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ABSTRACT. The binding of M#* to manganese-depleted photosystem Il was investigated after chemical
modification of histidyl and carboxylic acid residues in the presence or absence of the native manganese
cluster. Ky values for M@+ were determined from steady-state electron transfer betweén &l 2,6-
dichlorophenolindophenol, the dissociation constant foFMmas measured by observing the effect of
added M#A" on the reduction of the primary donor P88@fter a saturating flash, and single-turnover
electron donation from Mt was followed by monitoring the decay kinetics of the EPR signal from the
flash-induced tyrosine Z radical. Ky values for MA*™ were found to be highly pH-dependent in both
modified and unmodified photosystem Il membranes. Treatment with histidine modifiers after removal
of the manganese complex increasedkheralues between 2.5 and 10 times and increased the dissociation
constant for MA" 8-fold, compared to membranes that were modified in the presence of the manganese
cluster. Modification of carboxylic acid residues after removal of the manganese cluster increased the
Kwm about 5-fold compared to membranes that were modified in the presence of the manganese cluster.
The reduction rate of tyrosine®Zby Mn?* was diminished after modification of either histidine or
carboxylic acid residues. The apparent second-order rate constant decreased frod02M -1 s 1 to

0.05 x 1C® M1 s71 after histidine modification in the presence or absence of manganese, te A.G°%7

M~1 s after carboxylic acid residue modification in the presence of manganese, and te QFgV 1

s1 after carboxylic acid modification in the absence of manganese. Our results indicate the existence of
two different manganese binding sites containing histidine, and at least two manganese sites with carboxylic
acid residues, which are differently shielded against modifying agents by the native manganese cluster.

The transport of electrons from water to plastoquinone in centers, are two redox active tyrosines, one in each of the
photosystem Il (PSIH is carried out by the cofactors D1 and D2 proteins. The oxidized P680 is re-reduced by
associated with the heterodimer of the core proteins D1 andtyrosine Z (TyrZ) in the D1 protein, which receives electrons
D2. Water oxidation is assisted by four manganese ions in extracted from water by the manganese complex. Four
the water oxidizing complex (WOC), which is located close consecutive electron abstractions lead to one turnover of the
to the water-protein interface on the lumenal side of PSIl. WOC and the oxidation of two water molecules resulting in
Three extrinsically bound protein subunits on the lumenal the release of molecular oxygen as a byproduct, a process
side stabilize the manganese cluster and promote waterin which the four manganese ions of the WOC serve as
splitting activity. Light-induced oxidation of the primary storage for accumulated positive charge through the four
electron donor chlorophylls, P680, leads to transfer of redox states of each turnover.
electrons to the components on the acceptor side, the primary In recent years, much information has been collected about
acceptor pheophytin and the quinonesad . Uniquely the chemical environment of the manganese cluster [see
for PSII, in comparison to other photosynthetic reaction Debus (1992) for a review], but a detailed picture of the

association between the manganese complex and the proteins
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1 Abbreviations: Chl, chlorophyll; DCBQ, 2,6-dichlobenzo- cluster in the & state (De Rose et al., 1991; Tang et al.,
quinone; DCIP, 2,6-dichlorophenolindophenol; DEPC, diethyl pyro- 1993), which have been shown to originate from a histidine

carbonate; EDC, 1-ethyl-3-[(3-dimethylamino)propyllcarbodiimide; gt gn t unidentifi ition (Tana et al.. 1994). Hen
EDTA, ethylenediaminetetraacetate; ENDOR, electron nuclear doublea an as yet unidentified position (Tang etal., 1994). Hence,

resonance; EPR, electron paramagnetic resonance; EXAFS, extended'® €fforts to identify the ligating amino acids have been
X-ray absorption fine structure; Mes, BHnorpholino)ethanesulfonic ~ focused on carboxylic acid and histidine residues, and site-
acid; P680, primary electron donor chlorophyll of PSII; PSII, photo-  directed mutagenesis on the D1 and D2 proteins as well as

system Il; TMAOH, tetramethylammonium hydroxide; Tris, tris- i ;
(hydroxymethyl)aminomethane; TyrZ, redox active tyrosine of the D1 the chlorophyll binding proteins CP47 and CP43 has been

protein; WOC, water oxidizing complex of PSI1:2QQs, primary and employed to investigate possible manganese binding amino
secondary quinone acceptors. acid residues. The results from such mutagenesis studies
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have implicated the involvement of His 190, His 332, and MATERIALS AND METHODS

His 337 in the D1 protein (Diner et al., 1991; Kramer et al., . ) ) .

1994; Chu et al., 1995a,b.). In addition, two carboxylates Biochemical Preparations PSli-enriched membranes

in the D1 protein have been tentatively identified as probable Were prepared from spinach as described by Fraetal.,
manganese ligands, namely, Asp 170 (Diner & Nixon, 1992) (1985). The extrinsic regulatory proteins with molecular
and the C-terminal Ala 344 (Nixon et al., 1992). Recently, Masses of 17, 24, and 33 kDa were remol/ed by suspending
the possible involvement of several other residues has beerf1® membranesiil M CaCl for 30 min at 4°C (Hsu et al.,
discussed, e.g., Glu 65, Glu 189, Glu 333, and Asp 342 (Chu1987; Tamura & Cheniae, 1987), followed by washing 3
etal., 1995a,b). Nevertheless, it is not known exactly how times in 25 mM Mes-NaOH, pH 6.5, 10 mM NaCl, and

many carboxylates or histidines are involved in the binding 320 MM sucrose (buffer A), or 25 mM Me&\aOH, pH
of manganese to PSII. 6.5, 20 mM NacCl, 20 mM CaG| and 350 mM sucrose

Chemical modificati £ ami ids has b d (buffer B) depending on further treatment as described below.
emical modification of amino aclds has beéen Used as . pgj| mempranes were either depleted of their native
an alternative method to site-directed mutagenesis in attemptsmanganese prior to chemical modification or modified in

to |d_§nt|fy Ilga_nd_s to_manganese. Espeplally, reagents y, presence of the manganese cluster. In control samples,
specific for modifying histidines and carboxylic acid residues the native manganese was extracted after the modification

have been used for this purpose. In earlier studies (TamuraW :
) . i ; as completed. Native manganese was removed after
etal., 1989; Preston & Seibert 1991a,b) with this approach, reduction with hydroquinone as described by Ghanotakis et

the modification was condugted in the absence of the I, (1984), slightly modified as follows: PSII membranes
manganese cluster. These investigations suggested thaf . o suspended at 5 mg of Chi/mL in buffer A containing

histidyl residues are involved in photoactivation, the process 2 mM hydroquinone and 10 mM EDTA, incubating for 75

g‘ Wh'gh tthe mt'c_mga?ese clusttelr |iggsgsen(1:blebd mli Ight- in at 4°C, and washing 3 times in buffer A. Alternatively,
h?ﬁ)%r.] entreac ;onté amura]:a aa’ o b )'. ar tOX)t/?esﬁ?n anganese was removed by incubating the membranes in
Istidines were Turthermore found 1o be important for the g Tris, pH 8.2, at 4°C in room light. The residual

electron donation by Mit to PSII (Seibert et al., 1989; manganese content in the depleted membranes was found

Preston & Seibert, 1991a,D). to be 0.5-0.8 manganese per reaction center assuming a
In the absence of the manganese complex, extraneoushlorophyll content of 250 Chl/PSII.

Mn*" is an efficient electron donor to PSII, and itis likely  cpemical Modification Chemical modification of histidy!
that at least some of the sites involved with electron donation o siques was carried out in buffer B as described by Tamura

are the natural sites for ligation of manganese. Electron 4 al., (1989) with the following modifications: The chlo-
donation by MA" can be studied by steady-state electron rophyll concentration was 0.5 mg/mL, corresponding to
transfer measurements, involving multiple turnovers, or in approximately 2 mM PSII centers, and the DEPC concentra-
single turnover experiments. Single turnover assays include;iqn was 7 mM. The reaction was stopped after 75 min, by
measuring TyrZ reduction by EPR spectroscopy (Hoganson he aqdition of 50 mM histidine in buffer A, and the
et al., 1989) or following P680reduction by optical or  jempranes were washed 3 times in buffer A. Chemical
fluorescence spectroscopy (Conjeaud & Mathis, 1986; qgification of carboxylic acid residues with EDC was
Hoganson et al., 1991). Multiple turnover has been inves- ¢,nqcted mainly as described for the DEPC treatment. The
tigated with c_ilchlorophenollndophenol (DCIP) as an electron EDC modification was conducted in darkness at 0.1 mg of
acceptor (Klimov et al., 1982). Chl/mL, and the reaction was stopped after 60 min by the
In this study, we have examined the effects of chemical addition of 70 mM sodium acetate (Preston & Seibert,
modification of carboxylates and histidines, performed either 1991a). The samples were stored at 77 K before they were
in the presence or in the absence of the manganese clustewsed for the experiments described below. The manganese
on steady-state and single turnover electron transfer. With content was analyzed by denaturing the PSII membranes in
this strategy, we have been able to discriminate between0.2 M H,SO, and measuring the EPR signal from free¥in
residues shielded by the manganese cluster against chemicgFranZe et al. 1985). The manganese content was-3.9
modification, and more extrinsically located residues in- manganeses per PSII center immediately after removal of
volved in binding of added manganese. Metal ions in the extrinsic proteins, and 2-2.2 manganeses per PSII after
proteins are to a large extent bound to charged amino acidl h of incubation at room temperature.
residues, and, therefore, it can be expected that the binding - steady-State Electron Transfer Measuremem®SIl mem-
affinity for manganese in PSll is pH dependent. Hsu etal. pranes were suspended at room temperature and 0.01 mg of
(1987) investigated Mt as an inhibitor of electron donation  chymL in 20 mM Mes or Hepes buffer at pH values from
by diphenyl carbazide (DPC) at two different pH values, and 5 4 to 8.0, to which MnGlwas added from stock solutions.
found that theKy value for Mr#* in this assay was higher  \n2+ donation to PSII was monitored by DCIP photoreduc-
at higher pH. With MA" as the sole electron donor, tion, measured with an Aminco-DW2 spectrophotometer in
however, little is known about its efficiency in correlation he dual-wavelength mode (Seibert et al., 1989; Preston &
to pH. We have studied the pH dependency for binding of seipert, 1991a). Saturating actinic light from a halogen lamp
and electron donation by M, in combination with chemical  \yas lead into the sample compartment perpendicular to the
modification, to reveal the nature of the amino acids measuring beam after passing through a heat filter and a cut-
involved. off filter (RG 630). The DCIP reduction rate was measured
Our results indicate the involvement of both histidine and from initial slopes of the difference between absorbancies
carboxylate residues susceptible to chemical modification, at 522 and 570 nm. Appareidy values for MiA* were
as well as indications for the presence of these amino acidsdetermined from th&-axis intercept in Hanes plots ([Mt/
at different manganese binding sites. reduction rate) vs [M#]).
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Time-Resaled EPR MeasurementsPSII membranes 20
were suspended at 2 mg of Chl/mL in buffer A containing
2 mM KzFe(CN)} and 2 mM KFe(CN)} at different
concentrations of MnGl The electron donation to TyfZ
by Mr?* (Hoganson et al., 1989) was measured in a flat cell
at room temperature, with a Varian E9 EPR spectrometer
equipped with a TM110 cavity, by monitoring the disap-
pearance of signalilk; after a 3us xenon flash with a flash
interval of 4 s. During measurements, the magnetic field
position was set on the low-field peak of signal.l§, and a
spectrometer time constant of 3 ms and a microwave power
of 10 mW were used. The modulation frequency and
amplitude were 100 kHz and 5 G, respectively. The kinetic 0
traces were recorded with a Nicolet 490 digital oscilloscope. 0002 %0 4050 80
The reduction rate of TyrZ for each concentration of added (Mn]

MnZ* was calculated by nonlinear least-squares fitting of an FIGURE 1: Examples of primary plots of kinetic data obtained from

; _fitt steady-state assays of light-induced DCIP reduction witB™\im
average of 208400 traces, using a curve-fitting program micromolar) as electron donor. Measurements at pH 6.4 (A) and

base_d on the Levenberg/larquardt algorithm. The signal 8.0 (B, inserted) were carried out as described under Materials and
amplitude was constant through several hundred flashes andyethods.

did not change with the M concentration.

Optical Measurements of P68@Reduction PSII mem-
branes were suspended at 0.1 mg of Chl/mL in a buffer
containing 1 mM citrate, 30 mM Hepe§MAOH, pH 7.4,
30% glycerol, 250 mM DCBQ (Hoganson et al., 1991), and
different concentrations of Mi. Flash-induced absorption .
transients from P680 were measured at 830 nm after E
excitation flashes from a frequency-doubled Nd/YAG laser, G
with a flash interval of 5 s. The instrumentation was g
essentially as described by Hoganson et al., (1991), but the ot
output from the photodiode was recorded with a Nicolet 490
digital oscilloscope. At each Mh concentration, an average
of 16 traces was analyzed with the same method as the time-

resolved EPR data. 1 . ! \
55 6.0 6.5 7.0 7.5 8.0

15

10

[Mn?*)/DCIP reduction rate (a.u.)

RESULTS pH
] Ficure 2: pH dependency of logly for Mn?* in unmodified,
Steady-State Electron Transfer Experiments. PSII manganese-depleted PSIl membranes. The data are partly fitted to

membranes, stripped of their native manganese complex,a straight line with a slope of 1.

photoreduction of DCIP by Mt was investigated after  pn2+ (Figure 1). The loweKy value, corresponding to a
treatment of the membranes with a histidine modifier, DEPC, h|gh_aff|n|ty site, was in unmodified membranes found to
or a carboxylic acid modifier, EDC. In contrast to several pe 0.1-0.2 M. This lowerKy value was not dependent
earlier studies, where manganese binding was studied byon pH and contributed to less than 20% of the maximal rate
observing the ability of added Mh to inhibit electron at any pH below 7.0. In contrast, the highéx value,
donation from diphenyl carbazide (DPC) [e.g., Hsu et al., corresponding to a site with lower affinity, was found to vary
(1987) and Preston and Seibert (1991)], we have examinedstrong|y with pH Thd(M was 10‘MM at pH 6.0 and Changed
electron donation from M directly. In particular, we have  tg |ess than 1M at higher pH. The pH dependency, plotted
investigated the ability of the native manganese cluster to a5 |ogKy, versus pH, fitted well to a straight line with a
protect amino acids from modification, by comparing the sjope of—1 between pH 8.0 and 6.2, below which the pH
effect of chemical modification in the presence of the dependency curve leveled off (Figure 2). The changé&of
manganese cluster and in its absence. by a factor of 10 for each pH unit, is to be expected if the
The electron donation from Mh in chemically modified change represents the deprotonation of a single binding
samples, from which manganese had been removed eithegroup.
prior to or after modification, was compared with identical Blubaugh and Cheniae (1990) observed a site for binding
measurements in manganese-depleted, but otherwise unand electron donation by Mh, with an even higheKy, of
modified PSIl membranes. Appareii, values for M+ 200uM which they ascribed to a site for unspecific electron
in manganese-depleted PSII were determined at different pHdonation where bound Mn did not reduce TyrZ directly.
values from Hanes plots of the kinetics observed from For this reason, we have chosen not to study the electron
photoreduction of DCIP by MiT (Figure 1). The apparent transport at very high concentrations of ¥Mnand in the
Kw value for Mrf™ was found to be strongly dependent of following discussion we will deal with the pH-dependent
pH (Figure 2), decreasing with increasing pH, which binding site withKy in the intermediate range. We have
indicates an increasing affinity for Mhat higher pH values.  chosen to concentrate on thg rather then the, value,
Below pH 7.0, we observed a biphasic manganese depensince it should reflect events mainly on the donor side of
dence of the turnover rate, with two appar&gt values for PSII and since it is insensitive to variations in the extinction
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coefficient of DCIP at different pH values, and uncertainties
in the concentration of photosynthetic material.
Experiments were conducted with two types of chemically 2 A §
modified samples. One type consisted of PSIl membranes
chemically modified in the presence of the native manganese.
In these samples, the extrinsic regulatory proteins were
dislodged prior to the chemical modification. The manga-
nese content of the PSII membranes immediately after
removal of the extrinsic proteins was 3:2.9 manganese
ions per 250 Chl, and 2-12.2 afte 1 h of incubation at or
room temperature, which is to be expected when the
stabilizing 33 kDa protein is absent [e.g., see Ono and Inoue
(1984) and Kubawara et al., (1985)]. Thus, only two .
manganese ions per PSIl center remained during the modi- 56 60 65 70 75 80
fication procedure, and some of the native manganese binding pH
sites were exposed. After the modification, the native
manganese was extracted, and the electron donation from v
extraneous Mfi was measured.
In the second type of sample, the PSIl membranes were 2+
subjected to chemical modification after removal of both the
natively bound manganese and the extrinsic regulatory
proteins. Both types of chemically modified samples showed
reduced turnover rates for steady-state electron transfer
compared to unmodified membranes (data not shown).
However, a comparison of the two different types of modified
material should compensate for any global effects of chemi-
cal modification, e.g., effects involving the acceptor side,
and shows only differences resulting from whether modifica-
tion was conducted in the presence or absence of the -1 . L L L
manganese cluster.
Both types of DEPC-modified PSII membranes displayed pH
apparenKy values for Mi3* which were dependent on pH  Ficure 3: pH dependency of logy for Mn2* in (A) DEPC-
and increased with decreasing pH. In this respect, they weremodified PSIl membranes anBYEDC-modified PSIl membranes

both similar to the unmodified samples. The pH dependency Samples modified in the presence of the native manganese cluster

linear between pH 8.0 and 6.2 with a slope—df (a) and membranes modified in the absence of mangarnege (
was I p : o pe—d, The dashed line shows the pH dependency in unmodified PSII
reaching a plateau below pH 6.2 with a corresponding value membranes as in Figure 2.

for the Ky of about 10uM (Figure 3A). In fact, theKy

value for Mr#* in the material modified in the presence of Thus, in both types of EDC-modified PSIl membranes, the
native manganese was indistinguishable from that in the pH dependency in the lower pH range was altered, and, in
chemically unmodified material at all pH values. In contrast, addition, the PSII samples modified in the absence of
in the samples which had been DEPC-treated in the absencenanganese had a notably lower affinity for Mrover the

of native manganese, the appar&pt value for M#+ was whole pH range.

higher throughout the studied pH range, suggesting a Time-Resaled EPR Measurements of Electron Donation
generally lower affinity for MA". At pH values above 7.2, to TyrZ. In manganese-depleted PSII membranes, thefyrZ
the pH dependency of thi€y clearly deviated from that  reduction rate has previously been reported to increase by
observed in unmodified material and material modified in the addition of extraneous Mh due to electron donation
the presence of manganese, with #g leveling out at a by Mr?t to Tyrz° (Hoganson et al., 1989). At pH 6.5, this

log K py (uM)

log Ky (uM)

constant value of about 1:8M. At pH 8.0, theKy, for Mn2* reduction rate follows pseudo-first-order kinetics, and can
was about 10 times higher than in the two other types of be fitted to a single exponential function. We made similar
samples. experiments both with unmodified, manganese-depleted PSlI

We also studied the effect of the carboxyl modifier EDC membranes and with PSIl membranes modified with DEPC
in a similar experiment. In samples modified with EDC in or EDC. With unmodified PSIl membranes, our results were
the presence of native manganese Hhevalue was the same  in agreement with Hoganson et al., (1989) (Table 1 and
as that in the unmodified samples between pH 8.0 and 6.2,Figure 4A,B). In EDC-and DEPC-modified PSII material,
but continued to increase below 6.2, suggesting the modi-the amplitude and intrinsic decay rate of the T3r#adical
fication of a residue titrating below this pH value (Figure were essentially the same as in unmodified material in the
3B). TheKy values for manganese in PSIl samples modified absence of extraneous KM indicating that the redox
in the absence of manganese also showed a linear pHproperties of TyrZ were not altered by the modification. The
dependence. However, thg, values at pH 6.5 were about  ability of Mn?* to reduce TyrZxwas noticeably diminished
5.5 and 3.9 times higher than in the chemically unmodified in the DEPC-modified membranes modified either in the
material and in the material modified in the presence of presence or in the absence of manganese compared to the
manganese, respectively. The pH dependency (Figure 3B)unmodified material (Figures 4 and 5A). The corresponding
followed a straight line with slope-1 from pH 5.6 to 8.0. second-order rate constant for reduction of ™ngZas 0.05
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Table 1: Apparent Second-Order Rate Constantskanalues for Mi#* in Manganese-Depleted PSIl Membranes

DEPC-modified DEPC-modified EDC-modified EDC-modified
unmodified PSII in presence of Mn in absence of MN in presence of Mn in absence of Mn
app second-order rate 2.6x 10° 0.05x 10° 0.05x 10° 0.77x 10° 0.18x 10°
constant (Mts™) (£0.05x 109 (£0.03 x 10¥) (£0.02x 10¥) (£0.08 x 10¥) (£0.07 x 10¥)
Kwm value at pH 6.54M) 5.3 4.2 10.3 7.1 27.6
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FIGURE 4. Decay in time of the amplitude of the Ty¥Zradical [Mn2*] (uM)
signal (signal I4s) in the absence of exogenous electron donors,
and in the presence of Mh (A and B) In unmodified PSII 160
membranes and irC(andD) DEPC-modified material A andC)
In the absence of exogenous ¥n(B andD) after addition of 40 140 1
M Mn2+ B
U n2t,
120
x 10° M~ s71in the DEPC-modified, and 2.& 10° M1

s 1in the unmodified material respectively (Figure 5A and 100
Table 1). Thus, upon addition of 40M Mn?*, the TyrZ2*
reduction rate in unmodified PSIl membranes increased 6
times while in the DEPC-modified membranes the rate was 60
increased only by a factor 0.3 in the presence of manganese.
When 1 mM Mt was added to the DEPC-modified
material, the reduction rate increased 3.5 times (data not 20
shown). Interestingly, no significant difference in sensitivity

to added manganese between the two types of DEPC- o 10 20 30 a0 50 eo
modified samples could be detected. Thus, the drastic 2
decrease in the second-order rate constant for reduction by (Mn"] (kM)

MnZ*, after modification either in the presence or in the FIGURE 5: Apparent rate constants for Ty#Zreduction, as a
absence of manganese, indicates that the modificationf“”C“O” of extraneous Mt concentration, in4) DEPC-modified

introduced iderable ch in the?Moindi PSII membranes and} EDC-modified membranes. Unmodified
introduced considerable changes In naing proper- - pg)| membranes&); samples modified in the presence of native

ties of the site, conceivably because residues involved in themanganesea); membranes modified in the absence of manganese
binding of added manganese were exposed in both cases(v).

Modification of exposed carboxylic side chains by treat-
ment of PSII membranes with EDC-treated PSIl membranes Optical Measurements of P680Reduction The time
also resulted in inhibition of the reduction of Tyiby Mn?* constant of the re-reduction of P68By TyrZ in the absence
in both types of modified membranes, compared to the of the manganese cluster is approximately$QConjeaud
unmodified membranes (Figure 5B, Table 1). The effect & Mathis, 1981). This rate is affected by the presence of
was more pronounced in samples modified with EDC in the Mn2*. Upon addition of MA*, the 10us kinetic phase of
absence of manganese (Figure 5B, open triangles). Thethe P680 reduction has been observed to gradually diminish
corresponding second-order rate constants decreased to 7.ih concert with the increase of a 48 phase (Hoganson et
x 106 Mt st and 1.8x 1(® M~ s%, respectively, as  al., 1991). This result was explained by the electrostatic field
compared to 2.6< 10° M~! st in the unmodified mem-  imposed by the presence of bound Mipns, making TyrZ
branes. When 4@M Mn?" was added, the reduction rate less prone to donate an electron to PG80
for TyrZ° increased by a factor 2 in the samples that were We conducted similar measurements (adding?Mto
modified in the presence of the manganese cluster, and onlymanganese-depleted PSII) in PSII membranes modified with
by 0.5 in the material modified after the manganese was DEPC in the presence or absence of native manganese. In
removed (Figure 5B). The difference between the two types PSII membranes modified in the presence of manganese, the
of modified material suggests that additional modifiable size of the 10us decay phase decreased significantly by

80

kis™

40

carboxylic groups involved in binding of the added #n
and in the electron donation from manganese to Pwere
exposed by removal of the native manganese cluster.

addition of Mrf*, or to less than 50% of the total signal
amplitude after addition of 700M Mn2*. However, in the
membranes that had been modified after manganese extrac-
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o 200, 300 400 500 Ficure 7: Fraction of 10us phase of the total kinetics for the
Time (us) reduction of P686, mirroring the ability of TyrZ to reduce P680
as a function of free [M#]. Samples modified with DEPC in the
presence of the native manganese clusiy, @nd membranes
c modified in the absence of manganesg.(The solid lines show
i sigmoidal dissociation curves that were fitted to the data. Apparent
dissociation constants calculated from these were:90in the
- samples modified in the presence of manganese, and:EDh
E L samples modified in the absence of manganese.
o
2 mj concentrations of Mit. In our experiments, we observed a
© . . . aye
g I decrease in the total signal amplitude on addition ofMn
& in the samples modified in the presence of manganese, but
s [ D not in the samples modified in the absence of manganese
< where a significant part of the amplitude remained. The
i discrepancies between our experiments and the observations
L by Hoganson et al., may suggest that the reduction mecha-
yonid nism for P680 reduction is more complex than previously
. ! . ! ! ! thought. At any rate, it is clear from our results that the
0O 100 200 300 400 500 reduction kinetics of P680in the two types of modified
Time (ps) PSII membranes differ in sensitivity toward Rtrwith regard
FIGURE 6: Traces of absorption transients at 830 nm in PSIl to the 10us reduction kinetics. Obviously, the removal of
membranes showing the kinetics for re-reduction of P6S(A the manganese cluster exposes histidine residues which are

andB) DEPC-modified in the presence of native manganese; and jnyolved in the binding of the added M and which were

g W?h%)utD ng;(i:r;én (,\),Id%fl.e?énaﬁ]hdeDf;biietT]%ep%srg?:égeagfe ge:?(:]jM not accessible to modification prior to manganese extraction.

2+
Mn=. DISCUSSION
tion, after addition of 1 mM M#i" about 85% of the original Involvement of Histidines.Several reports suggest the
signal amplitude of the 1(s reduction phase remained involvment of histidine residues in the binding of the
(Figure 6). Figure 7 shows the relative amplitude of the 10 manganese cluster, but the exact number and location of these
us phase (fraction of the total signal amplitude) plotted as a residues are not known. In our steady-state electron transfer
function of the logarithm of M#A" concentration. Curve  measurements, the displayed pH dependence ofthior
fitting revealed that the apparent dissociation constant for Mn2+ electron donation to PSII is that expected for the
Mn?* at the corresponding site at pH 7.4 was/80 in the deprotonation of a single manganese binding residue in the
samples modified in the presence of manganese and appH range of 6.5 and above. In PSIl membranes that have
proximately 600uM in the samples that were modified in  been DEPC-maodified in the presence of native manganese,
the absence of native manganese cluster. Thus, chemicathe pH-dependency curve of thg, value for Mr#t is very
modification by DEPC in the absence of manganese loweredsimilar to that of the unmodified PSIl membranes. In
the affinity for extraneous Mt in comparison to when  contrast, in the membranes that were modified in the absence
modification was done before removal of bound manganese.of manganese, th€y value is slightly higher in a large part
We observed two additional decay transients with time of the pH range, and distinctly higher at pH values above
constants of 4Qus and 0.2-1 ms, respectively, but could 7.2 where th&y becomes independent of pH. The lowered
not resolve any significant changes in the absolute amplitudesaffinity for binding Mr?*, as well as the loss of pH-
of these upon addition of M. This contrasts to the dependency for the binding of Mh above pH 7.2, is
observations by Hoganson et al., (1991) in unmodified suggested to result from the modification of one or several
material, where the decrease in thexdphase was followed  Mn2* binding histidyl residues which are exposed to DEPC
by a concomitant increase in the 46 kinetic phase. The  when the manganese cluster is removed. Histidine binds
observed decrease in the total signal amplitude was attributedmetal ions in the deprotonated state, and a histidine residue
to stacking of the PSII membranes in the presence of high with a pK, value above the range of our measurements might
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be responsible for the pH dependency of iaein unmodi- increase in the dissociation constant that otherwise would
fied membranes at higher pH values. Modification of this lead to an increase in th€y value. The turnover rate for
residue in the absence of the manganese cluster could accoursteady-state electron transfer was indeed observed to decrease
for the apparent loss of pH-dependency of the binding of after DEPC modification.
Mn2* by shifting the X5 value from being above 8 to 7.2. Nevertheless, there is a clear difference between the two
Thus, from the differences in effects of DEPC on steady- types of modified material, and th§, value should reflect
state electron transfer from Mh we have evidence of a  differences in the substrate affinity between these. Thus,
histidine that is exposed to modification only in the absence we suggest that the increasekg after modification in the
of the manganese cluster. This residue is likely to be a ligand absence of manganese, in comparison to the value observed
to manganese in the intact water oxidizing complex. after modification in its presence, is due to the increase in
We also investigated the effect of DEPC modification on dissociation constant. Any effects of DEPC maodification
the P680 reduction kinetics at pH 7.4, i.e., within the pH on the acceptor side should be identical in both types of
range where the difference i, is significant between the  modified samples and not affect ti& value.
two types of modified material. These measurements showed There is a considerable amount of site-directed mutagen-
that DEPC modification conducted in the presence of esis work that may be used to aid in the identification of the
manganese results in an increase in the dissociation constartiwo histidine-containing sites revealed in our chemical
by almost a factor of 2 compared to that in unmodified modification experiments. Mutations in D1 His 190 (Diner
membranes, and in the membranes modified in the absencet al., 1991; Roffey et al., 1994a; Chu et al., 1995a) resulted
of manganese the dissociation constant was almost 10 timesn inactivation of water oxidation and inability to assemble
higher than that reported for unmodified membranes the manganese cluster. His 190 was thus early on suggested
(Hoganson et al., 1989). Thus, our measurements of P680to be a manganese ligand, and lately to be participating in
reduction corroborate the results from the steady-stateredox reactions on the donor side by providing a hydrogen
measurements of DCIP reduction, that there are histidine bond acceptor for TyrZ (Roffey et al., 1994a,b; Chu et al.,
residues that are protected by native manganese against995a). InChlamydomonas reinhardtilis190Phe mutants
DEPC modification. Moreover, the increase in dissociation lacking the manganese cluster, g for Mn?* at the high-
constant after modification in the absence of manganese mosaffinity manganese site, for steady-state reduction of DCIP
likely accounts for the increase in thg value observed in by Mn?*, is apparently not any different from that in the
the steady-state measurements. wild type (Kullander et al., 1995). However, reduction of
The reduction of TyrZ by Mn?" was severely impaired  TyrZ°* by extraneously added Mh could not be resolved
in the DEPC-modified PSII membranes compared to un- in flash-induced single turnover experiments in these mutants,
modified membranes, as reflected in the lowered apparentas opposed to in wild type (C. Kullander, F. Mahmedov,
second-order rate constant. In apparent contrast to our otheand S. Styring, personal communication). These observa-
measurements, the effect from DEPC modification was tions show striking similarity to our results in DEPC-
almost identical in membranes that were modified in the modified PSIl membranes, and suggest that part of the effects
presence and in the absence of native manganese, with nearlfrom our modification with DEPC may involve D1 His 190.
the same second-order rate constant for reduction by addedn light of these observations His 190 should not be excluded
Mn?* in both types of DEPC-modified samples (Figure 5A, as a candidate for being a manganese ligand.
Table 1). This result suggests modification of a histidine  Other histidine residues on the D1 protein have been
residue which is not protected against modification by native shown to be important for the activity of the water splitting
manganese, and which contributes to the binding of th&"Mn complex [see, e.g. Diner et al., (1991), Nixon and Diner
prior to electron donation to TyfZ (1992a), and Chu et al., (1995b)], but at this point our results
Comparing the observations from the T9¥Zeduction do not permit any detailed discussion about the involvment
assay, and the increasedp value and dissociation constant  of these.
described above, it seems likely that there are two different Involvement of CarboxylatesSpectroscopic and steady-
manganese binding sites containing histidines. In both typesstate kinetic data as well as mutagenesis experiments have
of modification experiments, DEPC modifies a weak binding earlier suggested that carboxylates are involved in the ligation
site for native manganese, which becomes exposed towardof the manganese cluster. In our measurements of steady-
the modifier by removal of the manganese-stabilizing 33 kDa state electron transfer using EDC-modified PSII membranes
protein and the consequential loss of an average of two modified in the presence of the native manganese cluster,
manganese per PSII center. Complete removal of all nativethe Ky for Mn?* continued to increase with decreasing pH
manganese exposes a second site which binds nativan contrast to that in unmodified membranes. Above pH
manganese more strongly. Modification of this site leads 6.2, however, these samples displayed a pH dependency for
to the higher dissociation constant aKg values we have theKy for Mn?* that was similar to that in the unmodified
observed. samples. The deviation from normal pH dependency at low
When DEPC modification was done in the presence of pH values is an indication that we have modified ¥n
native manganese, thi€y value was similar to that in  binding carboxylates which are not shielded by the native
unmodified material, while the dissociation constant and the manganese, or which are exposed to EDC due to manganese
rate constant for Mit changed quite significantly. This release during the modification.
manifests the common observation that other rate constants EDC modification of PSIl membranes depleted of native
often influence théky, value in addition to the dissociation ~manganese resulted in a noticeably higkgrfor Mn?* than
constant. A decrease in the electron transfer rate on thein unmodified PSIl membranes throughout the whole pH
donor side, due to a lower rate of electron donation to PyrZ range. In addition, the pH dependency for Kagwas linear
from Mn?tas described above, could compensate for anin the whole pH range, similar to what we observed in
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membranes that had been modified in the presence ofStyring is acknowledged for helpful and inspiring discus-
manganese. Since tl&, values above pH 6.2 are similar sions.
in the unmodified membranes and in the membranes modi-
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