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ABSTRACT. Biogenesis and repair of the inorganic core ¢gaQcCly), in the water-oxidizing complex of
photosystem Il (WOEPSII), occurs through the light-induced (re)assembly of its free elementary ions
and the apo-WOEPSII protein, a reaction known as photoactivation. Herein, we use electron paramagnetic
resonance (EPR) spectroscopy to characterize changes in the ligand coordination environment of the first
photoactivation intermediate, the photo-oxidized *¥Mound to apo-WOEPSII. On the basis of the
observed changes in electron Zeemagy)( >>Mn hyperfine @) interaction, and the EPR transition
probabilities, the photogenerated Rris shown to exist in two pH-dependent forms, differing in terms

of strength and symmetry of their ligand fields. The transition from an EPR-invisible low-pH form to an
EPR-active high-pH form occurs by deprotonation of an ionizable ligand bound &, Mnplicated to

be a water molecule: [Mri(OH,)] < [Mn3t(OH™)]. In the absence of C4, the EPR-active Mt exhibits

a strong pH dependence (p+b.5—9) of its ligand-field symmetry (rhombicithd = 10%, derived from

ger) andAz (AAz = 22%), attributable to a protein conformational change. Binding éf @aits effector

site eliminates this pH dependence and locks lgpthand Az at values observed in the absence of'Ca

at alkaline pH. Thus, Ca directly controls the coordination environment and binds close to the high-
affinity Mn3*, probably sharing a bridging ligand. This €aeffect and the pH-induced changes are
consistent with the ionization of the bridging water molecule, predicting thaé{M-O~2)—Ca&*] or
[Mn3t—(u-OH™),—Ca&"] is the first light intermediate in the presence of?CaThe formation of this
intermediate templates the apo-WOEBSII for the subsequent rapid cooperative binding and photo-
oxidation of three additional Mit ions, forming the active water oxidase.

A single tight-binding C&" ion is essential for photosyn-  site at 3.3-3.5 A from Mn atoms. However, the relative
thethic Q evolution activity in vivo (1—5). Calcium is position of C&" within the MOy cluster differs according
located within the water-oxidizing complex of photosystem to which type of data is emphasized and the assumptions of
Il (PSII-WOC),! comprised of an oxo/aquo-bridged inor- the models used to interpret the raw data. Spectroscopic and
ganic core whose stoichiometry, MBaQ, is based on  XRD data have constrained the possible core topologies to
several lines of evidence, including X-ray absorptién- ( only a few types, with the structures given in Chart 1
9), electron paramagnetic resonance (EPR) spectros@Opy ( proposed on the basis of one or more lines of evidefee (
11), and the recent X-ray diffraction (XRD) data? 13). 11, 13). These structural proposals have led to a number of
Mn-, Sr-, and Ca-extended X-ray absorption fine structure mechanistic proposals for the role of calcium ipéolution
(EXAFS) spectroscopies accurately place the calcium effectorreviewed elsewherel{, 14—17).
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Role of C&" in Reassembly of PSHWOC

Chart 1: Possible Structural Candidates for the,& Core
of the WOC in PSII Based on Single-Crystal Mn EXAFS
(Structures +3) or XRD (Structure 4) Studie®,13)
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The first light-induced step is reversible (pseudo-first-order
rate constants given b andk_;) and involves binding and
photo-oxidation of MA* to Mn®" to form the first assembly
intermediate, IM (20, 23). Bicarbonate ions play an impor-
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cofactors during photoactivation and appear to be external
to the core [83—35) also reviewed in reB6q.

Several studies have applied EPR spectroscopy to examine
the kinetics and cofactors required for photoactivation,
including the loss of the MiT signal intensity upon photo-
oxidation by apo-WOE PSII (37), reduction of tyrosine ¥
by Mn?* (38), and activation of M# for electron donation
by bicarbonate39). Campbell et al. have reported the EPR
spectrum of the initial photo-oxidized Mh assembly
intermediate in PSII core particles froBynechocystiand
used this data to describe the symmetry of the ligand field
(40). Herein, we extend this approach to examine the initial
photo-oxidized MA" intermediates formed as a function of
pH and C&" binding. We derive new expressions from the
ligand-field theory and apply them to achieve a molecular
interpretation of the experimental EPR parameters in terms
of the ligand environment of M.

MATERIALS AND METHODS

PSll-enriched membrane fragments were prepared from
market spinach by the method described elsewh&rel@).
Under saturating continuous illumination, the oxygen evolu-
tion rate of the PSIl membranes was 4BD0 umol of O,
(mg of Chly* h™tin the presence of 1 mM #e(CN) and
0.25 mM 2,5-dichlorge-benzoquinone (DCBQ) as electron
acceptors. PSIl membranes depleted ofMiC&", and the
three extrinsic proteins (apo-WOPSII) were prepared by
a brief incubation in high-pH buffer in the presence of 200
mM MgCl,, as recently describe@%). The resulting apo-
WOC—PSII membranes were devoid of the three extrinsic

tant physiological role in accelerating the rate and increasing Proteins as confirmed by SBSAGE (not shown) and

the yield of the first intermediate in photoactivatio?4{-
26). The second stefky) is rate-limiting and occurs in the

exhibited no residual Qevolution activity (i.e., less than
0.5% of the activity of the BBY membranes). These apo-

dark, and its overall slowness suggests that it involves a WOC—PSII particles were capable of reconstituting the

protein conformational change. Under low*C@oncentra-
tions (<1 mM) when it is not bound to its effector site, this
step is coupled to an increase in its binding affiniBB)
Upon illumination, a second Mn binds and oxidizes with
low quantum efficiency to produce a long-lived intermediate,
denoted IM, which contains two M#™ and C&" (19, 21,

water-splitting system of PSII (upan vitro photoactivation

in the presence of Mii, C&", and an electron acceptor)
with a yield of 60-70% as calibrated versus the extrinsic
protein-depleted PSI25).

For EPR spectroscopy, apo-WOGEeSIl samples were
suspended at 1 mg of Chl/mL in buffer containing 300 mM

22). This state has never been directly observed because itsucrose, 35 mM NaCl, and 30 mM RHmorpholino)-
can advance to the fully reassembled WOC by rapid uptake ethanesulfonic acid (MES)/NaOH (pH 6). The samples were

of the remaining two MA" ions in a highly cooperative

briefly illuminated (to photo-oxidize any reduced tyrosine-D

kinetically unresolved step that represents the most efficientor Yp), dark-adapted for 5 min at 4C, centrifuged, and

pathway to an active cluster. If €ais not included during
photoactivation, a large excess of WMnis photo-oxidized
and Q evolution is not restored2{). This inactivation
process can be reversed by adding'Cavhich restores a
normal MmOy core, clearly establishing a role for calcium
in guiding the assembly of the catalytically active Mq

resuspended to 5 mg of Chl/mL (201 PSII) in either MES/
NaOH (pH 6-6.5), N-(2-hydroxyethyl)piperazinéy¥-(2-
ethanesulfonic acid) (HEPES)/NaOH (pH 7.5), or 2-(cyclo-
hexylamino)ethanesulfonic acid (CHES)/NaOH (pH 9.0).
Then, the indicated amount of MnCind CaCJ was added

to the samples in the dark, and after mixing and 15 min of

core and restructuring the inactive polymanganese-oxo clusteradditional incubation, the samples were moved to EPR tubes

(18, 28, 29).

Other nonphysiological low-affinity Ca site(s) further
stimulate the @ activity of isolated PSII membranes and
photoactivated apo-WOE€PSII membranes3(, 31) but are

and frozen to 77 K. Precision quartz tubes were used to
prepare identical sample volumes suitable for quantitative
comparisons of the measured EPR signals. To photo-oxidize
Mn?*, the samples were illuminated &20 °C by a 300 W

not required for inorganic core assembly, and the stimulation halogen lamp filtered with a 3% solution of Cu$O

of O, evolution that they produce is reduced if peripheral

extrinsic proteins removed during PSII isolation are restored.

Although chloride ions are physiologically essential for the
expression of @evolution activity of PSIl 82), they are
not known to play any role in the assembly of the inorganic

lllumination at lower than—20 °C or higher temperatures
produces a lower yield of photo-oxidized ®fnas described

in the Results. EPR measurements were made in triplicate
using a Bruker Elexsys 580 X-band spectrometer and Bruker
ER 4116DM dual-mode EPR cavity. The EPR measurements
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Ficure 1: Mn?" (top) and Mr#* (bottom) EPR signals in apo-
WOC—PSII (20uM) in the presence of 128M Mn?* (6 Mn2*/
PSII) after illumination at-20 °C for variable times (1, 3, 6, 11,
and 18 min). The sample contains 10 mM2C4HEPES at pH
7.5). Perpendicular-mode EPR (Kt was performed at 77 K, and
parallel-mode EPR (M) was performed at 3.7 K. Other
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Ficure 2: Light-induced decay of the Mn (top) and growth of
the Mr?* (bottom) EPR signal intensities versus illumination time
at—20°C: (®) no added C& and (a) 10 mM C&*". The sample
contains 20uM apo-WOG-PSII and 120uM Mn2" (HEPES at
pH 7.5). Other conditions are the same as in Figure 1. All EPR
results were obtained in triplicate.

experimental conditions are described in the Materials and Methods.photo-oxidized M#A". Because diffusion of MH/Ca*

of Mn?* were performed using perpendicular-mode excitation
at a temperature of 77 K (liquid Nfinger dewar), at
microwave frequency of 9.13 GHz, microwave power of 0.8
mW, and modulation amplitude of 0.5 mT. MIhEPR was
measured using parallel-mode excitation at 3.7 K with an
Oxford ESR 900 helium flow cryostat, at microwave
frequency of 9.175 GHz, microwave power of 50 mW, and
modulation amplitude of 1 mT.

RESULTS

[llumination at —20 °C Produces a Maximal Yield of
Mn®*. Figure 1 illustrates the decay of the RrEPR signal
(Figure 1A) and the parallel growth of the Mnsignal
(Figure 1B) induced by illumination of apo-WOG&PSII at
—20°C. This light-induced M#" originates from the photo-
oxidation of Mr** bound to the donor side of PSIB§, 40,
43). The Mr#* signal is stable in the dark at20 °C (for

cofactors is frozen-out, this Mh corresponds to the oxida-
tion of the Mr#* that is bound to the donor side of PSII in
the dark, prior to freezing te-20 °C.

Upon illumination at—20 °C, only the Mi#* signal was
produced, and in the range of the Mrconcentration from
10 to 320uM (0.5—16 Mr?*/PSiIl), no EPR spectral evidence
was found for signals arising from either double oxidation
that forms Mrt* or single turnovers that form spin-coupled
mixed-valence dimers such as fr-Mn?*. Both types of
EPR signals are easily observable and differ spectrally from
Mn?t and Mr#" based on extensive literature of model
complexes 45—47). Thus, we conclude that no photo-
oxidizable Mf*—Mn?* dimer structures are preformed in
the dark prior to freezing at20 °C, neither in the absence
or presence of 10 mM Ca

Inspection of Figure 1 reveals that only the signal
intensities change, while the shape of both the*Mand
Mn3* signals does not change with the illumination time.

over 15 min), indicating that dark processes, such as diffusion The signal intensities are plotted in Figure 2 for apo-WOC

of Mn?*/C&" cofactors and protein conformational changes,
are significantly slowed at this temperature. In particular,
the diffusion of Mi#™ and C&" is not permitted because,

otherwise, it should cause a dark decay/change in th& Mn

PSII samples containing an excess of 62MRSII and with
10 mM C&* or no added CH. A close correlation is seen
between the loss of the Mhsignal and the increase of the
Mn3*t signal on illumination time, suggesting a direct

EPR signal through re-reduction/dissociation processes andtonversion with no detectable intermediate (see overlaid
or spontaneous assembly of the next assembly intermediatdraces for a direct comparison in Figure S3 in the Supporting

upon binding a second Mh. However, diffusion processes

Information). The rate of photoaccumulation of ¥rand

become more important when the temperature is raised tophotobleaching of M# is slower in the presence of 10 mM

—10°C and above, as is evidenced by the instability of the
Mn3* signal, which decays in the dark within a minute.

C&" (or 10 mM Mg, not shown), probably because of
cation-induced PSII membrane aggregation, which results

Conversely, the equivalent illumination time at temperatures in an altered optical transparency of the samples. Alterna-

lower than—20 °C produces a smaller Mh signal (i.e.,
50% and 26-30% at—30 and—40 °C, respectively). This
loss is due to the limitation of Q— Qg electron transport
on the acceptor side of PSU4) and/or by proton ionization
on the donor side. Accordingly, we used the optimal
temperature—20 °C to produce the maximal yield of the

tively, C&" binding in close proximity to the photo-
oxidizable Mri#* may alter (reduce) the efficiency of Mh
oxidation, thus resulting in slower oxidation kinetics (re-
viewer’s suggestion). Regardless of the presence of divalent
cations (C&" or Mg?"), the loss of the Mft" signal saturates

at the same level, indicating that approximately the same
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amount of Mt is photo-oxidized. A quantitative interpreta-
tion of the Mr#" signal intensity in terms of the number and
symmetry of the oxidized M is complicated by the
unknown speciation of Mt in the PSII samples (i.e., both
specific and nonspecific Mn sites on PSII and free Mh
in solution) @3). This complexity results in a large number
of unknowns, and thus, a quantitative analysis of theé'Mn
EPR line shape was not undertaken. However, qualitatively,
we conclude that substantial and comparable fractions of
Mn?* are oxidized in both samples, i.e., with and without
added C#&'.

We were unable to quantify the amount of Mriaken up
from solution by apo-WOEPSII during illumination at-20
°C, using another well-established method that involves
washing the sample with Mn-free buffer to remove free (e.g.,
nonspecific) MA", followed by quantification of the ex-
tracted M*. This method is inapplicable, owing to the
following reasons. For our EPR samples, the photoactivation
medium contains 68 Mn/PSlI, necessary to achieve ad-
equate occupancy of the high-affinity Finsite (dissociation
constant of 46-50 uM). As we showed, thawing of these
samples after the illumination at20 °C leads to immediate
charge recombination (via4Q) that reduces Mit to Mn?*
and thus renders the specifically bound Mrlabile at
temperatures higher thanl0 °C. Owing to its weak binding
affinity, the specific MA* dissociates during the washing
procedure. Three prior studies of the Mrstoichiometry
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Ficure 3: Dependence of the light-induced MMEPR signal
intensity on the concentration of Mhin apo-WOC-PSII in the
presence of{) 10 mM C&", (a) 10 mM C&* and 1 mM DCMU,
(®) no added C#, (O) no added C& and 1 mM DCMU, and
(v) 10 mM Mg?**. Assay conditions: 2«M apo-WOC-PSII,
HEPES at pH 7.5; 15 min of illumination at20 °C. Solid lines
are fits assuming one photo-oxidizable Mrsite per PSII. The

required for photoassembly (assayed by the rate and yieldfitted dissociation constants for Mhare comparable in all three

of recovery of Q evolution capacity at room temperature)
measured as a function of the concentration of adde&rMn
per PSII showed that 1 Mn is taken up in the initial lag phase,

samples with 10 mM Cd, 10 mM Mg**, and no added Ca (Kp

= 40-50 uM). The inset shows that the MhEPR line shape is
identical in the presence of DCMU, while the intensity is reduced
to 30%.

corresponding to step 1 (Scheme 2) and 3 Mn are subse-

quently taken up cooperatively to produce ageVolving
center (8, 25, 35).

In contrast to the nearly equal yields of the photobleaching
decay of the MA" signal seen in Figure 2A, the saturation
level of the Mi#" signals is quite different in the presence
and absence of Gain Figure 2B. In the presence of €a
the saturated M signal intensity is greater by 60%
compared to PSIl without Ca As we shall show below,
this intensity difference can only be explained if the photo-
oxidized Mr* exists in two forms, e.gEPR-irvisible Mn3*
and EPRuvisible Mn3*. The addition of C& shifts the
equilibrium from anEPR-irvisible to EPRisible Mn3* and
thus results in a greater intensity of the Wisignal in C&*-
containing samples at pH 7.5.

Dissociation Constant of M at the High-Affinity (Photo-
oxidizable) Site in PSIIThe shape and intensity of the photo-
oxidized Mr#* signal were examined in the range of the
Mn?* concentration from 10 to 32¢M (0.5—16 Mr?*/PSlI).
The Mr?t line shape was found to be invariant (Figure S2
in the Supporting Information), while only the signal intensity

tion dependence fits best to a model assuming a singfe-Mn
binding site, as shown by the solid-line fits in Figure 3. The
best fit gives a dissociation constaés = 40—50 M, which

is comparable in all three PSIlI samples studied, e.g., in the
presence of 10 mM Ca, 10 mM Mg*, and with no added
C&*"/Mg?*. We conclude that neither €anor Mg?" at 10

mM concentrations produces a measurable affect on tié Mn
affinity to apo-WOC-PSII.

Importantly, there is no threshold observed in the con-
centration dependences in Figure 3, and thé\ignal rises
linearly, starting from substoichiometric concentrations of
Mn2*/PSII. We may conclude that these titration data and
the estimate&p = 40—50 M correspond to the M site,
which possesses the highest affinity to ¥ne.g., the so-
called “high-affinity Mr#* site” in PSIl @8). All other
possible MA* sites must have a much lower affinity (with
Kp > 100uM) to comply with the observed titration data as
can be estimated from the numerical fits.

A Single Photochemical Turmer Forms Mf*. 3-(3,4-
Dichlorophenyl)-1,1-dimethylurea (DCMU) is a well-known

increased to a maximum (Figure 3). This behavior suggestsinhibitor of the acceptor @site in PSII and was used to

that the Mr#* signal corresponds to a unique Krsite in

restrict the number of light-induced electron turnovers to a

PSII and that the population of this site saturates when thesingle electron. The Mii signal generated in the presence
Mn?* concentration increases. The concentration dependenc®f 1 mM DCMU has an identical line shape (inset of Figure
was used to estimate the dissociation constant at this site 3A) but lower yield (30%) compared to no DCMU samples
Because illumination was performed at20 °C, where (parts A and B of Figure 3). Electron recombination from
diffusion processes are prevented (see above), the measure@,~ to Mn®* is efficient at—20 °C (43, 49, 50) and is the
dissociation constant corresponds to the equilibrium before most probable cause of the lower yield of ¥nin the
freezing and illumination, e.g., to the binding of fnin presence of DCMU. In contrast, when no DCMU is present,
the dark to the photo-oxidizable site in PSII. The concentra- the electron may advance to the accepter Qe with a
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higher probability 44). As a consequence, the probability
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Thus, the present data provide direct evidence th&t iads

to its effector site in the dark, before freezing t®20 °C

and subsequent photo-oxidation of MnFurthermore, the
significant changes in the spectral parameters of the photo-
generated M# indicate that C& binds in close proximity

to the photo-oxidizable Mit site and affects the ligand-
field symmetry of the site.

Figure 5B plots the calculated yield of the light-induced
Mn3* centers in the pH range from 6.0 to 9.0. The yield
was calculated as the integrated signal intensity under the
six-line M** signal, divided by the transition probability
u? of the signal at the indicated pH (Table 1)? was
determined using the experimentpk of the Mr?* signal
(the detailed procedure is outlined below and illustrated in
parts A and B of Figure 6). Thus, the calculated yield is
proportional to the number &PR-detectabl®In®t centers
and is independent of the transition probability. The yield is
0% at pH 6.0 and below and grows with increasing pH in a
nonmonotonic titration curve, reaching-285% at pH 6.5
7.5 and a maximum level (taken as 100%) at pH 9.0. The
dependence is not monotonic and extends over a broad pH
range, indicating that more than onké gequilibrium step is
involved. The addition of 10 mM Ca (but not Mg")
appreciably transforms the pH titration curve in Figure 5B,
again confirming a specific association of the?Gainding
site with the high-affinity Ma" site.

The Mr?t signal intensity was also measured before and
after illumination at-20°C. The Mr#* signal decreases upon

for the electron recombination process is much lower and illumination by 30-40% at pH 6.6-6.5 and by 4565% at

the yield of Mr* is higher. Thus, the invariance of the fn
spectral shape upon DCMU addition, upon illumination time
(Figure 1), and upon the Mnh concentration (Figure 3)
provides supportive evidence that the observedMignal

pH 7.5 (Figure S1 in the Supporting Information). Although
guantitative estimation of M photoconversion is difficult,
the observed pH dependence of the photo-oxidizablé"™Mn
reveals that a significant and comparable fraction{(85%)

corresponds to a single site in PSII and that this site possessesf Mn?* is photo-oxidized in the pH range of 6:0.5. The

a homogeneous environment.

Influence of pH and Ca& on the Mi" Signal. The Mré*
spectra in the pH range of® and in the presence of added
C&" or Mg?t are shown in parts A and B of Figure 4,
respectively. The Mt signals differ noticeably in the center
field position @er), the resolvec®®Mn hyperfine coupling

presence of 10 mM Ca produces a weak effect on the
amplitude of the MA" photobleaching, and thus, the number
of photo-oxidizable M#A" is comparable in the absence and
presence of Cd. At pH 9.0 and higher, no M signal
was detectable in the EPR spectra before or after illumination,
and thus, an estimation of the Fnphoto-oxidation yield

(A2), and the signal intensity. The spectral characteristics of was impossible at this pH.

the Mr™ signals are summarized in Table 1 and plotted in
Figure 5A asger VersusA; at each pH and in the presence
and absence of Ga For comparison, the M signal
previously reported in PSII core particles fr@gnechocystis
at pH 6.1 40) is also included in Table 1.

Changing the pH from 6.5 to 9.0 produces a monotonic
decrease in botlyes and Az (Figure 5A). The effect is
considerably stronger in the absence of added" Qaith
Oeff decreasing by 0.08 units (1%) aAd decreasing by 10
G (22%). The addition of 510 mM C&*" largely suppresses

The modest change of Mh photobleaching in the pH
range 6 to 7.5 stands in marked contrast to the large change
in the yield (0-100%) of the EPR-detectable Bfhproduced
at these pH values (Figure 5B). At pH 6.0, although a
substantial amount of M is oxidized (36-40%), there is
no EPR-visible M&" produced. As pH increases, the number
of photo-oxidized MA* changes only slightly (to a maximum
of 65%) but the number of EPR-visible Mn increases
sharply from 0% at pH 6.0 to 25% at pH 6.5 and then to
100% at pH 9.0. This uncorrelated behavior can only be

the pH effect on these spectral characteristics and moves bothunderstood if the M# formed by photo-oxidation exists in

Oert andAz to a range of values observed at alkaline pH
without added C#. Identical changes were seen at 5 and
10 mM C&", indicating the complete transformation of the
Mn3* spectra (not shown). By contrast, the addition of 10
mM Mg?" produces very little effect orges and A,
establishing a specific influence by €a(Figure 4B). The
Ca&* effect on the spectral properties of #roccurs at the
same C&" concentration that optimizes the &volution flash
yield during photoactivation experiment83 28) and also
the G activity of the holoenzyme depleted of €430, 31).

a pH-dependent equilibrium of at least two forms, tme-

pH EPR-invisible form and onehigh-pH EPR-actie form .
Only the low-pH EPR-invisible M#' is photogenerated at
pH 6.0 and below, and thus, no EPR signal of 3¥ms
observed. At higher pH, the equilibrium gradually shifts to
the high-pH EPR-active M form(s), and thus, the progres-
sively stronger M&"™ EPR signal is found at a comparable
level of Mr?* photo-oxidation. The nature of this equilibrium
and reason for the inability to detect the low-pH form is
discussed later.
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Table 1. Spectral Characteristics and the Derived Spin-Hamiltonian Parametersof-bimed at the High-Affinity MA"™ Site in PSII at
Different pH and in the Absence or Presence of'Gd0 mM) or Mg (10 mM)

spinach PSII Synechocystis
(this papen PSIP
pH 6.5 7.5 9.0 6.1
cofactors 0 Ca 0 Mg?+ cat 0 car 0
Oeft 8.196+ 0.01 8.107+0.005 8.15140.01 8.142+0.02 8.096+ 0.005 8.117 0.005 8.08Qk 0.005 8.2
Az (Gauss) 45+ 0.3 35.2+0.3 38.6+ 0.5 37.6+0.5 34.8+0.3 35.5+ 0.3 33.6+0.3 44.8
yield of 22 19 25 24 48 100 49
Mn3* (%)c
o (deg) 4.43+0.09 4.11+0.04 4.3+ 0.06 4.24+£0.08 4.06+ 0.04 4.15+ 0.04 4.0+ 0.04
u? 0.3+0.04 0.22+0.04 0.22-0.04 0.25-0.04 0.21+0.04 0.23+ 0.04 0.20+ 0.04
o7 1.967+ 0.01 1.98
D (104cm™) —-35+04 -25
E(10“4cm™?) 0.32+0.04 0.29+0.04 0.31+0.04 0.31+£0.04 0.28+0.04 0.3+ 0.04 0.28+ 0.04 0.269
Pa? 107+ 3 83.7 91.6 89.2 82.7 84.3 80.0 111
(104cmY)e
Kp (uM)f 454+ 5 45+ 5 45+ 5

a2The mean value in the derived parameters was obtained ass&ming0 000 cm?, and the upper and lower error limits correspondite=
30 000 and 15 000 cm, respectively. Each parameter represents an average of at least three replicate measurements, with a variation between
experiments smaller than the indicated error baEsom ref 40, the assumptions made wére= 0, « = 0.5, andA/A = 2.5 x 1073 (the later
corresponds teh = 35 000 cn?). ¢ The yield of EPR-visible Mfi was calculated as the integrated intensity of the six-liné"Miignal normalized
by the calculated transition probability# of that signal.d The derivedy; andD are identical for all MA" signals measured in this workInvariant
x = 0.5 was assumed in derivirep? from the experimentady. f Dissociation constant for M at the high-affinity Mi&* site in PSII.

50 = 9.0
48] (A) S T
gl 8.8 -
461 Mg” o 1
44] 2 | p 8.6
7 Ca - / __
2 424 | " o) 8.4
< o~ T 7 4
QS 407 " IS 82 ]
e nix & .
< %o =iz [ I
S ZEE - 8.0
36 :'1 o "
a A 1
341 &7 7.8
32 : : : : 0
8.07 8.10 8.13 816 8.19
g value 1.0
. 1
“= 1.01 (B) o 0.8 -
= -]
<
) 0.84 0.6+
) s ]
0.6 » -
oV 10 mM Ca 0.4 -
& A 1.
o 0.4 0a
o -
B ® 2+
S 0.24 / no added Ca 0.0
= 0
=
Z 0.0l & (Degree)

60 63 7b.(31ff:r5p21.0 8590 Ficure 6: Dependence dfies (A) and u? (B) on the ligand-field
rhombicity parameterd, as calculated using eqs AR3 and
Ficure 5: (A) Correlation between the effective electrgfiactor assuming fixed values for the ligand-field parameters:[0.8 crmt
(9efr) and®Mn hyperfine coupling &2) of the light-induced M#* (76) andA = +88 cn1t (57)], while allowing the energy splitting
EPR signal observed at different pH (as labeled) with no added A to change: £) A = 20 000 cnt! and (---)A = 15000 and
Ce* (@) and in the presence of-5.0 mM C&" (a) or 10 mM 30 000 cil, Horizontal and vertical dashed lines in A demonstrate
Mg?* (M). Each point represents an average of at least three replicatethat the rhombicityy = 4.3° is derivable fromges = 8.151 of the
measurements, with a variation between experiments smaller thanMn3* signal at pH 7.5, and the dashed lines in B show that this
the size of the symbols. The dashed line is a guide for the eyes.derived rhombicityd = 4.3 is used to determine the transition
(B) Number of EPR-visible M#" (calculated as the integrated probability 42 of the Mr#* signal atgey = 8.151.
intensity of the six-line M&" signal normalized by the transition
probability 42 of that signal) at different pH. The Mn yield at

pH 9.0 was taken as 100%. drich 51). EPR spectral simulations were performed using

the parameters from Table 1 (e.@z Az D, andE) as
obtained from the experimental data as described in the
previous section. The simulations are deposited in the
dependent interconversion of EPR-visible and -invisible Supporting Information (Figure S3). To properly fit the
populations of MA" was further tested by spectral simula- experimental signal intensities, the number of*Moenters
tions using the program described by Golombek and Hen- contributing to the signal at pH 9.0 had to be increased by

Estimation of the M# Photo-oxidation Yield by EPR
Spectral SimulationsThe above observation of a pH-



12882 Biochemistry, Vol. 45, No. 42, 2006

Tyryshkin et al.

Scheme 1: State Energy Diagram of ¥r(3d*, °D) in an Orthorhombic Ligand Fietd

5 SBZg
5D A
SAlg ......
E, Al
Octahedral
B,(00 +50%) %,
e B,  Cosd’Bi+sind A,
e Y v ‘
Tetragonal Orthorhombic |
BO:+B.0! g0 po;

aThe orthorhombic ligand field mixes tH#; and®A; states, yielding the ground state (c®$B; + sin 5-°A;). The inset shows ZFS and
Zeeman energy splitting of the ground state for the case of sin@itedominantly?B; ground state), which results Ms = +2 levels being the
lowest. The EPR transition between thlg =42 level is detected in parallel-mode EPR as indicated by the transition anrow,

3-fold relative to the number of M centers at 6.5. The

the Appendix) and, therefore, for this transition to be

line shape on the low-field side of the simulated spectrum observable, requires a nonzero rhombic component of the
at pH 9.0 is slightly sharper than the experimental spectrum, ZFS. While it is difficult to assess absolute values fér
indicating additional broadening mechanisms not included from the experimental spectral intensities, it is possible to
in the simulation; however, this feature does not contribute compare relativeu? for two samples provided that other
to the prediction of the spin concentration. In summary, the experimental conditions are identical. Thus, the two spectral

spectral simulations corroborate the ligand-field analysis in

parametersgers andAz, and the relativer? intensities can be

the previous section, demonstrating that the observed largeobtained directly from the experimental Rnspectra and

change in the M# signal intensity between pH 6.5 and 9.0
corresponds to a change in the number of EPR-activ&"Mn
species, and it is not attributable to the small chand#/h

Spin-Hamiltonian Analysis of the MNEPR SpectraThe
Mn3" EPR signal atges ~ 8 is typical of Mr¥™ ions in
approximately axially symmetric ligand fields and corre-
sponds to the transition between thig = +2 levels of a
spin S = 2 ground state40, 52—55). The signal atje ~ 8
corresponds to a turning point of an overall broad EPR
powder line shape from M complexes whose principal
zero-field splitting (ZFS) axis is oriented nearly parallel to
the external magnetic field3g). Other orientations are mostly
unobservable at this (X-band) microwave frequency. Equa-
tion Al (Appendix) describes the center position of the signal
(gerr) for the general case of a ligand field with orthorhombic
symmetry;ger is determined by one of the principal values
of the intrinsic (Zeemany factor (e.g.,gz that lies along
the principal axi&Z of the ZFS tensor) and is shifted to higher
g values by the presence of a finite orthorhombic ZFS term
(3E?/D).

The experimentally resolvédMn hyperfine splitting A7)

corresponds to the component of the hyperfine tensor along

the Z axis of the ZFS tensor, and it can be described by eq
A4 (Appendix) derived from the ligand-field theory. The
intensity of the MA" signal involves three terms: the
transition probability?, the number of M#i* spins, and the

experimental parameters involving sample volume, spec-
trometer conditions, and temperature. In parallel-mode EPR,

with the microwave magnetic fiel@, parallel toBo, the
transition probabilityu? is proportional toE¥/D? (eq A2 in

then can be used to determine or constrain the spin-
Hamiltonian parameter®( E, gz, andA;) and to describe
the ligand environment and electronic configuration of the
ground state of the M1, using the theoretical expressions
derived from the ligand-field theory (eqs A3 and A4 in the
Appendix).

Ligand-Field Theory Applied to M. Scheme 1 gives a
typical ligand-field diagram for theD atomic state derived
from a 3d electron configuration. The orthorhombic sym-
metry of the Mii* ligand field (which is required to observe
the g ~ 8 signal) results in a ground electronic state (cos
0-°B1 + sin 9-°A,) that is a mixture ofB.g and®A,q, the
ground states that arise in the case of pure axial (tetragonal)
symmetry. The%B;y and A4 states correspond to the
electronic configurations in which the electronic hole as-
sociated with the 3torbital configuration of MA&" occupies
the de_y2 orbital or the ¢ orbital, respectively §6). The
mixing parameted originates from the nonzero orthorhom-
bic ligand-field terms B203 + B20?) (57). This ¢ defines
the rhombicity of the ligand field directly in terms of the d
orbital mixing, and therefore, it can be used equivalently
instead of the rhombic ZFS terd commonly used in the
spin-Hamiltonian treatment of the effective “spin-only”
ground state.

According to eqgs A1 and A3 and at typical ligand-field
parameters (summarized in the Appendix), the rhombicity
range of 8 < § < 84° results ingesr > 9, which is too large
compared to the experimentgds = 8.1—8.2 reported here
(Figure 5A). Thus, onlyd < 6 or 6 > 84 needs to be
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considered, which corresponds to eitPigr or °A; being the 4.5
dominant term in the M ground state, respectively. For o A
A in the range observed here,-355 G (Figure 5A), only 1t RN
the lower ranged < 6 is possible (i.e., predominantly the 43 \\.\no added Ca”™*
B; ground state), because th&; state typically exhibits %
Az as high as 100 4Q). Parts A and B of Figure 6 present Z 424

w ~.

Oest andu? calculated using eqgs AJAS for the range of the

2+
rhombicity parameted = 0—8°. In these calculations, we 4.14 ‘“*\lffiM Ca
allowed the ligand-field energy splittingy to the excitedTq 40 A
states (Scheme 1) to change 2-fold, while fixed values for '
the intrinsic atomic parameters (spispin couplingo = 0.8 65 70 75 80 85 90
cm™t, and spir-orbit couplingA = 88 cnTl) were used. buffer pH
Indeed, only a small variation of these atomic parameters 1o R B
occurs upon the formation of a complex. For example, the 1054 (B)
spin—orbit coupling parametet may be reduced by cova- 100 N
lency by at most 18620% from its atomic value by the N
addition of six oxygen or nitrogen ligandsg). By contrast, 951 "\ no added Ca**

the ligand-field energy splitting\ varies over a significant
range of 15 00630 000 cm? for five- and six-coordinate ~~
Mn3* complexes and tends to the lower value in complexes g5 , 10mMCa
with all oxygen ligands §9). Therefore, three differem 0l 0 - --
values were considered in the simulation given in Figure 6 ———————t
to cover a maximum range. All three curves with different 65 70 75 80 85 9.0

A run closely parallel and demonstrate the degree of buffer pH

uncertainy in the s The dependence g on 0 Ie e e ot
mono_tonlc and t_hus allows ong-_to-one mapping of the g and F()B) electron spin densitl?oné, in thg presence of 10 ntwyM
experimentalger into the rhombicity parameted. The Cz* and no added Ca.

horizontal and vertical dotted lines in Figure 6A illustrate

how gerr = 8.151 (of the MA" at pH 7.5) projects into a  related model complexes and also to the ligand-field theory
narrow range ob = 4.3+ 0.1° (the indicated error arises  for insight into the origin of theA; change.

o’ P *10* (em™)

from uncertainty in the range d). The derived rhombicity The factorPo? scales both the isotropic and anisotropic
0 together with the maximum range &f can then be used hyperfine terms in the expression fdk. Here, P =
to determine the spin-Hamiltonian paramet&sk, andg;) 2B:Brngegn i 30 with 1 being the electrornucleus distance,

and the transition probability of the Mr#** signal. Thisis  accounts for changes in the spatial extent of the unpaired

other Mr* signals are summarized in Table 1. dimensionless parameter accounting for nonzero spin density

Analysis of thé*Mn Hyperfine InteractionThe calculated  at the®Mn nucleus, arising from an admixture of excited
change inA; (eq A4) over the expected range of the electronic configurations having unpaired s electron densities.
rhombicity parameter 6< 6 < 6 (at fixedA) is only 1%, The theoretical prediction of is a rather difficult task;
and therefore, changes inalone cannot explain the 22% however, quite interestingly is observed experimentally
decrease in the hyperfine splitting upon increasing the pH to be nearly constant for a given oxidation state of the ion
from 6.5 to 9 A, = 45—35.5 G). ForA values from 30 000  and at different ligand configuration§7, 60). The experi-
to 15 000 cm?, which covers virtually all known five- and ~ mental valuex = 0.52 was determined for Mn in TiO,
six-coordinate complexes, the maximum changeAinis (56). We accept this value for the purpose of our analysis
calculated to be only 2.5 G. Therefore, a changéinan and assume = 0.5 being a constant and thus focus on
also be excluded as a significant source of the observedchanges tda? as the most significant source of the change
variation inAz. in Az. The derivedPa? and other ligand-field parameters

for the Mr?* at different pH and Cd concentrations are
d summarized in Table 1. Two of the derived ligand-field
parameters (vizd andPa?) are found to be most responsive
to changes in pH and €aaddition, and these are plotted in
parts A and B of Figure 7, respectively.

The leading terms in the expression &y (eq A4) are
—Pa?c andPo?/7. These terms account for the isotropic an
anisotropic contributions to th&Mn hyperfine tensor,
respectively. To evaluate each term individually requires
knowledge of the complef&Mn hyperfine tensor. However,
only one of the principal components of the hyperfine tensor
(viz., A7) is resolved in the M#f EPR spectra, and therefore, DISCUSSION
we have no direct means to discriminate between isotropic  Binding Affinity of M@+ for the High-Affinity Site in PSII.
and anisotropic contributions #; and to determine which  The photoconversion yield of the NMhsignal is a maximum
term of the two is responsible for th# variation observed  at —20 °C with no evidence for decay or spectral changes
in our experimental data. Hence, in the following analysis, in time for more than 15 min at this temperature. The*Mn
we resort to a comparison with other experimental data of exhibits uniform spectral properties, reflecting a single
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Scheme 2: Proposed Intermediates in the First Steps of Photoactivation
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a Protein-derived and nonchanging water ligands t¢WMn3* are not shown. Brackets [ ] afd} represent the high-affinity M site and the
Ca* effector site of apo-WOEPSII, respectively. %] and{ x} represent unoccupied sites. The species’[idi,] and [Mn**(OH™)C&'] are
EPR-silent. The subscrigt indicates the rhombicity of the ligand field of Mhas determined from the EPR measurememtss 2 for the EPR-
silent Mré* species, and ~ 4.3 for the EPR-detectable NMhspecies. A range o is shown for the MA™ species, which show pH-induced
changes in the rhombicity of the ligand field. At the bottom, the correspondence is shown to the kinetic intermedjatefstidminimal kinetic
model @8, 19).

binding site with a homogeneous environment. The titration new ligand (protein or solvent derived). In principle, any
curves for Mi#* (Figure 3) fit well to a single-site-binding  one or a combination of these mechanisms may be respon-
model for the MA" precursor characterized by a dissociation sible for the observed pH effects on the Wrin PSII. The
constantKp = 40—50 uM at pH 7.5. The present method present data alone do not allow an unambiguous discrimina-
measures the reversible binding of the photo-oxidizablé"Mn tion between these mechanisms. However, a quantitative
in the dark (e.g., without interference from other light- determination of the strength and symmetry of the perturba-
dependent reactions at this site, such agMight-induced tion to the ligand field of MA" that is responsible for the
oxidation and subsequent dissociation astnand thus, it observed effects can be obtained, as described next.
gives a true measure of the equilibrium dissociation constant  The gbservation of a nearly pH-independent loss ofMn
for this Mr?*. Within the 10% error of the method, the same signal intensity upon illumination at20 °C and a highly
Ko is found in the absence and presence of up to 10 mM pH.dependent yield of EPR-detectable ¥reads us to
divalent cations, indicating that neither Tanor Mg** conclude that M#t is generated in equilibrium between two
compete efficiently with MA" for binding to the high-affinity  forms: a low-pH EPR-invisible Mt and a high-pH EPR-
Mn?* site, as was previously know@d, 61-63). This Mi*"  active Mr#*. The reason that the low-pH Mh is EPR-
site possesses the highest affinity for apo-WaRSII, and  yndetectable can be due to either too large heterogeneity of
therefore, we associate this photo-oxidizable site with the the Mr#+ ligand field or too small or too large ligand-field
previously described “high-affinity M site” involved in  rhompicity. Heterogeneity implies significant broadening in
electron donation48, 62) and photoactivation2, 64). the EPR line shape, which makes the signal undetectable.
There is widespread disagreement in the literature on theToo small rhombicity § < 2) gives a transition probability
binding strength of the high-affinity M site. OurKp that is very weaky? = 0.01), and thus, the signal is masked
compares very well with two of the numerous reports in the by the stronger signal because of the high-pH EPR-active
literature, 40uM (65) and 51uM (22), but differs substan- ~ Mn3t that is more rhombically distorted (~ 4.3, andu? =
tially from other measurements involving nonequilibrium 0.27). On the other hand, too large rhombicityX 8) results
electron-transfer rate measurements that require photo-in ZFS between théls = £2 level that is greater than the
oxidation of multiple M#* ions. For examplek = 10 uM EPR quantum B%D > hvg), and therefore, such a species
at pH 5-6 and 0.5uM at pH 7—8 were found by monitoring  would be undetectable at the X-band EPR frequemgyy
Mn?*-dependent electron transpo@6f; K < 1 uM by 9 GHz. In either case, it may be concluded that the
monitoring Mr#" competition with a nonphysiological  equilibrium (low-pH Mr#* < high-pH Mr#") is associated
electron donor (DCIP)d2, 67); andK < 25uM by reduction with a significant change in the symmetry of the ligand field

of Yz by Mn?* using multiple laser flashes@). at the Mi#* site, such as seen upon direct modification of
pH Equilibria of Mr#* SpeciesThe substantial change in  the inner ligand shell7, 68).
the ligand environment of the high-affinity Mhion with Our proposed model for the equilibrium between the low-

pH and C&" addition may involve three contributions: (1) and high-pH M&" forms is shown in Scheme 2 (see “first
deprotonation of a ligand (protein amino acid or coordinated light intermediate IM"). It involves proton ionization from
water), (2) deprotonation of remote protein amino acid groups one of the inner ligands to Mh here postulated to be a
leading to a global protein conformational change that may water molecule, e.g., [Mi(OH)]{ x} < [Mn3"(OH")]{ x}
alter the immediate ligand structure, and (3) binding of a in the absence of G4, where the brackst] ] symbolize the
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high-affinity site in PSIl and x} symbolizes an unoccupied affinity site of Synechocystissp. pcc 6803 PSIl core
Cat effector site. Although the molecular identity of the complexes 40). When compared at similar pH (6.5), the
ionizable ligand has not been uniquely identified in our work, Mn3* signals in spinach an8ynechocysti®SIl particles

it is most likely a water ligand. The ionization state of the show very similar spectral characteristics (Table 1). The
other ligands, both protein derived and other water molecules, effects of different pH and Céa addition were not reported

is not specified as they are unknown. The equilibrium for Synechocystiby these authors.

involved in the deprotonation of the water ligand bound to ~ Mechanism of the Spectral Changes of the EPR-Detectable
the Mrt is also shown for the case with €abound to its [Mn3(OH)]{ x} Speciesln the absence of Ca, the high-
effector site, e.g., [M#(OH™)C&'] < [Mn3H(O?")Ca&'], pH form [Mn®"(OH™){ x} shows observable changes in
where (on the basis of several lines of evidence describedligand-field symmetry § = 4.4—4.1°) over a pH range of
below and also in sectioBtrong Coupling between Mh 6.5-9.0. These changes are however modest compared to
and C&") we postulate that Ca& at its effector site shares much larger changes induced by deprotonation of the direct
the bridging (hydroxo) ligand with Mt and causes depro-  ligand to Mr#* during the conversion from the low-pH
tonation of this ligand. The ionization state of the water [Mn®*(OH)] with 6 < 2 or 6 > 8 to the high-pH
ligand is postulated to be controlled by a nearby base B [Mn3"(OH")] with 6 ~ 4. In contrast t@, the>*Mn hyperfine
(identity unknown), which serves as an immediate proton coupling in the high-pH form decreases significantly by 22%
acceptor with a i, that depends upon the occupancy of the in the pH range of 6.59.0 (A; = 45—35.5 G), indicating a
Catt effector site (K or pKy') (19). major change to the coordination shell of [R(OH")]{ x}.

As discussed above, this significant decrease in the magni-
tude ofAz cannot be explained by a very modest change in
0 (4.1-4.£) nor by changes in the ligand-field energy
splitting A, over this pH range (refer to eq A4). This leaves
only contributions toA; arising from changes in a product
Pa?, which has the pH dependence as shown in Figure 7B
(« does not vary appreciably as discussed above).

The observed 22% decreaseAn over the pH range of
6.5-9.0 is in fact opposite in sign to that expected if one of
the ligands to M#" is deprotonated at high pH. Although
to our knowledge there are no data in the literature describing
the effects of coordination changesAg (°*Mn) for Mn3*
complexes, the effect of ligand deprotonation on the hyper-
fine coupling is well-established for analogous?Cigom-

Ce'], upon ligand deprotonation. Proton ionization is pjeyes? It was shown that deprotonation of one water ligand
facilitated by an amino acid base (Bn Scheme 2) X9) ; : . ;
y X in the aqua compleincreaseghe 83Cu hyperfine coupling

Because global pH equilibrium cannot be achieved-20 by 13% fromA, = 143 to 161 G 69, 70), while deproto-

°C, the proton diffusion can only occur to this nearby amino a4ian of an imidazole liganthcreaseshe isotropic hyper-
acid base and only when this base is deprotonated before;,o coupling by 6% fromas, = 72.7 to 77.2 G 7). In
freezing (i.e., B). Thus, the resulting d|str|tgut|on between poth of these examples, the observed increase in hyperfine
the EPR-invisible and the EPR-detectable®Mspecies is ¢4 pling can be understood because of either an increase in

In Scheme 2, the photoactive dark precursorglts!
symbolized as [MA(OH,)]{ x} when the C& site is
unoccupied. The K, of water bound to free Nﬁj in
solution is 10.5 and may differ slightly (by-12 pK units)
for [Mn2t(OH,)] at the high-affinity site. This K, is likely
to decrease when €abinds at its effector site coupled to
the [Mr?*t(OH,)] site. Therefore, when the €a site is
occupied, the photoactive dark precursor is represented
by [Mn2f(OH")C&']. Upon illumination at —20 °C,
the photoactive dark precursors are oxidized to produce
[Mn3H(OHy)]{ x} and [Mr#*(OH")C&*], respectively. These
two intermediates are EPR-invisible but can advance to the
EPR-detectable forms: [Mh(OH)]{ x} and [Mr#*(0?")-

detgrmmed by the Ifi, of this amino acid residue K or electron repulsion from the anionically charged ligand (this
PK1). results in contraction of the d orbitals and thus an increase

Coordination Number and Geometry of the EPR-Detect- of P) or decreased covalency of the ligands (increasg’pf
able Mr#t SpeciesThe lack of an EPR signal from the low- To account for the 22% decrease iRa? for

pH [Mn3*t(OH,)]{ x} photoproduct allows for an unob- [Mn3*(OH")]{x} (Figure 7B) upon increasing the pH, we
structed measurement of the spectroscopic characteristics opostulate one or both of the following reasons. The global
the high-pH form [M3*(OH™)]{ x} over the pH range of  pH-dependent protein conformational changes may induce
6.5-9.0 (Figures 4 and 5A and Table 1). Under all examined a local change in the inner coordination shell of ¥rThis
conditions of pH and Ca/Mg?* concentrations, the ground change may involve a gradual displacement of one of the
state of the EPR-visible M remains the high-spi = 2 direct ligands to M#", which results in a longer (on average)
electronic configuration with spatial symme®; (e.g., with Mn—ligand bond and a weaker electron repulsion within the
the “hole” residing in the @2 orbital) and with only ca. occupied d orbitals of Mit. It is expected then that the size
0.5% admixture of th@A; state. TheB; electronic state is  of the d orbitals must increase and thRsnust decrease.
the usual ground state for ligand geometries, including five- Alternatively, a pH-induced conformation change may
coordinate square pyramidal complexes, six-coordinate tet-involve the rotation of ar-donor ligand to M#A*, causing
ragonally elongated complexes, and their rhombically dis- the Mn—ligand covalency to increase and theret¥ to
torted variants. This ground-state excludes any geometry thatdecrease.
places the dorbital as the lowest unoccupied orbital among
the 3d set, thus eliminating six-coordinate tetragonally 2cw* is a good electronic model for M. It has a @ electron
compressed structures, most five-coordinate trigonal bipyra- configuration with the hole residing inad,2 orbital. It typically occurs
mid structures, and trigonal structures of lower coordination I @n octahedral ligand environment havingBa, ground state (the

. . same as M#). The ligand-field expressions for the electrgprensor
number. ThéB, electronic ground state was also previously and cu hyperfine tensor are also quite similar to the expressions for
assigned to the photoinduced Knformed in the high- Mn3* (56).
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We note also that the observed changeg@fand A; Mn3t intermediate (IM). Binding of C&" to its effector site
(Figure 4A) over the pH range of 6:3.0 are not discrete  exerts no measurable influence on the binding affinity of
but rather vary continuously for the EPR-detectable the first Mr?* (at the so-called high-affinity Mn site) and is
[Mn3t(OH™)]{ x} species, so that the EPR spectrum at pH not required for binding and photo-oxidation of the high-
7.5 cannot be simulated as a weighted sum of the spectra aaffinity Mn?* (see the top branch in Scheme 2). However,
pH 6.5 and 9.0 (not shown). This behavior indicates the C&" can bind in the dark (before the first photochemical
possibility of a continuous set of geometry changes in the event) to form the coupled dark precursor (M{OH")Ca*]
inner ligand structure of [Mif(OH™)]{ x} over this pH (the bottom branch in Scheme 2). This coupled precursor is
range, possibly induced by coupling to other degrees of easier to oxidize compared to [¥If{OH,)] alone. Moreover,
freedom, such as protein conformational changes or hydrogent produces the light intermediate [M(OH™)C&*], which
bonding of the second shell ligands. is kinetically more stable against decay by charge recombi-

Strong Coupling between Mnand C&*. The binding of nation with Q.. Both of these factors contribute to improv-
Ca" at its effector site results in a greatly weakened pH ing the quantum efficiency of the formation of the first light-

dependence of the Mh spectral parameters, withbecom-  induced intermediate 1M , _ ,

ing more uniform (4.05t 0.05) andA; becoming smaller The model proposed in Scheme 2 is consistent with the
and with greatly reduced variation (35:33.6 G) in the pH previous photoa'c'tlvatlon kmepp model, which revealed
range of 6.5-9.0. Importantly, bothy and Az of [Mn3*- ewdenc_e for positive cooperativity between Mran_d car

(02 )Ca&*] approximate to those observed for [ftA (18). Maintenance of an optimal concentration ratio of¥n

(OH)]{ x} at very high pH> 9 (Figure 5A). Thus, C& and C&" in the photoactivation medium was shown to be
binding induces structural changes in the first coordination €SSential to avoid excessive photoinhibition during photo-
shell of [Mré*(OH")] that are equivalent to those induced activation and thus to achieve a high ylgld of 'reconstltuted
by alkaline pH in the absence of &aWe suggest that @&~ WOC—PSII (22, 28). Furthermore, at this optimal M

binding induces a proton ionization from a water ligand in C& " ratio, the yield of reconstituted WOEPSII was
the coordination shell of M and also organizes the observed to increase in parallel with the rate of the first

coordination shell to make it more uniform and less Photo-oxidation step as the concentration of “Mris

susceptible to global protein conformational changes induced!nNcreasedy). It was inferred that the majority of photoin-
by pH. hibition damage occurs during the initik] step and that

enhancement in the quantum efficiency during this step helps
e . 4 to reduce the photoinhibition damage. Accordingly, in
the pH titration curve for the intensity of the EPR-detectable Scheme 2, C4 performs its protective role by forming a

Mne*, which simplifies to a two-state e_quilibriu_m that bridged dark precursor [Mn—(OH™)—C&*], which is more
saturates above pH 7.5 (Figure SB)_. The S|mples_t interpreta- ot ciant in photo-oxidation to M#t in IM;. C&* binding
tion of these.s_,pectral and populatl_on (_:hanges is thét Ca enables this by inducing proton ionization of a (water) ligand
directly modifies the inner coordination shell of ®n .04 15 M&*, which thus suppresses the recombination
through blnd|ng. to an |on|zab_le ligand. As _deP'Cted N reaction and enables an efficient rate of photoassembly.
Scheme 2, G4 is proposed to induce the ionization of a When C&" is absent during photoactivation, the apo-

second.wa}ter‘ ligand bognq to Mnor, more pIausibly, a  pS|I-WOC can photo-oxidize as many as 20 Mions per
seci)nd |on|z§Eon 9f the +br|dg|ng _hyd_roxo I|gaqd, [WQH .)' reaction center but it does not form a catalytically functional
Ca'] < [Mn**(O*")Ca"], resulting in a bridging oxide ion.  \y5¢ (72) we suggest that formation of [MHO~)C&']
Ionléat|022+of a secgnd brl'dg"ég Wa';]er ;0 Y'elg rE%" at the IM, level, followed by a slow dark protein confor-
éOH )Z?h ] cr?nr?otl € exclude o(lm t.e bascljs of the EP.R mational change2b), is an essential step in templating the
ata, although the larger size and ionic bonding Properties gy 1o m for the subsequent cooperative photo-oxidation of the

of calcium dictate that only a single bridging ligand should o\ aining 3 MA* ions in rapid succession in a single
exist. Because this species is obtained by photo-oxidationy;netically unresolved step to form a catalytically active
at—20°C, where C#&" diffusion is frozen-out, the associated WOC—PSII (18). We suggest that the oxide bridge of

dark precursor must be [MA(OH™)C& "], with C&* bound [\n3+(0-)C&2'] is a critical element for this cooperative

to its effecto_r si_te in the dark be-_fore the photochemical process, in which its tetrahedral dpybridized) lone pairs
turnover. lonization of the water ligand is coupled to the 14 serve as a coordination site for binding of additional
availability of a local base, B with pKa ~ 6.7, as can be  \1n2+ jons and facilitate their assembly into the spin-coupled
estimated from the titration curve in Figure 5B. oxo-bridged tetramanganese cluster following photo-oxida-
The Role for C& in Photoassembly of the WOChe tion.
proposed intermediates for the initial steps in photoassembly  The proposed oxo-bridging geometry of the lMterme-
of the WOC inorganic cluster in PSIl are summarized in diate, [Mr#*(O?")C&"], in the photoactivation reaction can
Scheme 2. The intermediates are organized into threepe compared to the recent structural models of the intact
categories to enable the ease of comparison with the minimalPS|I—-WOC cluster derived from single-crystal Mn EXAFS
kinetic model, which is deduced from the previous kinetic or XRD studies that are depicted in Chartd, (3). D1-
work (eq 2 and reproduced at the bottom of Scheme 2). The Asp-170 is known to ligate to the high-affinity Mh ion
dark precursor of the photoactivation reaction is representedthat is the first Mn ion that contributes to the assembly of
by two states: inactive I precursors and active IM the MnyCa cluster 40, 73, 74). The XRD data reveal that
precursors, respectively. Only active precursors havé'Mn this Mn site corresponds to the Mn ion that lies external to
bound at the high-affinity site and thus are ready for the Mn,Ca subclusterl(3), e.g., the left most positioned Mn
photochemical turnover to produce the first light-induced in each structure shown in Chart 1. From the four structures

Further evidence for this strong interaction comes from
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shown, only two models, 1 and 4, place?Cin a bridging
position to Mn at the high-affinity site. Assuming that the
[Mn3t(O?7)C&*] core that forms at the IMassembly level
serves as a template for binding the remaining thred"Mn
ions and that the Ca ion does not migrate upon the
formation of the fully active WOC cluster during the
photoactivation reaction, then only structural models 1 and
4 in Chart 1 are compatible with the photoactivation results
reported here.
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APPENDIX: SPIN HAMILTONIAN OF MN 3% IN

THE ORTHORHOMBIC LIGAND FIELD

Spectral Characteristics of the Mh EPR Signal.The
center position of the M1 signal is described by an effective
g factor

(3E2/D)2 1/2

1+
(hvy)® — (3E°/D)?

ert = 497 (A1)

based on published expressiob3)( Here,D andE are the
axial and rhombic ZFSs for th&@= 2 ground stateg; is the
true (Zeeman) electronig factor along the direction of the
principal ZFS axisyy is the microwave frequency; aris
Planck’s constant. In addition, the Mnsignal is split into

six lines because of theé®Mn hyperfine interaction (the
splitting corresponds to the hyperfine component along the
zdirection,A7). Importantly, the transition probability of the
Mn3* signal depends strongly upon the ligand-field rhom-
bicity

(9,)°(3E"/hwD)?
3D)

|l ~ (A2)

2+ 2exp—

KT + expg-=

4D)
KT

where the temperature factor is also included. Thus, the signal

intensity varies a&*D?, and nonzero rhombicity is abso-
lutely required to observe the signal. However, at very large
E (such that /D > hvg), the ZFS between electronic levels
Ms = +2 becomes larger than the microwave quantum and
the transition cannot be detected using EPRditequency.

In summary, two spectral parametegzx(and Az) and the
integrated EPR intensity ¢ Nu?, with N being the number
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the spin-Hamiltonian parameters to the electronic state
configuration were previously derived for the electronically
equivalent case of €t (75)

2

'l—)cos D

b A

3(,0 +
}’2
E= \/é(p + Z)sin 2
and

Oy=0,— 2%(0036 — /3sing)?
_ A 2
Oy =0.— ZK(c036 + /3sin 0)

g, =g, ~ Brcod & (A3)
where €x, gv, and gz) are the three components of the
intrinsic g tensor;ge is the free electrog factor (2.0023)p

is the spir-spin coupling constant (0.8 crhfor Mn3*) (76);

A is the spir-orbit coupling constant#88 cm* for free
Mn3%) (57); A is the energy gap to the excited ligand-field
stateSTq (typically 18-25 000 cm?) (58, 59. On the basis

of the general solutions for the hyperfine spin-Hamiltonian
provided by Abragam and Pryce (see eq 3.7 in7ief we
derived the expressions in (A4) for tPRAn hyperfine tensor

of Mn3t applicable to the particular case of orthorhombic
symmetry. These expressions take into account the effects
of the rhombic ligand field, spinorbit coupling, spin
polarization, and metalligand covalency

A, —P(azx — 302(cos D — v/3sin D) +

21 .
A {coso - V3sin (3)2)

A, = _p(a2K — 30%E(cos D + /3sin D) + %(cosé +
J3sin a)z)

A, P((XzK + 60%E cos D + %cos2 6) (A4)

of spins in the sample) can be measured from the experimentwhere P = 2845ngegnd3is the fundamental electron

These experimental parameters can be related to the ligandnucleus interaction scaled by the inverse cube tfe mean
field terms to arrive at a description of the number of ligands electron-nucleus distance; is a dimensionless parameter
and the symmetry of the ligand field that they impose around accounting for the isotropic hyperfine interaction arising from
the Mr?* and the relative ligand-field strength. admixtures with excited electronic configurations having
Interpretation of Spin-Hamiltonian Parameters in Terms unpaired s electron densities, both core ns orbitals (positive
of the M#* Electronic StructureThe®D (S= 2) electronic sign) and the valence 4s orbital (negative sigi);is the
ground term of the M# ion that originates from the 3d  fractional unpaired spin population involving the Mn orbitals
configuration splits into a 3-fold orbitally degenerate state and accounts for the metaligand covalency %8);
5T,y and a 2-fold orbitally degenerate stdtg;, when an & = —Y4 is a numerical constant depending upon the
octahedral ligand field is preserid) (Scheme 1). The orbital  electronic configuration of the ior7{). These expressions
degeneracy of the ground terfity is removed by the  generalize the specific case reported previously, which
tetragonal and orthorhombic distortions of the ligand considered only axially symmetric ligand fields and resulted
field to give the ground state (cds°B; + sin d-°A;), where in a pure groundA 4 or °B,4 state 67). The new expressions
0 is a state mixing parameter. General expressions relatingA4 are applicable
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to the more general case of an orthorhombic ligand field
with a mixed ground-state wave function (c&$B; + sin
6'5A1).

SUPPORTING INFORMATION AVAILABLE

Light-induced loss of the Mit EPR signal in the pH range
of 6—7.5 (Figure S1), MA" EPR signals in the presence of
varied concentrations of Mh (Figure S2), and simulated
Mn3* EPR spectra at pH 6.5 and 9 (Figure S3). This material
is available free of charge via the Internet at http:/
pubs.acs.org.
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