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Shifts the K of a Component Controlling Electron Transport via'Y
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ABSTRACT. Flash-probe fluorescence spectroscopy was used to compare the pH dependence of charge
recombination between Y and Q~ in Mn-depleted, photosystem Il membranes [PSN{n)] and in
membranes with the high-affinity (HA Mn-binding site blocked by iron [PSHMn,+Fe); Semin, B.

K., Ghirardi, M. L., and Seibert, M. (200Biochemistry 415854-5864]. The apparent half-time for
fluorescence decayify) in PSII(—Mn) increased from 9 ms at pH 4.4 to 75 ms at pH 9.0 [with an apparent
pK (pKapp Of 7.1]. The actual fluorescence decay kinetics can be fit to one exponential component at pH
<6.0 {2 = 9.5 ms), but it requires an additional component at pB.0 (1> = 385 ms). Similar
measurements with PSHMn,+Fe) membranes show that iron binding has little effect on the maximum
and minimumty» values measured at alkaline and acidic pHs but that it does shiftidhgfom 7.1 to

6.1 toward the more acidid{a,p value typical of intact membranes. Light-induced Fe(ll) blocking of the
PSII(—Mn) membrane is accompanied by a decrease in buffer Fe(ll) concentration. This decrease was
not the result of Fe(ll) binding, but rather of its oxidation at two sites, the kife and the low-affinity

site. Mssbauer spectroscopy at 80 K on PSMn,+Fe) samples, prepared under conditions providing

the maximal blocking effect but minimizing the amount of nonspecifically bound iron cations, supports
this conclusion since this method detected only Fe(lll) cations bound to the membranes. Correlation of
the kinetics of Fe(ll) oxidation with the blocking parameters showed that blocking occurs after four to
five Fe(ll) cations were oxidized at the HAite. In summary, the blocking of the HAVn-binding site

by iron in PSII(-Mn) membranes not only prevents the access of exogenous donorita also partially
restores the properties of the hydrogen bond net found in intact PS(Il), which in turn controls the rate of
electron transport to X

The catalytic center of the oxygen-evolving complex water oxidation process is initiated by light-driven excitation
(OECY of photosystem Il (PSIl) consists of four Mn ions of the primary electron donor, P680, which results in the
(the tetrameric Mn cluster), parts of the D1 polypeptide, one formation of the charge-separated state, P6B0. Oxidized
Ca cation, and one or two chloride anions. This ensemble P680 is a strong oxidanEf, = 1.1 V) (1), which oxidizes
can accumulate four oxidizing equivalents that are used tothe redox-active tyrozine X (D1-Y161) within tens of
oxidize two water molecules and release moleculari®e nanosecond2(-4) and generates 7Y, the neutral form of
the radical $—7). This radical in turn oxidizes the OEC with
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1 Abbreviations: Chl, chlorophyll: DCMU, 3-(3,4-dichlorophenyl)-  the phenol oxygen of Xand a Mn'bouhd SUDSFrate water
1,1-dimethylurea; DPC, 1,5-diphenylcarbazifig;fluorescence emitted molecule 8, 12) or indirectly via an intervening water
by a sample at low light levels prior to flash excitatiof; ¢ Fo)/Fo, molecule (3). These observations form the basis of new

fluorescence yieldFy,, final fluorescence yield detected after decay St : :
of the flash-induce® max Fmax maximum fluorescence yield following models for water oxidation in PSII, in whichz¥fs a part of

actinic flash excitation; HA site of high-affinity electron donation to _the OEC and_ thus participates directly in water photochem-
Yz by exogenous donors; MES, BHmorpholino)ethanesulfonic acid;  istry. According to these models,,¥xtracts either protons

OEC, oxygen-evolving complex; P680, primary electron donor in PSiI;
pKapp apparent K; PSII, photosystem II; PSH{Mn), Mn-depleted PSII (14) or hydrogen atoms1g, 16) from water molecules

membranes; PSHMn +Fe), Fe-blocked PSHMn): Qa primary coordinate_d to Mn. In turn, the oxidation o'fz\by P680 is
quinone acceptor of PSII;ysecondary quinone acceptor of PSII; RC, accompanied by the release of a phenolic proton from Y

reaction center; Tris, tris(hydroxymethyl)aminomethane; (D1- and the formation of a neutral tyrosine radical op Y
Tyrl61), redox active tyrosine, the first electron donor to P6B0 . .
PSII; Yp, redox active tyrosine (D2-Tyr160), an alternative electron 1 his proposed mechanism for electron and proton transfer

donor to P680 in PSII. through Yz requires the presence of another species [base B
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(4)] to accept the proton from X A number of studies have  bound iron cations inhibit the donation of an electron to Y

shown that tyrozine ¥, like tyrozine Yp, is hydrogen- by exogenous donors such as Mn(ll), Fe(ll), and DPC (but
bonded, but the hydrogen bonds tg ate less ordered than not hydroxylamine) 49). These results showed that iron
those to ¥ at least in Mn-depleted PSIL7—20). However, bound to the HA site reconstitutes two of the main features

the specific amino acid residue forming the hydrogen bond of the intact OEC in PSII: the inaccessibility of;Yor
with Yz is yet to be identified conclusively. Computer exogenous electron donors and a stable intermediary metal
modeling studies, site-directed mutagenesis, and chemicalcomplex. These two characteristics are also associated with
complementation studies suggest that this role could bethe two-Mn intermediate of the normal photoactivation
performed by D1-His1902(1—26). This histidine possibly  process. Since the stable binding of iron to the A&ke
controls not only the rate of )Yoxidation but also the rate  changes the protein environment aroung We investigated
of Yz reduction by recombination withQ (24). Manganese  the influence of bound iron on the rate of electron transfer
extraction alters the interaction betweepand base B, and  to Y7 (i.e., the reduction of ¥ by charge recombination)
the oxidation of ¥, becomes rate-limited by its deprotonation in the current study. As expected, iron binding had a
(for reviews, see ref27 and28). It has been proposed that significant effect on the pH dependence of the recombination
this effect is caused by the disruption of the hydrogen bond kinetics compared to that in “unblocked” Mn-depleted PSlI
between Y and His190 26) or by a shift in the Eapp Of membranes.
base B 4).

In functional PSII membranes, the protein matrix and the MATERIALS AND METHODS

presence of the Mn cluster on the donor side prevent the _. . .
oxidation of exogenous electron donors by redox-actiye Y Biological SamplesBBY-type, PSII-ennchgd membrane
fragments were prepared from market spinadh) (and

and facilitate the high rate (on the time scale of nanoseconds) )

of electron transfer from ¥ to P680. Extraction of Mn, reegusqunde('\jAmthéfrer A d[sg Arfm\l<|/I MES/ NaOHCbhlfffer (hpm
which normally also removes €3 alters the protein -5), m atl, and ©. sucrose].. orop Oy
environment around X As a consequence, sYbecomes concentrations gnd Clalb ratios were determined in 80%
accessible to the exogenous reductant, Mn@B),(and an actetor;e, accordmglj tt(') thg r?r?thgcsi|?f Poet)aal. (50 Trljoo
almost 1000-fold decrease in the electron transfer rate %< o' 9XYgen evoitrion X 781 membranes was
between ¥* and P680 results at neutral pH4( 19, 25, 26, 500zmol of OZ (m_g Of_ Chly™*h " and the membranes were

e o stored under liquid nitrogen until use. Manganese depletion

30, 31). Extraction of the Mn cluster from PSII is also was accomplished by incubating thawed PSII membranes

accompanied by the appearance of the high-affinity {HA : .

Mn-binding site on the donor side3Z—44). This site 05 mg of Chi/mL) h 1 M T”S'HCI buffer (pH 9'4)'
containing 0.4 M sucrose, for 30 min at’& in room light

specifically binds one Mn cation that is oxidized by*Y36, .
42). Exogenous Mn(Il) donates electrons tg' Via this site, (35). Hereatter, these will be termed PSitn) membranes.

which is also thought to bind the first Mn involved in the Manganese and Iron SolutiorSoncentrated stocks of 0.5
assembly of the Mn cluster during the photoactivation MM MnCl; and 0.5 mM FeS@in double-distilled water were

process. The DPC inhibition ass&88(36, 38, 40, 41, 45), made up just prior to t_he experiments. Little oxidation of
EPR @9, 42), optical spectroscopy{), and measurements Fe(ll) in the stock solution (pH 5.6) was obse_r\_/ed after 5 h
of flash-probe fluorescence deca82( 38, 40—42) have all at room temperature. In contrast, the stability of Fe(ll)
been used to investigate this site. Site-directed mugint ( decreased in buffer A (pH 6.5), but only5% of the Fe(ll)
43) and chemical modification36, 36, 39, 40, 44) studies was oxidized aftea 1 hincubation 49).
suggest the involvement of carboxylic groups, probably from  pH MeasurementsThe effects of pH on flash-probe
D1-Asp170 among others, in the ligation of the Mn cation fluorescence yield decay kinetics in PSti{In) membranes
at this site. Finally, spectroscopic evidence (dual-mode EPR)were examined using MES buffer (50 mM MES/NaOH, 15
for Mn(l1l) formation by the photooxidation of Mn(ll) bound ~ mM NaCl, and 0.4 M sucrose) in the pH range of 4645
at the HA Mn site has been obtained recentfg). and Tricine buffer (50 mM Tricine, 15 mM NacCl, and 0.4
A number of different divalent metal cations can interact M sucrose) in the pH range of 7#®.0. No differences in
with the HA; site but significantly less efficiently35, 38) the apparent decay kinetics of the samples in MES or Tricine
than Mn(ll). The DPC inhibition assay has shown that only buffers poised at the same pH (pH 7.0) were observed. The
Fe(ll) binds to the HA Mn-binding site as well as Mn(ll), ~ PH dependence of the fluorescence decay kinetics in PSII-
and many binding characteristics for both cations are similar (—Mn,+Fe) membranes (containing an iron-blocked HA
(46). Kinetic studies have revealed competitive binding of Mn-binding site) was measured in MES/NaOH buffer at all
Fe(ll) and Mn(ll) cations at this site4). The molecular pHs below ca. 8.2. Tricine was not used because it can extract
basis for the similarity in binding of the two ions might be iron cations bound to the HAsite @9, see also Results
explained in terms of the carboxyl ends of the D1 and D2 section below). The pHs of the samples, resuspended in MES
polypeptides. These constituents of the PSII reaction centerbuffer outside its optimal buffering capacity (i.e., p¥b.5
contain conservative motifs, which can coordinate either Mn or >7.0), were confirmed after addition of all reaction
or Fe cations48). components. At high alkaline pHs<{83), the fluorescence
Investigation of the interaction of Fe(Il) with the HAite decay kinetics in PSI{{Mn) membranes were measured in
by flash-probe fluorescence has shown that a short prein-pyrophosphate buffer (20 mM pyrophosphate, 400 mM
cubation of Mn-depleted PSII membranes under weak light sucrose, and 15 mM NacCl).
with Fe(ll) (conditions resembling those for photoactivation ~ Blocking of the HA Mn-Binding Site.PSII(—Mn,+Fe)
of the Mn cluster) leads to the irreversible binding of more membranes were prepared as follows. Mn-depleted PSII
than one Fe cation at the HMn donation site 49). These membranes (37g of Chl/mL) were incubated in buffer A
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(pH 6.5) with 7.5uM Fe(ll) under cool white fluorescent 9.0
room light (4 uE m™2 s, PAR) for 2 min at room 80  F
temperature, pelleted by centrifugation, and resuspended in

MES buffer (50 mM MES, 0.4 M sucrose, and 15 mM NacCl) o
at the indicated pH49). 6.0

Assessment of Fe(ll) Oxidatiofhe concentration of Fe(ll)
in buffer A before and after incubation with PSHn) 08 50 Fin
membranes (following removal of the membranes by cen- '
trifugation) was determined utilizing the-phenanthroline 061 44 f
procedure by measuring the absorbance of the red-colore
ferrous phenanthrolinate complexsf, = 11.1 mM1) (49).
The spectroscopic measurements were performed with a
Varian Cary 5E spectrophotometer (sensitiviiy().002 A,
+0.1uM Fe).

Flash-Probe Fluorescence Measuremefitse decay of 00 , , ' . ‘
the flash-probe fluorescence decay yield was measured at 3 4 5 6 7
room temperature using a home-built instrument capable of Time (s)
a time resolution of 10(is (38, 49). Samples, containing  ggure 1: Effect of pH on the kinetics of flash-probe Chl
25 ug of Chl/mL (ca. 0.124M PSII centers) and 37.6M fluorescence decay attributed to charge recombination in PSII. Tris-
DCMU in buffer A, were adapted to the dark prior to the washed (Mn-depleted) spinach PSIl membrane fragments [PSII(
measurement. Data analysis used Data Translation GlobaMn)] at 25ug of Chi/mL were excited with a single-turnover flash.

. In the way of background information, the CGhfluorescence yield
Lab software and a DT2839 A/D board mounted in an ALR in PSIl is governed by the redox states of P680 anda@d it

456 personal computer38): The _half-tlmes_ reported in depends on the concentration of reduced primary quinone acceptor
Figures 2 and 6 were the time points at which the fluores- Q, that is generated by an excitation flagti)(see the Discussion
cence emission decayed to one-half the maximum value andfor comments on the linearity between the fluorescence yield and
are termed apparent half-times. The amplitudes of the Q. concentration). The initial dark redox state of the PSII reaction

. . : center is P680PheqQwhereF, is the fluorescence emitted by the
exponential components, which constitute the actual fluo- samples prior to flash excitation. Light-induced excitation of P680

rescence decay kinetics, are shown in Figures 4 and 7. Thegrives primary electron transfer from P680* to the nearby Pheo
decay kinetics were approximated by a single-exponential primary acceptor, and this transient charge separation is stabilized
component in the pH region from 4.4 to 6.0 using the Wwithin 300 ps by the reduction of {by Pheo (52). Despite the
equationy = y, + ae . At higher pHs, two components presence of @, P680'PheoQ" is still in a low-fluorescence state

. . . . (Fo) because P680is a fluorescence quenches3. Subsequent
provided a better fit, and they were obtained using the reqyction of P680 by Y; results in the appearance of the high-

equationy = yo + ae ™™ + ce”™. fluorescence state, YP680Pheo@, and the fluorescence yield
Mossbauer Spectroscoplin-depleted PSIl membranes '“Cr‘?g_se%t(o )”E)e ot dle"fﬂn(af)- Subsequctent%r?k_cant_be
reoxidized (a) by the secondary quinone acceptgr inetics
(15 ug of Chl/mL) Were adapte'd to the darkria h and of a few hundred microseconds4j or (b) by charge recombination
then incubated at &C in buffer A'[15 mM MES (pH 6.1),  ith the tetrameric Mn cluster of the OEC (in intact PSII
15 mM NacCl, and 0.4 M sucrose] with 1,8V 5"Fe(ll) for membranes) or with ¥ (in Mn-depleted PSII). Pathway b occurs
40 s or 1.QuM 57Fe(lll) for 5 min in cuvettes illuminated as  in the presence of DCMU, an inhibitor of,Qeduction by Q.
described before except the intensity wa0 uE m2 s The subsequent recombination process is accompanied by a decrease
. . ) in the Q~ concentration, which can be monitored from the decay
The membranes were then C?ntr'fUQed ff)r 25 min at 26000 of the fluorescence yield after a saturating flash. The fluorescence
the pellet was resuspended in the dark in a small volume of reaches a steady state levii) that is higher thaifr, after several
buffer A', and the suspension was centrifuged foh at tens of milliseconds24, 38). This observation indicates that some
10000@. The membranes were then transferred to a 0.4 mL fraction of the Q™ pool does not recombine withzY. Itis thought
Mdssbauer cell (20 mg of Chl) and frozen in liquid nitrogen. that Fy, is governed by the presence of an endogenous electron
The Missbauer spectra were obtained at 80 K usifigaRh donor for Yz* of an unknown nature that reduces part of the Y
) p : - X A population in a sample and as such prevents the total reoxidation
source. The isomer shifts are given relative to metallic iron of Q.- during the recombination process with*Y24, 55). In this

max

(F-Fo) Fy

at room temperature. figure, each sample contained 37/8 DCMU. The samples were
adapted to the dark for 2 min prior to the measuremént- (Fo)/
RESULTS Fo is the fluorescence emission normalized=to The numbers in

the figure are the pHs of the samples at the time of the experiment.
pH Dependence of the Flash-Induced Fluorescence Decay>¢® e text for other experimental conditions.
in Mn-Depleted PSIl Membranes further at pH>7.5. The pH dependencies Bf.ax Frin, and

the apparenty; are presented graphically in Figure 2. The

pH 4.4-9.0. We first studied the pH dependence of the t;; has a well-defined pH dependence, which suggests the

flash-probe fluorescence decay kinetics in PSMn) mem- involvement of a protonateable group with K., of 7.1
branes over the range of 4:8.0 (Figure 1) and observed [the pH at which the appareit, = (ty " + t1,2"")/2] in
the following results. (aFmaxincreased between pH 5.0 and the control of electron transport via;YThe apparent; ;™"
7.0, but by a factor of only~1.5. (b)Fy, started to increase  that we observe at acidic pHs49 ms (Figure 2), and this
above pH 6.0 but did not reach saturation in the pH range corresponds well with the;, value (9.3 ms) found by
that was investigated. (c) The apparémt (due to charge  Mamedovet al. (24) for thylakoid membranes, isolated from
recombination betweenQand Yz*) increased between pH  WT Chlamydomonas reinhardtiwhich do not contain a
6.0 and 7.5 (with a Iapp Of 7.1), but it did not increase  functional OEC) grown in the dark. In contrast, the apparent
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Ficure 2: pH dependence of the maximum fluorescence yield Ficure 4. Relative amounts of the two exponentially decaying
(Fmay following flash excitation M), the final fluorescence yield  components deconvoluted from the flash-probe fluorescence yield
(Frin) detected after decay of the flash-induced yield fromRhe kinetics in PSII-Mn) membranes as a function of pH. The fast
level (a), and the apparent half-timé) for fluorescence decay (®) and slow @) phases have;;, values of 9.5 and 385 ms,
(O). At least three sets of decay kinetics were averaged for the respectively. The fluorescence decay at pB.0 can be fit with a
determination of each data point. See the legend of Figure 1 andsingle componentj, = 9.5 ms), while at pH6.0, a second slower
the text for other experimental details. component with d;/, of 385 ms is required.

1.0

PKapp is similar to that of arginine/arginate (12.5). One
possible explanation for the drop Fnax at high pH is the

0.8 1 deprotonation of an arginine residue that directly inhibits Q
reduction. The reported involvement of arginines in main-
0.6 taining electron transport capacity on the acceptor side of
PSIl (57, 58) supports this suggestion. However, other
04 | reasons such as the inherent inability of PSII to perform
charge sepsaration at such high pHs cannot be excluded. The
A value ofFy, in Figure 3 continued to increase with pH; the
rate of increase accelerated at higher pHs, jpdeached

a maximum at pH~11.5. At this point, the, level was
close to that ofFnax but then decreased in parallel wihax.

The Kapp0f the ascending part of th&;, curve equals 10.5,
similar to the K of the tyrosine/tyrosinate couple (10.3).

FiGure 3: pH dependence Gz (W) andFen (4) in PSII(-Mn) Since donation of an electron by exogenous Mn(ll) to PSII
membranes at alkaline pHs. The flash-probe fluorescence decay,

parameters were measured in the presence of @1.HCMU in has,a Kapp OF 5.2 (49) and exhibits a very different pH
20 mM pyrophosphate buffer containing 0.4 M sucrose and 15 mm Profile, we can conclude that the observed pH dependence
NaCl. of Fsn is Not due to electron donation by residual Mn [Tris
treatment, like hydroxylamine, does not remove all Mn from
fluorescence decay half-time at higher gig(®) in Figure PSII and leaves 0-10.8 Mn atom per RC of PSII509)].
2 is 75 ms, whereas the corresponding value found by Deconolution of the Fluorescence Decay Ges. The
Mamedovet al. (24) was 131 ms. The discrepancy might kinetics of charge recombination in PSH{In) particles from
be due to the different strain of organisms used and/or the Synechocystissp. PCC6803 &0, 61) or PSllI-enriched
different temperature of the samples in the two experiments. membranes from spinacb%) can be represented as the sum
In investigating the reason for this discrepancy, we deter- of two (55) or three 60, 61) exponential components at 315
mined that the apparent fluorescence degayat alkaline and 325 nm (optical measurements of thg Qlecay
pHs (but not at acidic pHs) is quite dependent on the kinetics). Optical measurements of*Yeduction at 292 and
temperature of the sample. For example, at pH 9.0, it 287.5 nm have also been fitted with or&5f or two (60,
increases from 75 ms at 2Z to ca. 300 ms at 7C (data 61) exponentials. In Figure 4, we deconvolute the fluores-
not shown). Details about a temperature effect on the cence decay kinetics measured at different pHs in spinach

0.2 1

Fluorescence yield (rel. units)
| |

0.0

13 14

(o]
©
= |
o
-
-
-
[\S}

7

reduction of Y;* are now being studied. PSIl membranes, assuming that thg values of the
pH 8.0-13.0.The pH titration shown in Figure 2 did not individual exponential components do not change with pH
enable us to estimate &gy, for the kinetic parametef,. (see the discussion in réR). In support of this supposition,

However, the existence of a high fluorescent state that doeswe point out that the rate constants for P686duction in

not decay to thd=, level has been observed previously at Mn-depleted PSII particles vary only moderately with pH
neutral pHs 23, 38, 42, 55, 56), and an increase iR, with (26). Furthermore, Ahlbrinlet al. (4) found that the rate of
pH up to pH 10.0 has also been reported by another groupthe fast kinetic componenii(= 7 x 1 s™%) in the reduction
(24). On the other hand, Figure 3 shows the dependence ofof P680" in Mn-depleted PSII core particles was nearly pH-
Fmax and Fs, at pHs between 8 and 13.0 in pyrophosphate independent, and the rate of the slow componlkent(2—10
buffer. The Fnax level changed little up to pH 11, and x 10* s'1) exhibited an only weak pH dependence. The
thereafter decreased to near zero witlKgppof ~12.5. This fluorescence decay yield due to charge recombination,
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Ficure 5: Effect of Tricine (50 mM Tricine, 0.4 mM sucrose, and
15 mM NacCl), HEPES (50 mM HEPES, 0.4 mM sucrose, and 15
mM NacCl), and MES (50 mM MES, 0.4 mM sucrose, and 15 mM
NaCl) buffers on iron blocking at the HAVIn-binding site in PSII-
(—Mn) membranes. The HAsite was blocked by incubating the
membranes (2xg of Chl/mL) in buffer A (pH 6.5) with 15:«M
Fe(ll) under room light for 2 min. The samples were then pelleted,

resuspended in buffer at the indicated pHs, and incubated in the

dark for an additional 5 min in TricineQ), HEPES [() 5 min
incubation and €) 1.5 min incubation], or MES K) 5 min
incubation and &) 1.5 min incubation] buffer. After incubation,
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Ficure 6: pH dependence of the flash-probe fluorescence param-
eters, apparertt, (®) andFg, (a), in PSII(—Mn) membranes with

an iron-blocked HA site [PSIIMn,+Fe)]. For comparison, the
dependence of thig,; in PSII(—Mn) membranes is also presented
(O). The fluorescence measurements were taken after the iron-
blocked samples were pelleted and resuspended in buffer at the
indicated pHs.

Extraction of any specifically bound iron should be ac-
companied by an unblocking of the HAsite and the

the samples were again pelleted, but this time they were resuspended@Ppearance of Mn(ll) donation to;Y(49). The data obtained

in buffer A at pH 6.5. The amount of unblocked HAite, due to

in Figure 5 show that incubation of the blocked PSII

the release of bound iron cations from the membranes, was membranes in Tricine leads to extensive extraction of bound

estimated from the amount of Mn(ll) electron donation tg Yia

the HA; site. The results were expressed as the relative amount of

reducible Y* determined as Fmax — Ffin)/Ffin] ™M — [(Frnax —
Fiin)/Fiin] ™nD - where Frax and Fgn, represent the maximum

iron at all pHs that were tested (#B.7). At pH >8.0,
incubation of PSIK-Mn,+Fe) membranes in either HEPES
or MES leads to the partial extraction of the bound iron as

fluorescence level and the steady state fluorescence level after decagletected by the ability of the HAsite to accept electrons

from Fmax in the absence and presence of A Mn(ll),

respectively. As the scale, 0.55 relative unit equals 100% donation.

measured at acidic pHs, can be fitted using only one
exponential with a7 equivalent to the fast apparefit,
(9.5 ms) reported in Figure 2. Above pH 6.0, the decay

cannot be represented by a single-exponential component,

and a second componertif) is necessary to fit the data.
In this experimentty,s® is significantly longer tharyf and

is equal to 385 ms. The amplitudes of the two individual
components as a function of pH are shown in Figure 4. The
amount of the fast component starts to decrease at 19,
where the slow component starts to appear. TKggvalues

of both components coincide with th&g,,of thety, of the
species (base B) that controls electron transportAo(&te
Figure 2). These results imply that control of electron
transport to ¥° is determined by a single species in Mn-
depleted PSII membranes. When this species become
deprotonated, the rate of back electron transport between Y
and P680 decreases significantly.

pH Dependence of the Fluorescence Decay in Mn-Deple-
ted PSIl Membranes with an Fe-Blocked H¥n-Binding
Site

pH 4.4-8.4.1t is known that alkaline pH destabilizes the
tetranuclear Mn cluster in the OEC and thus might also affect

from Mn(ll). The MES effect is weaker than the HEPES
effect at pH >8.0, and the amount of iron extracted is
dependent on the incubation time. As a consequence of these
controls, we used only MES buffer to examine the effect of
a pH of <8.2 on the fluorescence decay profiles in these
same membranes.

In preliminary studies49), we observed that blocking the
HA7 site with iron increased the apparednt of the flash-
probe fluorescence decay from 22 to 70 ms when the
measurements were carried out at pH 6.5. However, as seen
in Figure 6, the shift in the apparenf, occurs over only a
narrow pH range. At pH<5.0, the fluorescence decay
kinetics (12 ~ 9 ms) do not change after the HAite is
blocked with iron. The same situation occurs at pi8.0,
where the apparent;,; was the same for PSHMn)
membranes with or without an Fe-blocked Hgite. How-
ever, between pH 5.5 and 8.0, there is a considerable shift

Sn the Kapp (from 7.1 to 6.1) of the component that controls

electron transfer to ¥ Thus, the binding of iron cation(s)
to the HA, Mn-binding site changes only theKg,, of the
component forming the hydrogen bond with.YThe effect

of pH onF4y, did not change when the H#site was blocked
with iron (compare Figures 2 and 6) over the pH range that
was investigated. As pointed out above, the pH titration of
Ffin andFnaxat pH>8.2 could not be done due to the effect
of alkaline pH on the bound iron. If the flash-probe

iron bound to the same site. Consequently, before investigat-fluorescence decay profiles of PSH{In,+Fe) membranes

ing the effect of pH on PSI{Mn,+Fe) membranes, we

are deconvoluted usingy, values of 9.5 and 385 ms as in

studied the stability of the blocking iron at alkaline pHs. The Figure 4, the behavior of the two exponentials as a function
blocked membranes were incubated for 5 min in Tricine, or of pH is the same as that of samples with an unblocked HA
for 1.5 and 5 min in HEPES and MES buffers at the pHs site, except that the Ky, values of the slow and fast
indicated in Figure 5, and subsequently, electron donation components are shifted to a pH of 6.1 (compare Figures 4
by Mn(ll) to Yz was assessed in buffer A at pH 6.5. and 7).
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fore incubation 4|

after incubation

Concentration of Fe(ll) in buffer (uM)
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Ficure 8: Concentration of Fe(ll) in buffer A before and after

components deconvoluted from the flash-probe fluorescence yield incubation of PSIK-Mn) membranes (2&g of Chl/mL) for 2 min

kinetics in PSII-Mn,+Fe) membranes as a function of pH. The
fast @) and slow @) phases have lifetimes of 9.5 and 385 ms,
respectively. The fluorescence decay kinetics at 55 can be
described by a single componeti = 9.5 ms), while at pH>5.5
the second, slow component appears.

Table 1. Mmshauer Parameters figFe Cations Detected in
PSII(—Mn) Membranes after Incubation of Membranes with either
STEe(Il) or SFe(lNN)2

isomer quadrupole
shiftd  splitting AEq
sample (mm/s) (mm/s)
Mn-depleted PSII membranes withre(ll) 0.51 0.65
Mn-depleted PSIl membranes withre(lll)  0.49 0.75

a See the text for experimental details.

Number of Iron Cations Required To Block the H¥An
Site.A previous study 49) reported some of the properties

with ferrous iron under weak light. The concentration of Fe(ll) in
solution after incubation with PSH{Mn) membranes was measured

in the supernatant immediately after removal of the membranes by
centrifugation. The numbers at the bottom of the figure are the
concentrations of Fe(ll) added to the incubation buffer.

contain only ferric cations after illumination and that no
Fe(ll) is bound to the membranes. Although the spectra of
samples with or without a blocked HAVIn-binding site are
similar at 80 K, they have different form¢ & K (data not
shown); however, conclusions about the structure of the
specifically bound iron complex are premature at this point.
Figure 8 shows the concentration of Fe(ll) remaining in
solution after Mn-depleted PSII membranes have been
incubated with different amounts of Fe(ll) under cool white
light (4 uE m2s™1, PAR ) for 2 min. The data indicate that
(a) the extent of iron oxidation increases with the initial
concentration of Fe(ll) in the buffer, (b) saturation of iron

of the blocking process, including the Fe concentration, the oxidation takes place at Fe(ll) concentrations-& uM, and
exposure time, and pH dependences. We have now attemptedc) at 2uM, the lowest concentration of Fe(ll) that totally
to place an upper limit on the number of iron cations binding blocks the HA site under our condition4g), the amount

to the HAy site by determining the number of cations that

must be oxidized to achieve the blocking effect. To do this,

of Fe(ll) still remaining in the buffer after incubation was
~20%. This means that blocking occurs wheri4 Fe

we measured the concentration of Fe(ll) remaining in cations/RC are oxidized (calculated on the basis of 220 Chls
solution after incubating Mn-depleted PSII membranes with per RC).

Fe(ll).

This number seems rather large, but we must consider that

There are two possible reasons for the disappearance othere are several ways for Fe(ll) to be oxidized in our

ferrous cations from the solution during incubation, oxidation samples. In fact, only light-dependent Fe(ll) oxidation via
of Fe(ll) cations or ligation of Fe(ll) to the sample membrane. the HA; site causes the blocking effect. We can exclude

We eliminated the latter possibility using ésbauer spec-

Fe(ll) oxidation by oxygen in the buffer; only 5% of the

troscopy. Mn-depleted PSII membranes were incubated iniron can be oxidized in buffer A at pH 6.5 over an incubation

the light with 5"FeSQ under conditions providing the
maximal blocking effect but minimizing the amount of

period of 1 h, which is much longer than the 2 min it takes
to form the Fe block49). This means that the primary routes

nonspecifically bound iron cations (see Materials and for iron oxidation are associated with the Mn-depleted PSII

Methods for details). The 80 K Msbauer spectrum of PSII-

membranes themselves. It is known that PSNnh) mem-

(—Mn,+Fe) membranes exhibits one doublet with the branes have two sites for the oxidation of exogenous electron
spectroscopic parameters typical of Fe(lll) and shown in donors such as Mn(ll), DPC, and (66), one involving high-
Table 1. A doublet typical of the high-spin ferrous state affinity and the other low-affinity donation. The high-affinity
[quadrupole splitting AEg) of around 3 mm/s and isomer oxidation site includes ¥ as the oxidant, while the nature
shift (0) of 1.1-1.3 mm/s] $3—65) was not observed in  of the oxidant at the low-affinity site is not clear. Fe(ll) can
the spectrum. The relatively large absorption of the sample also be oxidized at high- and low-affinity sites. This is clearly
(5%), incubated wittP’Fe(ll) in this experiment, makes it  seen in Figure 9, where oxidation of exogenous Fe(ll) is
improbable that a significant amount of Fe(ll) doublet could shown to occur at concentrations above:i, where the
have been overlooked in the spectra. Furthermore, theoxidation of Fe(ll) via ¥;* is blocked 49), and thus must
Mdéssbauer spectrum of Mn-depleted PSII membranes incu-occur through the low-affinity site. The concentration
bated with°"Fe(lll) cations shows a quadrupole doublet with dependence of Fe(ll) oxidation in Figure 9 is unusual in the
similar parameters (Table 1). These data indicate that PSII-0—0.5 uM Fe(ll) range, where the rate of iron oxidation
(—Mn) membranes incubated with ferrous cations in fact seems to increase linearly with Fe(ll) concentration [but this
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50 Table 2: Half-Times for ¥* Reduction in Mn-Depleted PSII
45 A Materials
c 4.0 4 ti2
o pH method (ms) sample ref
o s 35 EPR 9 PSIl membranes, spinacfil
-_g S 30 6.0 flash-probe fluorescence 9 PSIl membranes, spinach this
R e study
S8 251 - EPR 40 PSII membranes, spinach?2
°g 20 1 —; 6.5 flash-probe fluorescence 25 PSIl membranes, spindéh
5 3 “ 2 " flash-probe fluorescence 22 PSIl membranes, spinach this
BE 15 study
‘E 5 é optical 107 PSII_ memb_(anes, spinacﬁS
] »‘g 1.0 4 2 75 flash-probe fluorescence 7Z. remhardtuthylakmds_ 24 )
c S " flash-probe fluorescence 72 BBY membranes, spinach this
8 0.5 1 o1 study
00 - -05 -0.4 -03 -0.2 -0. 1. 00 01 02 03 04 05 06 EPR 110 C relnhardt"thylakc’lds 24
I 9.0 flash-probe fluorescence 13CT. remhardtuthylakmds_ 24 _
o5 flash-probe fluorescence 75 PSIl membranes, spinach this
40123 456 7 8 910111213 14 15 16 study’
Concentration of Fe(ll) in buffer before aThe differences in temperatures used for the different measurements
incubation with PSII(-Mn) membranes, pM can account for the lower value ¢f,. The temperature differences

are more pronounced at higher pHs (see the Results).

Ficure 9: Amount of Fe(ll) oxidized by Mn-depleted PSII

membranes durgha 2 min incubation under weak light as a function

of added ferrous iron. See the Figure 5 legend and text for other the equilibrium constarizr (=[Y z"P680]/[YzP6807) (19).

experimental details. The inset shows a LineweaBarrk plot of Since the recombination time betweeg @nd Ys*, deter-

the data presented in the main panel at iron concentratioaof . o

M. mined by the flash-probe fluorescence method, is much larger
than that between Q and P680 [i.e., the former is several

range is close to thet0.1 uM Fe(ll) accuracy of the  tens of milliseconds 24, 37, 38, 42)], the kinetics of
measurements]. However, above this range, the shape of théluorescence decay must be determined mainly by the
curve resembles those of the curves obtained for the oxidationconcentration of P68Q which we saw depends on the rate
of other exogenous electron donoB$), The inset of Figure ~ Of back electron transport from P680 to"Y

9 is a LineweaverBurk plot of the data above 2M Fe(ll) Nevertheless, the relationship between the @pulation
and shows that there is only one low-affinity site for iron and the fluorescent yield can be nonlinear due to energy
oxidation. This site has K of 3.6 M and aViay of 5.3 transfer between PSII unit§9). To minimize the nonlin-

umol of Fe(ll) (mg of Chly? h-L. Using these parameters, earity in the experiments described in the Results, we
the rate of Fe(ll) oxidation via the low-affinity site can be removed all divalent cations from the assay buffer. The
determined at any concentration of added ferrous iron usingresults of Melis and Homanr7Q) and those compiled in

the equation Table 2 indicate that under such conditions the exitonic
connectivity between PSII units in Mn-depleted spinach PSII
Vol S membranes is .smgll. Table 2 compares 'ttb@values' for
=m Yz Q. recombination found in our experiments using the
m flash-probe fluorescence method withy, values for Y
] ] reduction kinetics determined both by EPRI(42, 71) and
where [S] is the Fe(ll) concentration. . by optical measurements of the absorption changes at 292
For the above equation to be valid, the concentration of (55). Table 2 also shows that there is no pH dependence
the substrate should be significantly larger thapM to of the exitonic connectivity between PSII units in the absence

neglect the amount of Fe(ll) cations oxidized via the high- ¢ givalent cations.

affinity site. We chose 1@M because the time dependence  inetic Parameter F.. In our experiments, we found that
of the blocking effect was determined for this concentration increasing the pH of the buffer increaseg, which reflects
(40 s) @9). Using the estlmatet_im and\/_max valu_es, Wecan  the fraction of \* not involved in the recombination process.
calculate that the number of iron cations oxidized via the oiners have attributell;, to the action of an unknown donor
low-affinity site during the blocking process was equal 10 (23 24 55 56). Possible alternative electron donors to P680
9.5 iron cations/RC. Subtracting this from the 14 Fe cations/ g, Yo, cytochromebsss, and residual Mn. Mamedost al.
RC oxidized by PSIK-Mn) membranes during the blocking  (24) excluded ¥, due to the lack of inducible Yoxidation
procedure yields 4.5 0.9 iron cations oxidized/RC by the iy their experimental preparations (which show substantial
HA; site. Frn). Cytochromebssowas also excluded as a potential P680
DISCUSSION dono.r_by Rappaport gnd Lavernes), based on thg lack of
specific spectroscopic changes. Our pH titration Faf
Fluorescence MeasurementEhe rate of fluorescence (Figures 2 and 3) now excludes residual Mn(ll), since the
decay in the absence of the Mn cluster depends on theshape of thd, curve is different from that of donation of
recombination rate of ¥P680Pheog . The recombination  an electron by Mn(ll) to PSIKMn) membranes49). It is
is thought to take place initially betweenQand P680 [t still possible that other alternative donors reduce dhder
= 100—-200us (67, 68)] and depends on the population of these conditions (but, see r&f4 and55). However, Figure
P680". The population of P68Q in turn, is determined by 3 shows thaFs, has a [Kapp of 10.5, which corresponds to
the Y2P680" <> Y *P680 equilibrium, which is governed by  the (K of the tyrosinate/tyrosine couple in solution (10.3).
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This result supports thelapp value of 10.3 reported by Hays
et al. (26) in experiments with D1-H190 mutants. On the
basis of these results, we suggest that the increa$g,of
with pH is governed not by the action of an unknown donor
such as Mn(ll) but by the deprotonation of ¥self. Since
the reduction of ¥* is also a proton-coupled process and
requires reprotonation (see reéfg, 28, and62), the process
should be retarded at pHs above th&gpof Yz, and this is
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and only the deprotonated state of “éllows for rapid
nanosecond electron transfer to P68Bowever, the Bapp

of base B changes from a value of 4.5 in active;e®olving
material to a value of~7.0 in Mn-depleted PSIlI core
preparations4). This increase in i§app resulting from the
extraction of the Mn cluster, leads to the protonation of base
B and slows the rate of Yoxidation @). Our results show
that blocking the HA Mn-binding site with iron results in

indeed the case (Figure 3). Possibly, the acceleration of thean appreciable shift of the Yhydrogen bond partneip,

forward reaction (the reduction of P68By Y) at high pHs
is determined in part by the deprotonation of tyrosine itself.

to a lower pH. This is consistent with the suggestion of Junge
and co-workers4), although the value of thela,,in blocked

Thus, on the basis of our data, we suggest that the changesnembranes is still significantly higher than the estimated

in the rate of electron transport betweep &hd P680 with
pH in the pH range of 6:68.0 are determined by the

PKapp (4.5) for electron transfer from Xto P680 in intact
PSIl. This discrepancy can be attributed either to the

deprotonation and/or reprotonation of base B, the hydrogendifference between the coordination of iron and manganese

bond partner to ¥, whereas Y itself has a significantly
higher papp (10.3).

Kinetic Components of Charge Recombinati@®con-
volution of the recombination kinetics was carried out

ions by PSII or to an as yet unrecognized effect.
Decreases in the rate of the back reaction (P68Y ;")

are accompanied by complementary increases in the rate of

the forward reaction (Y— P680") (refs19, 24—26, 55, and

assuming that the rate constants associated with the procesg4 and our results). Thus, one would predict that blocking
are independent of pH. This in turn assumes that the protonthe HA; site might be accompanied by an acceleration of
equilibria are slow with respect to observed rates of electron Yz oxidation (or P680 reduction), corresponding to the

transfer, and that pH changes affect only the relative restoration (at least partially) of the rate of electron transfer
contributions of each exponential component. This assump-disrupted by Mn depletion. However, the effects of several

tion was also used by Ahlbrinkt al. (4) and Hayset al.
(26) (although see ref$9 and 30) in the deconvolution of

metal cations (C&, zZn?t, F&', Fe, Mn?", C&", and
Mg?") on the rate of P680reduction were measured recently

their data. Our fitted data (Figure 4) show that the reduction (74). All these cations with the exception of €aand Mg™"

of Yz is controlled by only one hydrogen bond acceptor,
which forms a hydrogen bond with a tyrosine. This result is
consistent with the data of ‘Kwme and Brudvig 12), who

decreased the rate of P68@duction. Since Fe(ll) decreased
rather than increased the rate of electron transfer frertoY
P680°, we note that the Fe(ll) in that study4) was added

showed that only one proton participates in the rate-limiting just prior to the measurements. Under those conditons,
step. However, according to the data in Figure 4, the blocking of the HA site could not have occurred, because

formation of a hydrogen bond at alkaline pHs involves only
a fraction ¢~40%) of the Y pool. This situation hampers
our ability to determine accurately th& pf the hydrogen
bond partner for ¥ since the sigmoidal curve characteristic

preincubation of Mn-depleted PSII core particles with Fe(ll)
for the length of time under weak light, necessary for
blocking @9), did not occur. Nevertheless, some of the results
from that work {74) support our suggestion that the decrease

of the deprotonation process does not reach 100% at alkalinen the Yz* reduction rate by iron blocking should be

pHs. Therefore, thelk values determined from the results

accompanied by an increase in the ¥xidation (P680

presented in Figures 4 and 7 can be considered only apparenteduction) rate. Ahlbrinlet al. (74) found that addition of

pK values, as were thep,, values determined from curves
in Figures 2 and 6. As a consequence, we can usekhg p

C&" and Mg " separately accelerated the reduction of P680
shifting the apparent Ky, of base B from 7.4 to~6.7.

values determined in our study as only a comparative Indeed, we observed a complementary effect of these cations

parameter for investigating the global effects of iron blocking
on charge recombination in PSH¥n) membranes.
Iron Blocking.Significant modification of the donor side

properties of PSII occur upon the extraction of Mn. These

include the increased accessibility of; o exogenous

in our flash-probe fluorescence experiments, where @ad
Mg?"t decreased the rate of Y reduction (unpublished
results).

Iron StoichiometryThe number of iron cations that must
be oxidized at the HAsite to induce the blocking effect is

electron donors and the lowered rate of electron transfer frombetween four and five (Figures 8 and 9). However, we cannot

Yz to P680 (4, 19, 25, 26, 29—31). Several models have

say that this range reflects the number of iron cations actually

been proposed to explain these changes in the propertiedound at the HA site. Nevertheless, this number is close to

following Mn depletion. According to Debus and co-workers
(26, 28), the decrease in the rate of 6xidation is caused
by the disruption of a hydrogen bond betweenand D1-
H190 6), and proton transfer between, ¥and D1-H190

the four Mn ions forming the Mn cluster as well as the
number of metal ions (Ma+ Ca) forming the OEC (five).
Moreover, insertion of the diiron cluster into the ribonucle-
otide reductase apoenzyme, which has the same diiron-

occurs via hydrogen bonds formed by at least two water binding motifs found on the carboxyl ends the of PSII D1

molecules that transiently connect ¥nd D1-H190. How-

and D1 polypeptidesi@), requires at least six irons, of which

ever, FTIR measurement did not reveal significant perturba- four Fe(ll) cations per enzyme are oxidizetby.

tions in the immediate environment of the, Yphenoxyl
group after Mn depletion20). According to Junge and co-
workers @, 73), the rate of electron transfer fromz;Yto
P680 is controlled by an amino acid residue called “base
B”. Hydrogen-bonded with base B, ¥exists as tyrosinate,

Blocking itself is a light-driven process where ferrous
cations must be oxidized to block the HMnN-binding site
(49). Despite the number of iron cations oxidized during the
process, blocking occurs in the absence of an added
exogenous electron acceptor. This is not surprising, because
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it is well-known that photoactivation (self-assembly of the
Mn cluster) can also occur in the absence of an exogenous
electron acceptor7@). Oxygen most likely serves as the
electron acceptor for both photoactivation and Fe blocking
since the reduction of Yon the acceptor side of PSII is
well-known (77, 78).

Summary.In conclusion, we have observed that the
presence of iron bound to the HAite causes a shift in the
pKapp fOr Yz* reduction from 7.1 to 6.1, without affecting
the rate of %* reduction at acidic or alkaline pHs. These
results suggest that the extraction of Mn from the OEC, rather
than disrupting the hydrogen bond between base B and Y
in fact shifts the Eapp Of base B, supporting the work of
Ahlbrink et al. (4). Furthermore, the coordination of iron
cation(s) at the HAMnN-binding site provides for significant

[N

changes in the protein matrix around.Bound iron cations 14.

prevent the access ofzYfor most exogenous donorg9)
and shift the Kapp Of base B controlling the rate of electron

transfer between P680 and;Y These results show that 15.

bound iron cations can partially restore some of the structural
organization on the donor side of PSII disrupted by extraction
of the tetrameric Mn cluster.

16.
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