in the lumen side of the
D1 protein (Boerner et al. 1992, Debus 1992, Nixon and
Diner 1992, Chu et al. 1995), and Glu-69 (Vermaas et al.
1990, 1993) of the D2 protein. Recently, CP47 and CP43
have been considered to function in ligation of Mn (Car-
penter et al. 1993, Gleiter et al. 1995). Furthermore, using
combined techniques of photoligation of Mn?** to the
apo-water-oxidizing complex and chemical modification,
other possible ligands to the Mn complex have been propos-
ed (Seibert et al. 1989, Tamura et al. 1989a, 1992, Preston
and Seibert 1991a, b). Treatment of diethyl pyrocarbonate
(DEPC), a chemical modifier of histidine residues, caused
a loss of photoactivation capability of PSII membranes
depleted of functional Mn, and specifically modified his-
tidine residues on the D1 protein (Tamura et al. 1989a).
It was also found that chemical modification of carboxyl
residues with 1-ethyl-3-[3-(dimethylamino)propyl]carbodi-
imide (EDC) abolishes photoactivation capability (Tamura
et al. 1992). Preston and Seibert (1991a, b) also reported
that chemical modification of the apo-Mn complex with
EDC and DEPC causes partial loss of the high-affinity Mn-
binding sites for binding of Mn?*, respectively and conclud-
ed that carboxyl residues and histidine residues of the D1
protein such as His-337 function in binding and/or ligation
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of Mn.

In this study, NH,OH-treated PSII membranes were
chemically modified with EDC in the presence of a nucle-
ophile, and the effects of the treatment on photoactivation
were investigated. The results obtained suggest that car-
boxyl groups on the D1 protein are involved in photoligation
of Mn?" to the apo-water-oxidizing complex.

Materials and Methods

The oxygen-evolving PSII membranes were obtained from
spinach leaves as described in Radmer et al. (1986). Treatment of
the membranes with NH,OH was done as described in Tamura
and Cheniae (1985). These preparations were used either directly
or after storage at —80°C.

Chemical modification of PSII membranes by EDC was car-
ried out at 20°C in buffer A (50 mM MES-NaOH, pH 6.5, 20 mM
NaCl, 0.4 M sucrose) containing PSII membranes equivalent to
250 ug Chlml™!, 3-5 mM EDC and 1 M glycine or glycine ethyl
ester, unless otherwise noted. The chemical modification involves
reacting carboxyl groups of PSII membranes with EDC in the pres-
ence of a nucleophile such as glycine and glycine ethyl ester as
follows;

protein-COO~ + *NH;CH,CO0~ —
protein-CONHCH,COO~ (1)
protein-COO ™~ + *NH,CH,COOC,H; —
protein-CONHCH,COOC,H; (2)

(Lundblad 1991). A negative charge is conserved in eq. (1), while a
negative charge is changed to the neutral in eq. (2). The reaction
was stopped at a given time by an addition of 250 mM sodium
acetate. The membranes were then washed three times in buffer A,
and resuspended in the same buffer. The obtained EDC-treated
PSII membranes were subjected to photoactivation as described in
Tamura and Cheniae (1987). The PSII membranes (250 ug Chl
ml™!) were incubated with buffer A containing 1 mM MnCl,, 50
mM CaCl, and 100 uM DCIP, at 25°C for 30 min under weak
light G0 4E m™%s7").

To obtain DI and D2 proteins for amino acid analysis,
PSII core complexes were prepared from PSII membranes and
NH,OH-treated ones, both of which were chemically-modified
with EDC, as follows: PSII membranes (10 mg Chl) were incubat-
ed with 1% sucrose monolaurate (SML) in buffer B (20 mM MES-
NaOH, pH 6.2, 20 mM NaCl) for 1h at 4°C at 1 mg Chlml™!
with stirring. The solubilized membranes were centrifuged at
40,000 x g for 15 min, and the resultant supernatant was loaded
on an anionic exchange column (DEAE-Toyopearl 650S) equi-
librated with buffer B containing 0.05% SML. The column
was washed with 500 ml of buffer B containing 0.1% SML, and
subjected to the gradient elution of NaCl (30-300 mM) in buffer B
containing 0.1% SML. Two chlorophyll-enriched fractions were
eluted at 100-130 and 150-170 mM NaCl, respectively. A first
peak was found to contain the light-harvesting chlorophyll pro-
teins, while a second one the PSII core complex consisting of D1
and D2 proteins and CP47 (Tamura et al. 1991). The second peak
was concentrated with an Amicon ultrafiltration membrane (YM-
10) and subjected to SDS-polyacrylamide gel electrophoresis (see
lanes 6 and 7 in Fig. 2). SDS-PAGE was performed on a vertical 1-
mm slab gel of 12.5% acrylamide containig 6 M urea. Following
electrophoresis, the gel was equilibrated in a transfer buffer (25
mM Tris, pH9.5, 40 mM norleucine, 20% methanol, 0.05%

SML) for 15 min, and was then electroblotted on the polyvinyl-
idene difluoride (PVDF) membrane for 1.5 h at 0.8 mA cm™2. The
PVDF membrane was incubated in 10 mM sodium borate (pH
8.0) containing 25 mM NaCl for 5 min to remove any excess gly-
cine, rinsed in water and then stained in 0.1% Coomassie brilliant
blue R-250 in 40% methanol and 15% acetic acid for 5 min. Ex-
cess dye was removed by a brief wash with water followed by de-
staining in 70% methanol. Areas of PVDF membranes containing
D1 and D2 proteins and CP47 were excised. The membranes were
anaerobically hydrolyzed in 6 M HCl including 0.05% phenol at
110°C for 24 h. After hydrolysis, the samples were dissolved in an
equilibration buffer (Wako Pure Chemicals, Japan) and placed in
a Hitachi amino acid analyzer.

0O, evolution was determined in buffer A containing 1 mM po-
tassium ferricyanide and 300 uM phenyl-p-benzoquinone, with a
Clark-type oxygen electrode as described earlier (Tamura and
Cheniae 1987). DCIP photoreduction was measured spectrophoto-
metrically at 590 nm on the split mode with a Shimadzu spectro-
photometer (UV-300). The reaction mixture basically contained
50 uM DCIP, 1 mM MnCl, or 500 uM diphenylcarbazide (DPC),
and PSII membranes equivalent to 10 ug Chlml™' in buffer A,
unless otherwise noted. The measurement of thermoluminescence
component, Ar-band, was carried out as described in Ono and
Inoue (1992).

Data analysis for obtaining the Michaelis-Menten constants
was done by curve-fits to the Michaelis-Menten equation with a
nonlinear curve-fitting Igor program (Wavemetrics, U.S.A.) on a
Macintosh computer.

Results and Discussion

Figure 1 shows the effects of EDC treatment on DCIP
photoreduction supported by Mn?* or DPC and the photo-
activation capability in NH,OH-treated PSII membranes.
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Fig. 1 Effects of EDC treatment on PSII electron transfer and
photoactivation in NH,OH-treated PSII membranes. Open and
closed symbols were obtained when glycine and glycine ethyl ester
were used as nucleophiles, respectively. Circles, photoactivation.
Squares and triangles denote activities of DCIP photoreduction
supported by DPC and Mn?", respectively. The activities of DCIP
photoreduction donated by DPC and Mn** of unmodified
NH,OH-treated PSII membranes were 240 and 145 ymol DCIP
(mg Chl)™' h™!, respectively, and the restored O,-evolving activity
after photoactivation was 105 gmol O, (mg Chl)"'h~!,
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There was little difference in the effects of chemical modifi-
cation of carboxyl groups on photoactivation and PSII
donor activities when glycine and glycine ethyl ester, respec-
tively, were used as nucleophiles. Within the time exam-
ined, the DCIP photoreduction supported by DPC was not
affected by EDC treatment, while the DCIP photoreduc-
tion by Mn** decreased 30% compared to the control in
30 min-EDC-treated preparations. On the other hand, pho-
toactivation capability decreased 70-80% after 30 min-
EDC treatment. The time required for the half-maximum
effect was 14 min, independent of the species of nucleo-
philes. The second-order rate constant was estimated as
13.2min ' M™%,

In the absence of nucleophile in this reaction, a re-
action intermediate, O-acyl isourea, reacts with amino
groups in the surroundings to generate intermolecular or in-
tramolecular crosslinking (Lundblad 1991). We studied
whether nucleophiles such as glycine and glycine ethyl ester
avoid secondary effects of the zero-length crosslinking in
our conditions (Fig. 2). The modification in the absence of
added nucleophile induced significant decrease in density
of the bands for CP47, CP43, the 33 kDa extrinsic protein,
and LHCP in NH,OH-treated PSII membranes (Fig.2,
lane 3). Nucleophile at 50-200 mM still induced several
bands in the high M, region in a SDS-PAGE gel (data not
shown), but nucleophile at 1 M did not (Fig. 2, lanes 4 and
5). There was little crosslinking in PSII core complexes
isolated from NH,OH-treated PSII membranes that were
treated with EDC in the presence of 1 M glycine, and the
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Fig. 2 SDS-PAGE gel on EDC-treated PSII membranes and
PSII core complexes. Lane 1, PSII membranes; lane 2, NH,OH-
treated PSII membranes; lanes 3, NH,OH-treated PSII mem-
branes that were chemically-modified in the absence of any nucleo-
phile; lanes 4 and 5, NH,OH-treated PSII membranes that were
chemically-modified in the presence of 1 M glycine and 1 M gly-
cine ethyl ester respectively; lanes 6 and 7, PSII core complexes
from PSII membranes and NH,OH-treated PSII ones, respective-
ly, both of which were chemically-modified in the presence of 1 M
glycine.

D1 and D2 proteins were clearly separated in a gel (Fig. 2,
lane 7).

Submicromolar Mn?* given to PSII membranes de-
pleted of functional Mn suppresses the photooxidation
of DPC, acting in a competitive manner (Hsu et al. 1987,
Tamura et al. 1989a) or a noncompetitive manner (Preston
and Seibert 1991a) with respect to DPC. Hence, an inhibi-
tion constant (K;) reflects an apparent dissociation constant
for exogenous Mn?* to the high-affinity Mn-binding sites.
Table 1 shows that the suppression of DPC-photooxida-
tion by Mn?" was markedly decreased by EDC treatment.
The value for unmodified NH,OH-treated PSII mem-
branes was 0.38 uM, which was close to the previously
reported ones (Hsu et al. 1987, Tamura et al. 1989a). With
an increasing extent of EDC treatment, the K value drasti-
cally increased with a decrease in photoactivation capabili-
ty. EDC treatment prolonged to 60 min caused an almost
complete loss of photoactivation capability and about a 10-
fold increase in K;. These results also indicate that the chem-
ical modification of carboxyl groups on acidic amino acids
by EDC decreases the affinity of Mn2* to the high-affinity
Mn-binding sites exposed to the lumen side.

In order to determine if EDC-treatment affects the re-
ducing side as well as the oxidizing side of PSII, the effects
of DCMU on the DCIP photoreduction in EDC-treated
NH,OH-PSII membranes were studied. Under our experi-
mental conditions, approx. ten acidic amino acid residues
were chemically modified on the D1 protein of NH,OH-
treated PSII membranes (see Table 3). DCMU is known to
bind to the extra loop between helix IV and V of the D1 pro-
tein, which folds back over the Qj site and possesses seven
glutamic acids (Trebst 1986). The DCMU concentration de-
pendences of the DCIP photoreduction were almost identi-
cal in all preparations examined (data not shown). The
values of I, (the concentration of DCMU that results in
50% inhibition) for the activity were 0.2 uM, independent
of the degree of EDC treatment. From these results taken
together, we suggest that EDC-treatment does not cause a

Table 1 Relationship between photoactivation capability
and K; values for Mn** in EDC-treated NH,OH-PSII mem-
branes

EDC treatment Xi lerl%nﬂ [umcl){le(g)?grigté%l\)/ ~O|2h~1]
None 0.38 96
5 min, Dark 2.1 : 40
60 min, Dark 3.1 8

The values of K; for Mn?" were obtained from the inhibition con-
stants of added Mn?" against the DCIP photoreduction activity
supported by DPC as described in Kamachi et al. (1992). VO,
denotes the oxygen evolving activities. Glycine was used as a
nucleophile for the EDC-treatment.
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Fig. 3 Effects of EDC treatment on formation of the Ar-band in
NH,OH-treated PSII membranes. Open and closed circles depict
the amplitudes of the Ar-band in the absence and presence of 1
mM Mn?*. The broken line shows photoactivation capability
against EDC treatment as described in Fig. 1. Glycine was used as
a nucleophile for the EDC-treatment.

drastic change on the PSII-reducing side, but on the PSII-
oxidizing side.

The thermoluminescence component denoted as the
Aq-band, which was found by Ono and Inoue (1991a, b), is
ascribed to arise from charge recombination between Qj
and an oxidized histidine in the PSII-oxidizing side. This
component was reported to be abolished by DEPC treat-
ment (Ono and Inoue 1991b). We examined whether the
EDC treatment also affects the formation of the A;-band
(Fig. 3). As shown in Fig. 1, photoactivation capability de-
creased by 70% in 30 min-EDC treatment (broken line in
Fig.3). On the other hand, the amplitude of the A;-band
was not affected by the EDC treatment. When NH,OH-
treated PSII membranes were illuminated at —20°C in the
presence of 1 mM Mn?*, the intensity of the band de-
creased to 44% of that obtained in the absence of Mn?",
due to the reduction of an oxidized histidine by exogenous
Mn?* (Ono and Inoue 1991b). The extent of the decrease in
the intensity of Ar-band by Mn?** was not significantly
changed by EDC treatment for 60 min. These results thus
exclude the possibility that EDC treatment modifies or
affects the histidine residue which may oxidize and ligate
Mn?*. The site of chemical modification with EDC is prob-
ably located further from both the histidine in question
and Y, the primary electron donor to oxidized P680.

Table 2 shows the effects of EDC treatment on the O,-
evolving activity in PSII membranes and on photoactiva-
tion capability in NH,OH-treated PSII membranes. There
was little decrease in the O,-evolving activity by EDC-treat-
ment in PSII membranes (A in Table 2). On the other
hand, NH,OH-treated PSII membranes, which have no
functional Mn, were susceptible to EDC treatment (Fig. 1,

Table 2 Effects of various conditions of EDC-modifica-
tion on the O,-evolving activity in untreated PSII mem-
branes and on the photoactivation capability in NH,OH-
treated PSII membranes

VO

2
EDC treatment [umol O, (mg Chl)~' h™']

A. PSII membranes

None 632 (100)
40 min, Dark 661 (104)
B. NH,OH-treated PSII membrane
None 195 (100)
40 min, Dark 48 (25)
40 min, Dark, +Mn?* 93 (48)
40 min, Dark, +Mn**/+Ca** 110 (56)
40 min, Light, +Mn?*/+Ca?* 162 (83)
(10 min-preillumination)
C. PSII membranes
40 min, Dark and NH,OH-treated 190 (97)

In A, PSII membranes were treated with SmM EDC plus 1 M
glycine for 40 min in darkness, washed and then assayed for their
O,-evolving activities. In B, NH,OH-treated PSII membranes
were chemically-modified in the presence and absence of 1 mM
Mn?*/50 mM Ca®* either in darkness or under weak light preced-
ed by 10 min-preillumination, and then photoactivated after two
washes. In C, PSII membranes that were chemically-modified as
described above were treated with 4 mM NH,OH, followed by
photoactivation after two washes. Numbers in parentheses of B
and C denote the relative O,-evolving activities restored by photo-
activation, which are normalized to the activity obtained with un-
modified NH,OH-PSII membranes. Glycine was used as a
nucleophile for the EDC-treatment.

line 2 of B in Table 2). In contrast, PSII membranes that
was treated by EDC and subsequently inactivated with
NH,OH showed almost complete photoactivation capabili-
ty (C in Table 2). From these results, it is inferred that the
site for chemical modification by EDC is largely protected
by functional Mn and probably by the binding of Mn?* to
the high-affinity Mn-binding sites. A loss of photoactiva-
tion capability by EDC was significantly attenuated by the
presence of 1 mM Mn?* and 50 mM Ca?" under weak light
illumination as used for the photoactivation condition. We
also found that exogenous Mn?* and/or Ca?*, in dark-
ness, protected against EDC-inactivation of photoactiva-
tion capability to some extent (lines 3 and 4 of B in Table
2).

As previously reported (Tamura et al. 1989a), chem-
ical modification of histidine residues by DEPC was
prevented in the presence of Mn?* under illumination but
not in the-dark. Such protection was not observed in the
presence of any divalent cation except Mn?*. The character-
istic of two types of Mn-binding sites which are sensitive to
either EDC or DEPC has already been reported by Preston
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Fig. 4 Protection by divalent cations and sodium against EDC-
inactivation in darkness. Extent of protection was calculated from
the difference of O,-evolving activities restored by photoactivation
between preparations chemically-modified in the presence and
absence of the following cations at a given concentration: Mn2" (0),
Ca’* (), Mg** (a), Ba®* (a), Sr** (O) and Na™ (m). Lines repre-
sent curve-fits to the Michaelis-Menten equation of Mn®'- and

Ca’*-protection of photoactivation. The residual O,-evolving ac- -

tivity was 30 umol O, (mg Chl) 'h™! in NH,0OH-treated PSII
membranes. After photoactivation of the NH,OH-treated PSII
membranes and the EDC-treated NH,OH-PSII membranes, O,-
evolving activities were obtained at 108 and 41 umol O, (mg
Chl)~' h™!, respectively. Glycine was used as a nucleophile for the
EDC-treatment.

and Seibert (1991a, b): By using the extent of non-com-
petitive inhibition by Mn?* of DPC-photooxidation, as in-
dicative of the relative number of Mn-binding sites, they
concluded that EDC modifies only half of the high affinity
Mn-binding sites insensitive to DEPC. Thus, we studied
the effects of dark incubation with divalent cations on
EDC-modification of NH,OH-treated PSII membranes
(Fig. 4). The effectiveness of divalent cations to prevent
EDC-inactivation was almost the same, except for Mn?*.
The extent of the protection by Mn?* reached about 80%
of the protection obtained under the photoactivation condi-
tion, whereas those by other divalent cations such as Ca?*
and Mg?* only reached 40-50% . The maximum protection
was obtained at 50 mM with each cation. However, the
presence of monovalent cation at 150 mM, equivalent to
50 mM MnCl, on the basis of ionic strength, did not pro-
vide any protection from EDC-inactivation, indicating that
protection from EDC attack was induced by divalent-spe-
cific binding, not by electrostatic screening of negative
charges on the PSII membranes. From curve-fitting analy-
sis, values of apparent K, for Mn?*-protection were esti-
mated to be 0.05 and 7.5 mM, respectively. In contrast,
Ca’*-protection against EDC treatment showed a mono-
phasic Michaelis-Menten-type dependence with K, of 5.5
mM. The lower K, value (0.05 mM) obtained for protec-

tion by Mn?* that accounted for approximately 20% of the
total Mn*"-protection in darkness, was close to K, values
(0.05 mM) (Tamura et al. 1989a) or dissociation constants
(0.04-0.05 mM) (Ono and Inoue 1983, Miller and Brudvig
1989) of Mn?* for photoactivation. However, binding of
Mn?* to the high-affinity Mn-binding sites, that show K,
and inhibition constants less than 1 uM, has been detected
by the photodecomposition of H,0, in the presence of
Mn** (Boussac et al. 1986, Inoue and Wada 1987), a com-
petitive or noncompetitive inhibition of Mn?* for DPC-
supported DCIP photoreduction (Hsu et al. 1987, Tamura
et al. 1989a for a competitive inhibition, and Preston and
Seibert 1991a for a noncompetitive inhibition) or Mn**-
supported chlorophyll fluorescence (Klimov et al. 1982). As
suggested by Miller and Brudvig (1990) and by Blubaugh
and Cheniae (1990), this discrepancy may be explained
by the assumption that once oxidized to Mn**, Mn would
be much more tightly bound to the Mn-binding sites: the
dissociation constant then estimated could reflect the rate-
limiting reaction, which is turnover and interaction of pho-
togenerated Mn** by exogenous Mn*" at its binding sites.
Therefore, binding of Mn®* to the high-affinity Mn-bind-
ing sites even in the dark is likely to protect carboxyl
groups from the attack of EDC to some extent.

The higher K, values for Mn?*- and Ca*"-protection
were in the same order as those for Ca?*-requiring S-state
transitions in PSII membranes lacking of PSII extrinsic pro-
teins (Boussac et al. 1986, Cammarata and Cheniae 1987).
Divalent cations such as Ca®t, Mg?*, Ba?* and Sr?* were
reported to competitively inhibit binding of Mn?" to the en-
dogenous Mn-binding sites, resulting in a decrease in the
yield of photoligation of Mn** (Tamura et al. 1989b). How-
ever, it is still not clear how such divalent cations, at high
concentrations, protect carboxyl groups from EDC attack
specifically. .

In order to ascertain which protein(s) is (are) specifical-
ly modified by EDC, we investigated the amino acid com-
position of D1 and D2 proteins and CP47 of PSII mem-
branes and NH,OH-treated PSII membranes, all of which
were chemically-modified for 40 min. In this experiment,
we adopted EDC-treated PSII membranes as the control
that retained functional Mn, since the O,-evolving activity
was not decreased by EDC treatment in PSII membranes
(A in Table 2) and a complete protection against EDC-inac-
tivation in photoactivation of NH,OH-treated PSII mem-
branes was not observed (B in Table 2). According to eq.
(1) described in Materials and Methods, an increased gly-
cine content by EDC treatment corresponds to the max-
imum number of chemically-modified sites in each protein:
we can not exclude a possibility that the successive addition
of glycine(s) to the modified carboxyl residues occurs with-
in time examined. The difference of EDC-modified sites in
each protein between the EDC-treated PSII membranes
and the EDC-treated NH,OH-PSII membranes is con-
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Table 3 Amino acid analyses of EDC-modified D1 and D2 proteins and- CP47
Amino D1 protein D2 protein CP47

acid A B B—A A B B—A A B B—A
Asx 25.8 25.7 (29 —0.1 264 257 (27 —0.7 294 294  (34) 0

Thr 13.7 12.8 (16) —-0.9 19.6 182 (20) —-1.4 22.0 225 (25) +0.5
Ser 23.5 223 (26) —1.2 20.7 194 (18) -1.3 29.7  29.7 (34 0

Glx 299 29.0 (26) —-0.9 345 33.0 (@27) —1.5 38.5 38.1 34 -0.4
Gly 39.6 41.6 (32) +2.0 40.2 393 (31 -0.9 66.2 66.0 (61) —-0.2
Ala 319  31.6  (33) —0.3 37.3 365 (39 —0.8 38.5 38.6 (39) +0.1
Val 19.0 19.0 (21 0 232 2277 (22) —0.5 354 358 (40) +0.4
Ile 29.6 29.0 (30) —-0.6 146 148 (13) +0.2 25.8 262 (30) +0.4
Leu 31 31 an - o0 41 41 41) 0 39 39 39) 0

Tyr 11.6 11.2 (12 —-0.4 9.7 9.3 (8) —0.4 15,0 158 (17) +0.8
Phe 20.8  20.3 (26) —-0.5 322 326 (39 +0.4 322 320 41 —-0.2
His 6.4 5.8  (10) -0.6 5.2 5.4 8) +0.2 122 119 (149 —-0.3
Arg 13.9 123 (19 —1.6 15.5 156 (15) +0.1 23.5 259 (29 +2.4

PSII core complexes from the EDC-treated PSII membranes and the EDC-treated NH,OH-PSII membranes were subjected to SDS-
PAGE. Following electrophoresis, the gel was electroblotted on PVDF membrane, of which areas containing stained proteins corre-
sponding to D1 and D2 proteins and CP47 were excised. The membranes were hydrolyzed and then placed in an amino acid analyzer. See
Materials and Methods for detail. A, PSII core complexes from the EDC-treated PSII membranes; B, PSII core complexes from the
EDC-treated NH,OH-PSII membranes. Asx and Glx denote Asp+ Asn and Glu+ Gln, respectively. Numbers indicate the experimental
values (mol (mol of protein) ~!) of amino acids of D1 and D2 proteins and CP47, while those in parentheses the numbers of amino acids
of the proteins of spinach obtained from data base (Zurawski et al. 1982, Holschuh et al. 1984, Morris and Herrmann 1984). The values
in the Table were obtained from three independent experiments and errors were within +3%. Glycine at 1 M was used as a nucleophile

for the EDC-treatment.

sidered to be equivalent to the number of carboxyl groups
involved in ligation of the functional Mn. Table 3 shows
the amino acid compositions of the D1 and D2 proteins
and CP47 in two preparations, which are normalized to the
Leu contents. Of the species of amino acids observed, GIx,
Leu, His and Phe, as well as Gly, had some discrepancies
between experimental and predicted numbers. However,
the obtained numbers of each amino acid of three proteins
in question were in quite good agreement comparing the
two types of EDC-treated membranes, except for glycine
content in the D1 protein. The differences in glycine con-
tent between two EDC-treated preparations, denoted by B-
A in Table 3, were +2.0, —0.9 and —0.2 mol mol ™! of pro-
tein in D1 and D2 proteins and CP47, respectively. There
were also some changes in other amino acids such as —1.2
of Ser, —1.6 of Arg for the D1 protein, —1.4 of Thr, —1.3
of Ser, —1.5 of GIx for the D2 protein, and +2.4 of Arg
for CP47. When amino acid contents were normalized to
the contents of Val and Ala, the differences of glycine con-
tent were +2.2 and +2.5 in the D1 protein, +0.2 and
+0.2 in the D2 protein, —1.0 and —0.3 in CP47, respec-
tively. Considering this variance in the obtained data, we
found a marked difference in glycine content in the D1 pro-
tein, but not in the D2 protein and CP47. Here, we could
assume that only 75% of the total acidic amino acids of
ligands are actually modified, on the basis of the result that
40 min-EDC-treatment caused approximately 75% loss of

photoactivation capability of NH,OH-treated PSII mem-
branes under our experimental conditions (B in Table 2).
By use of this assumption and the value of 2.0 mol mol™'
for the specifically modified carboxyl groups, the acidic
amino acids on the D1 protein which are involved in photo-
activation and probably contribute to ligands for Mn ions
may be estimated to be less than 2.7 mol mol ™' of D1 pro-
tein.

Several groups have studied the site-directed muta-
tions of the D1 and D2 proteins, which are constructed in
the cyanobacterium Synechocystis sp. PCC 6803. Muta-
tions of seven acidic amino acids (Asp-59, -61, -70 and
-342, Glu-65, -189 and -333) and three histidines (His-190,
-332 and -337) of the D1 protein abolished or slowed pho-
toautotrophic growth (Boerner et al. 1992, Debus 1992,
Chu et al. 1994, 1995, Whitelegge et al. 1995). Also, the
mutation at Glu-69 on the D2 protein abolished or modi-
fied the photoautotrophic growth (Vermaas et al. 1990).
The estimated values of the acidic amino acids in the D1
protein required for photoligation of Mn?* in this study
are less than those obtained from site-directed mutagenesis
studies. However, it is not clear whether an acidic amino
acid(s) on the D2 protein is (are) involved in ligation of
functional Mn, based on the accuracy of amino acid analy-
sis in this study. To obtain more accurate numbers of carb-
oxyl groups functioning in ligands for Mn, the method
for determining the modified sites described in this study
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should be refined. On this line, we are now working on
quantifying the numbers of specifically-modified sites in
the fragments that are produced by digestion of the D1 and
D2 proteins with proteases or chemicals.
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