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ABSTRACT: The D157N, D157E, and D157K mutations in the psbO gene encoding the photosystem II (PSII)
manganese-stabilizing protein from spinach, exhibit near-wild-type PSII binding but are significantly
impaired in O, evolution activity and Cl™ retention by PSII [Popelkova et al. (2009) Biochemistry 48,
11920—11928]. To better characterize the role of PsbO-Asp157 in eukaryotic PSII, the effect of mutations in
Aspl57 on heat-induced changes in PsbO solution structure, O, release kinetics, and PSII redox reactions
both within and outside the oxygen-evolving complex (OEC) have been examined. The data presented here
show that Asn, Glu, or Lys mutations in PsbO-Asp157 modify PsbO thermostability in solution, which is
consistent with the previously reported perturbation of the functional assembly of PsbO-Asp157 mutants into
PSII that caused inefficient Cl ™ retention by PSII. Fluorescence decay signals from PSII reconstituted with
Aspl57 mutants indicate that that the Q, to Qg transition on the PSII reducing side is unaffected, but
complex alterations are detected on the PSII oxidizing side that affect the recombination of Qo with the
0,-evolving complex. In addition, oxygen yield on the first flash is increased, which indicates an impaired

ability of mutant-reconstituted PSII samples to decay back to the S; state in the dark.

Photosystem I (PSII)' in higher plants, algae, and cyanobac-
teria is a multisubunit redox enzyme that consists of intrinsic
proteins, including the D1 and D2 proteins, CP43, CP47, and the
a and f subunits of cytochrome bsso, along with several extrinsic
polypeptides (PsbO, PsbQ, and PsbP in green algae and higher
plants, PsbO, PsbU, and PsbV in cyanobacteria and red algae, as
well as analogues of PsbP and PsbQ in cyanobacteria) (7, 2).
Water oxidation takes place at a site called the oxygen-evolving
complex (OEC); extrinsic proteins facilitate retention of three
inorganic cofactors (4 Mn, 1 Ca>", and 1 C17) (/) and shield the
Mn atoms from attack by endogenous reducing agents such as
quinones (3). The OEC cycles through five distinct redox states,
termed the S-states (S,, where n = 0—4); the S; state is dark
stable (1, 4).

Maximal rates of O, evolution at physiological concentrations
of the inorganic cofactors depend on the presence of the extrinsic
proteins; PsbO, the manganese-stabilizing protein, plays a crucial
role in stabilization of the Mn cluster and is required for high rates
of O, evolution (/). Detailed characterization of the function of
PsbO in PSII suggests a specific role for PsbO in Mn redox reactions.

This research was supported by a grant to H.P. and C.F.Y. from the
National Science Foundation (MCB-0716541) and by grant to J.L.R.
from the USDA National Institute of Food and Agriculture (National
Research Initiative Competitive Grant 2008-35318-04605).

*Correspondence should be addressed to this author. Telephone:
(734) 764-9543. Fax: §\734) 647-0884. E-mail: popelka@umich.edu.

! Abbreviations: BSA, bovine serum albumin; CD, circular dichroism;
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It has been shown that aspartate and/or glutamate residues of
PsbO deprotonate during the S;—S, transition (5) and that the
structure of PsbO changes upon reduction of the Mn cluster with
NH,O0H (6). Recent studies showed that PsbO functions to facili-
tate CI™ retention by the OEC and that the protein stabilizes the
Mn cluster in PSII by increasing the affinity of Cl™ for the OEC
active site (7, 8).

In solution, PsbO is a prolate ellipsoid (9, /0) and behaves as a
natively unfolded polypeptide (/) that exhibits features such as a
low pI(5.2), a relatively high content of random coils and turns in
its secondary structure, a high ratio of charged to hydrophobic
residues, deviations in measurements of molecular mass, and
thermostability (/12— 14). The latter property of PsbO was shown
to be due to its ability to resist aggregation during heating (15).
The natively unfolded structure of PsbO in solution may be an
important feature for accommodation of the requirements for
protein—protein interactions in the multisubunit PSIT complex.
Findings from previous studies indicate that PsbO bindsin a two-
step mechanism; docking of the protein at a PSII specific binding
site is followed by folding/assembly of PsbO into PSII (7, 16, 17).
Based on results obtained with the C15A and CC28,51AA PsbO
mutants, this assembly process appears to consist of formation of
the structural elements required for acceleration of O, evolution
and induction of the separate structural features that stabilize
O, evolution activity under prolonged illumination (/8). This is
consistent with the finding that PsbO gains some -sheet elements
at the expense of unordered coils and turns upon binding to
PSII (19).

Binding and activity of PsbO in eukaryotic PSII have been studied
in a number of site-directed mutants from spinach (/5—18, 20).
Recent results reveal that mutagenesis of PsbO-Asp157 impedes O,
evolution and CI™ retention by PSII but not binding of PsbO to PSII.
PsbO-Asp157 mutants were shown to be the first genetically modified

©2010 American Chemical Society
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FIGURE 1: Temperature effects on the solution structure of WT, D157E, D157K, or D157N PsbO’s monitored as mean residue ellipticity (MRE)
at 291 nm (Trp signal) during heating (10 — 90 °C) and cooling (90 — 10 °C). PsbO’s were dissolved in 10 mM KH,PO, (pH 6). MRE was
calculated on the basis of the protein concentration. Curves represent the average of two independent experiments. The experimental conditions
were as follows: path length, 1 cm; sample volume, 1 mL; time constant, 3 s; bandwidth, 1 nm; temperature change, 3 °C/min; equilibration time,

2 min; dead band, 1 °C.

proteins from spinach with wild-type PSII binding that are signifi-
cantly impaired in O, evolution activity. Since the solution structures
of the DI57N, DI57E, and D157K mutants at 25 °C were found to
be very similar to that of the wild-type protein, it was hypothesized
that a defect in folding of the mutants during assembly into PSII
might have lowered their ability to retain CI™ in PSII (21).

To better characterize the deleterious effect of PsbO-Aspl157
mutations on protein folding and stability that can affect a proper
PSII assembly, we monitored the near-UV CD signal from the
heated and cooled PsbO WT and Asp157 mutants in solution. To
determine the specific defects in PSII function caused by the
PsbO-Asp157 mutations, fluorescence decay after a single saturat-
ing flash and oxygen flash yield measurements were performed
on membranes depleted of PsbO or reconstituted with various
PsbO proteins. The results of these experiments show that replace-
ment of PsbO-Aspl57 by Asn, Glu, or Lys does not affect the
kinetics of O, release during the S;—[S4]—S, transition or electron
transfer between Q,~ and Q. However, these mutations impair
thermostability of PsbO in solution, affect recombination be-
tween Qa and the oxidizing side of PSII, and enhance oxygen
yield on the first flash.

MATERIALS AND METHODS

PsbO-Aspl57 Mutants. The experiments presented here
were carried out using the spinach PsbO mutants D157N, D157E,

and D157K. The Asp mutations were prepared and characterized
as described in ref 2/. Recombinant wild-type PsbO from spinach,
that was characterized ina number of previous studies (8, 12, 13, 15),
was used as a control.

Reconstitution of PsbO-Depleted PSII with Recombinant
PsbO. The UW-PSII membranes were prepared from spinach
and stored as described (7, 13). UW-PSII membranes were
reconstituted with PsbO WT or Asp157 mutants (5—10 mol of
PsbO/mol of PSII to ensure proper binding) for 1 h at room
temperature in a reconstitution buffer containing 37 mM MES
(pH 6), 100 ug/mL BSA, 0.3 M sucrose, 2% betaine (w/v), 10 mM
Ca*", and 110 mM CI™. The CI™ concentration used in these
experiments is sufficient to saturate oxygen evolution activity;
addition of higher concentrations of CI™ fails to increase the
activity of Aspl157 mutants to control levels observed in PSII
reconstituted with wild-type PsbO (21). The Chl concentration in
the reconstitution mixtures was 200 ug/mL. The 1 mL aliquots of
the reconstitution mixtures were centrifuged at 10000g and 4 °C
for 10 min. Each pellet was resuspended in 65 #L of reconstitution
buffer to obtain samples with Chl concentration of 3 mg/mL. The
15 uL aliquots of resuspended samples were stored at —70 °C.

Near-UV CD at Various Temperatures. Recombinant PsbO’s
were dialyzed in 10 mM KH,PO, buffer (pH 6). The CD signal at
291 nm (assigned to Trp) during heating (10— 90 °C) and cooling
(90— 10 °C) and near-UV CD spectra at 10, 25, and 90 °C were
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FiGure 2: Effect of heating and cooling on the near-UV CD spectra of WT, D157E, D157K, or D157N PsbO’s dissolved in 10 mM KH,PO,
(pH 6). Near-UV CD spectra were recorded at 25 °C before heating, at 90 °C, and at 10 °C after cooling. The spectrum in each panel has its own
axis with inside or outside scales. The MRE was calculated on the basis of the protein concentration. Other experimental conditions are given in the

legend to Figure 1.

measured using an AVIV 62 DS CD spectrometer to monitor
heat-induced changes in the tertiary structure of recombinant
PsbO’s. The detailed experimental conditions are shown in the
legend of Figure 1.

Fluorescence Experiments. Fluorescence decay after a single
saturating flash was monitored with a Photon Systems Instru-
ments (PSI) FL3000 dual modulation kinetic fluorometer (a com-
mercial version of the instrument described in Nedbal et al. (22)).
Both measuring and saturating flashes were provided by compu-
ter-controlled photodiode arrays. All samples were dark incubated
for 5 min prior to measurement. Samples were assayed at a
chlorophyll concentration of 10 ug/mL in reconstitution buffer.
Similar results were also obtained with assay buffer (0.4 M sucrose,
50 mM MES—NaOH, pH 6.0, 10 mM CacCl,, 80 mM NaCl). The
fluorescence decay experiments monitored forward electron trans-
fer from Q4 to Qg in the absence of DCMU and charge recom-
bination of Q4 with PSII donor-side components in the presence
of DCMU (10 uM). The experimental data were analyzed using
mathematical fitting that included three exponential decay com-
ponents and one long-lived residual (z >10 s) component (23).
Data analysis was carried out using the Origin (version 6.1)
program and software provided by Photon Systems Instruments.
For each fluorescence trace, Fy; was normalized on the fluores-
cence value measured at the time of the flash.

Oxygen Flash Yield Measurements. The oxygen flash yield
measurements were performed on a bare platinum electrode
(Artesian Scientific Co., Urbana, IL). PSII membranes samples

containing 2.5—10 ug of chlorophyll in the same assay buffer
mentioned above for the fluorescence experiments were applied
to the bare platinum electrode, covered with an agarose disk
(1% agarose in assay buffer), and dark incubated for 5 min. The
electrode was polarized at 0.73 V for 20 s, and a series of 50
saturating flashes at 0.3 s intervals was supplied by an integrated,
computer-controlled xenon flash lamp. S-state distributions and
parameters were calculated by fitting using a four-state homo-
geneous model (24). The oxygen rise times were calculated by
fitting peaks to the equation f{r) = a + b(1 — e ") + ce "' using
the Origin 6.1 software package. The corresponding #;, values
for the rise and decay of the oxygen signals were calculated by
o = 0.693/k, and 0.693/kg, respectively. Attempts were made to
extend the dark incubation period to 20 min in experiments to
probe the S; lifetime in reconstituted samples. Unfortunately, this
treatment resulted in decreased signal intensities and artifacts
(spikes) in the oxygen peaks (data not shown).

RESULTS

Heat-Induced Changes in the Solution Structure of WT
PsbO and Asp157 Mutants. The solution structures of Asp157
mutants of PsbO at 25 °C are similar to that of wild-type
PsbO (21). To probe these structures in greater detail under more
extreme conditions, WT and PsbO’s carrying a mutation in
Aspl57 were subjected to heating from 10 to 90 °C, followed
by cooling from 90 to 10 °C. Figure 1 shows the effect of this
treatment on the tertiary structure of all four PsbO proteins in
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solution, monitored by mean residue ellipticity (MRE) at 291 nm,
a signal that originates from Trp241 in a hydrophobic environ-
ment (12, 25). As can be seen, WT PsbO exhibited a gradual and
continuous change during heating, recorded as a decrease in
MRE (Figure 1, upper left panel). The melting curve did not
show a clear transition point. A significant drop in MRE between
10 and 25 °C (Figure 1) was found to be a reproducible instru-
ment artifact, because this decrease was not observed when the
CD signal for the wild-type protein was measured in the spectral
mode of the CD spectrometer at 10 and 25 °C (data not shown).
In Figure 2, the upper left panel presents the near-UV CD spectra
for WT PsbO at 25 °C (before heat treatment), 90 °C (during
heating), and 10 °C (after cooling). Well-defined near-UV CD
peaks correspond to Trp (291—293 nm), Tyr (285—287 nm), and
Phe (258—264 nm) (16, 25). The WT PsbO protein appears to
retain some elements of its tertiary structure during heating,
because the near-UV CD spectrum of WT PsbO at 90 °C exhibits
the well-defined, albeit modified, peaks observed at 25 °C. This
finding differs somewhat from what was observed for the second-
ary structure of wild-type PsbO; this structure is lost upon
heating, and its melting curve exhibits the clear transition point
of 61 or 65 °C in the native and recombinant proteins, respec-
tively (12). The nearly identical wild-type spectra recorded before
(25 °C) and after (10 °C) heat treatment demonstrate that WT
PsbO is thermostable, owing to its ability to regain its original
tertiary solution structure upon cooling. The cooling curve for
recombinant wild type in Figure 1, upper left panel, shows that
the reappearance of WT PsbO tertiary structure occurs by a
continuous mechanism. In contrast to WT PsbO, the Asp157
mutants did not exhibit a continuous decline in MRE upon
heating. A decrease in MRE shifted to a gradual increase as heat
treatment reached a temperature of 50 or 60 °C (Figure 1, upper
right and both lower panels). Moreover, the reproducible instru-
ment artifact described above for WT PsbO is more apparent in
the Asp157 mutants, especially in the D157K sample (Figure 1).
As compared to recombinant wild-type PsbO, the absence of
well-defined peaks in the near-UV CD spectra of Asp157 mutants
at 90 °C indicates that the mutants fail to preserve residual
tertiary structure at 90 °C (Figure 2). A modification of the CD
spectra recorded at 10 °C after cooling, compared to the spectra
obtained at 25 °C before heat treatment, suggests that the environ-
ment of aromatic amino acids in the PsbO mutants has changed
after undergoing the heating—cooling cycle (Figure 2, upper right
and both lower panels). Furthermore, the apparent loss of
thermostability of the D157K and D157N proteins was reflected
in a significant loss of ability to resist aggregation; D157K formed
large clotted aggregates in the potassium buffer, while the D157N
solution became cloudy after cooling.

Fluorescence Decay Kinetics for WT PsbO and Aspl57
Mutants. The Q4 reoxidation kinetics detected after a single
turnover flash in either the presence or the absence of DCMU
were used to probe electron transfer kinetics in UW-PSII
preparations and in samples reconstituted with WT PsbO and
Asp157 mutants. When measured in the absence of DCMU, the
fluorescence decay reflects forward electron transfer from Q5 to
Qg and can detect alterations in electron transfer reactions on the
reducing side of PSII. In the presence of DCMU, forward electron
transfer is blocked, and the fluorescence decay represents charge
recombination with S-states or Yz on the oxidizing side of PSII.

The fluorescence decays after a single flash in the absence of
DCMU for UW-PSII and UW-PSII reconstituted with PsbO
WT or Aspl57 mutants are shown in Figure 3, and the cor-
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FIGURE 3: Q4™ reoxidation kinetics in the absence of DCMU after a
single saturating flash applied to UW-PSII and to PSII reconstituted
with WT PsbO or the Asp157 mutants. The sample reconstituted with
WT PsbO is shown in each panel for purposes of comparison. Data
were collected after dark incubation for 5 min. Points are the
averages, and vertical bars at each point give the standard deviation;
n=6-9.

responding kinetic parameters are presented in Table 1. The
decay curves have been fit to three exponential components (23).
Each component is characterized by two kinetic parameters, a
time constant and an amplitude that represent the kinetics and
the magnitude, respectively, of the particular process that con-
tributes to the overall fluorescence decay. The fast component
reflects electron transfer from Q5 to Qg (26, 27), while the
middle exponential decay can be ascribed to electron transfer
from Q4 to Qpin PSII reaction centers where plastoquinone has
to bind to the Qg site before the electron is transferred from
Qa~ (28). There are ~2.5 plastoquinones per PSII in intact PSII
membranes (see ref 29). The slow decay component is associated
with charge recombination between QA and PSII donor-side
components (30), and the residual fraction may be related to the
equilibrium between Q5 and Qg (3/). Figure 3 and Table 1 show
that PsbO depletion does not drastically affect the fast and
middle exponential decays, although some reducing side defects
exist (see ref 29 for further discussion). The major differences
between the UW-PSII and WT PsbO-reconstituted samples can
be seen in the slow and residual components which reflect charge
recombination with donor-side components. The absence of the
PsbO protein retards the slow component (17 s, 31% vs 2.9 s,
27%) and increases the residual fraction (8% vs 3.4%) relative to
the sample reconstituted with WT PsbO. The effect of Aspl57
mutagenesis in PsbO on the fast and intermediate exponential
decays and on an amplitude for the slow component is negligible,
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Table 1: Kinetic Parameters of Q4 Reoxidation in the Absence of DCMU after a Single Saturating Flash Applied to UW-PSII and PSII Reconstituted with

WT PsbO or D157N, D157E, or D157K PsbO Mutants”

fast phase intermediate phase slow phase
sample ¢, (ms) % amplitude t (ms) % amplitude t3 (s) % amplitude % residual amplitude
UW-PSII 3.0+1 29+1 110 £20 3242 17£2.0 31+£2 8§+3
UW-PSII + WT PsbO 2041 4245 60+ 10 2943 29404 2742 34404
UW-PSII + DI157E PsbO 2.1+£0.2 41 +1 63+8 28+0.9 6.0+0.5 27+0.6 47408
UW-PSII + D157K PsbO 22404 4242 60+ 10 28+1 64407 2741 38409
UW-PSII + D157N PsbO 22402 40 +£1 61+2 29+1 43+0.2 26+£0.9 46+09
“n = 6-9; error = 1.0 standard deviation.
—o— UW-PSII is blocked, in order to elucidate the effect of the PsbO—D157
1.0 —— UW-PSII + WT PsbO mutation on the kinetics of charge recombination between Q,~
—a— UW-PSII + D157E PsbO e \
and the oxidizing side of PSII. The fluorescence decay curves in
0.8+ Figure 4 can be separated into three exponential components (23).
~ In this case, the fast component represents the fraction of PSII
”rE 0.6 centers which lack a functional Mn cluster and Q4 transfers
= electrons to Yz~ (32). The slow phase is associated with charge
W 0.4 recombination between Q4 and the S, state (and possibly the S3
= state) (33). The origin of the intermediate component is less clear,
0.24 but it has been reported to be related to faster charge recombina-
tion between Qo and the S, state or perhaps an altered S,
00 state (23). Finally, the residual component represents very slow
T iE3 001 01 1 10 100 charge recombination between QA and the oxidizing side of
Time (s) PSII. The kinetic parameters corresponding to Figure 4 are
o UW-PSIl + D157K PsbO presented in Table 2. Figure 4 and Table 2 show that the time
1.0+ —v— UW-PSII + D157N PsbO constant of the fast component (about 60 ms) is similar for all
—e— UW-PSII + WT PshO samples analyzed; however, the amplitude of the fast component
0.8 in PsbO-depleted PSII (13%) is slightly smaller relative to the
_ reconstituted samples (17—19%). The origin of this small differ-
o6l ence is unclear, but one explanation might be that PsbO rebinding
= to PSII creates a structure in which a fraction of PSII centers
> 04 retains Mn that is nonfunctional and which escapes detection in
< PsbO-depleted PSII membranes. Alternatively, the process of
reconstitution of PsbO to PSII might create a small population of
02 defective centers without a functional Mn cluster, which are
detected in the reconstituted samples. In any case, this small
0.0 D A population of nonfunctional PSII centers does not contribute to

Time (s)

FiGurRE4: QA reoxidation kinetics in the presence of DCMU
(10 uM) after a single saturating flash applied to UW-PSII and to
PSII reconstituted with WT PsbO or the Aspl57 mutants. The
sample reconstituted with WT PsbO is shown in each panel as the
control for purposes of comparison. Data were collected after dark
incubation for 5 min. Points are the averages, and vertical bars at each
point give the standard deviation; n = 6—9.

but the time constants for the slow phase (6, 6.4, 4.3 s) as well as
the residual amplitudes (4.7%, 3.8%, 4.6%) are slightly increased
in UW-PSII reconstituted with PsbO-Asp157 mutants as com-
pared to UW-PSII reconstituted with WT PsbO. Although it has
been shown that removal of extrinsic PsbP and PsbQ subunits
from the oxidizing side of PSII can affect the reducing side of the
system (29), the results in Figure 3 and Table 1 indicate that
mutagenesis of PsbO-Asp157 and the defects created by these
mutations do not alter electron transfer on the reducing side; on
the contrary, both the absence of PsbO and mutagenesis of PsbO-
Aspl57 alter reaction kinetics at the PSII oxidizing side.

Figure 4 presents the fluorescence decay kinetics monitored in
the presence of DCMU, where electron transfer from Q5 to Qg

steady-state oxygen evolution activity and thus cannot be the
cause of the low activity detected in samples reconstituted with
PsbO-Asp157 mutants. The increased values observed for the
slow and residual components for the UW-PSII sample (38 s,
51%, and 21%, respectively) compared to the sample containing
WT PsbO (22 s, 27%, and 12%) highlight the defect on the PSII
oxidizing side (the more stable S, state) in the absence of PsbO.
The Aspl57 mutants have slow component time constants
similar to those of the wild-type protein, but the corresponding
amplitudes are somewhat higher (31—33% vs 27%) than those
observed for WT PsbO. Likewise, the residual components for
the Asp157 mutants are higher relative to wild type (17—19% vs
12%). Taken together, these higher amplitudes may indicate
altered recombination processes between Qo and the oxidizing
side of PSII reconstituted with PsbO-Asp157 mutants, as com-
pared to PSII reconstituted with WT PsbO. Since the slow
component time constants are similar among the samples, it is
not possible to attribute these increases in the slow and residual
amplitudes as being due simply to an increase in stability of the S,
state (33). The contribution of these parameters to the curves
observed in Figure 4 results in the small, but significant deviation
of the traces of samples reconstituted with Asp157 mutants from
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Table 2: Kinetic Parameters of Q4 Reoxidation after a Single Saturating Flash Applied to DCMU-Treated UW-PSII and PSII Reconstituted with WT PsbO

or DI157N, DI57E, or D157K PsbO Mutants®

fast phase

intermediate phase

slow phase

sample t (ms) % amplitude 1 (s)

% amplitude t3 (s) % amplitude % residual amplitude

UW-PSII 60+20 13£2
UW-PSII + WT PsbO 60420 19+3
UW-PSII + D157E PsbO 58+ 14 18+2
UW-PSII + D157K PsbO 56+9 17+2

UW-PSII+D157N PsbO 5010 18+1

3.0+2.0
12403
2.0+£0.5
1.7+ 0.4
1.4+0.3

16+3 38+ 16 51+£6 21+9
42+3 2248 2742 1243
32+4 2247 32+4 1943
3245 2548 33+2 18+4
34+4 20+ 7 31+£3 1743

“n = 6-9; error = 1.0 standard deviation.

that of wild type beyond 100 ms, whose origin, as noted above,
cannot be determined.

Oxygen Flash Yield Experiments. Short saturating light
pulses can be used to advance PSII centers stepwise through the
five S-states (So—S4). The oxygen yield patterns produced by a
series of these flashes provide detailed information on the turnover
of the OEC. Typically, the dark incubation period prior to the
measurement forms the PSII centers that decay back to the Sy state
and results in a maximal peak after the third flash. Figure 5 shows
a typical oxygen flash yield pattern observed for UW-PSII and
UW-PSII reconstituted with either WT or Aspl57 mutants of
PsbO. In the presence of WT PsbO, PSII membranes display a
typical oxygen flash yield pattern with a maximal peak after the
third flash. The oxygen flash yield pattern of PsbO-depleted PSII
membranes is qualitatively very different, with the largest oxygen
yield after the first flash. The oxygen flash yield pattern observed
for D157E partially restores the pattern observed with WT PsbO,
but this mutant exhibited a higher oxygen yield on the first flash
relative to the wild-type sample (Figure 5). The oxygen flash yield
patterns observed for D157K and D157N were almost identical to
that observed for D157E (data not shown). It should be empha-
sized that oxygen flash yield patterns shown here originate from
signals with different absolute values. The UW-PSII sample exhi-
bited a very low absolute signal; 10 ug of Chl was needed per
measurement to obtain the maximal peak value of 1.5—2.5 mV.
Among the PsbO-reconstituted samples, where 5 ug of Chl was
used in each sample per measurement, WT had the highest abso-
lute signal intensity (1.3—2 mV); PSII samples reconstituted with
PsbO mutants exhibited maximum peak values in a similar range
(0.4—1mV for DI157E, 0.9—1.5mV for D157K, and 0.7—1.5 mV
for D157N). The oxygen yield on the first flash after normalization
of all data to the height of the third flash is shown in Figure 6.
Samples reconstituted with PsbO-Asp157 mutants and PsbO-
depleted samples exhibit about 15-fold and 150-fold higher oxygen
yield on the first flash than do samples reconstituted with WT
PsbO. To exclude the possibility that the high oxygen yield on the
first flash comes from an interaction of the Mn cluster with
hydrogen peroxide (34), oxygen flash yield was also measured in
the presence of catalase (data not shown); the result was the same
as that in the absence of catalase (Figure 6). Additional control
experiments were carried out using EDTA or Mn>"; addition of
EDTA or Mn*" to samples had no effect on oxygen yield on the
first flash (Figure 6) (data not shown). These results indicate that
the unusual oxygen yield on the first flash does not arise from
reactions between electrode-generated peroxide and adventitious
Mn*" (34); instead, it originates from PSII centers that do not
decay back to the S; state in the dark but remain in the S; state.

Table 3 presents the S-state parameters and S-state distribu-
tion prior to the first and second flashes, calculated for UW-PSII

25

UW-PSII

2.04

0.5+

Oxygen yield normalized on 3rd peak

0041

Time (s)

=
)

UW-PSII + WT PsbO

i

o o =
o ® b

Oxygen yield normalized on 3rd peak
o
i

o o
o N
1 1

1 2 3 4 5 6
Time (s)
« 1.24 UW-PSII + D157E PsbO
3
o
- 1.0
@
c
© 0.8
°
Q
N
S 06
E
S 4]
o)
2
>
2 0.2
Q
D
g 0.0-
'02 T T T T T T T
0 1 2 3 4 6
Time (s)

FIGURE 5: Data illustrating the typical oxygen flash yield patterns
obtained from UW-PSII and PSII reconstituted with WT or D157E
PsbO. Curves were normalized to the height of the third peak (oxygen
yield after the third saturating flash).

and UW-PSII reconstituted with PsbO WT or Asp157 mutants.
Quantitative analysis revealed that mutations in Asp157 have no
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effect on misses, single hits, double hits, or deactivations, while
PsbO extraction increases the probability for double hits and
decreases the probability of misses. The S-state distribution prior
to the first and second flashes is reflected in the results in Figures 5
and 6; most notably, the four-state homogeneous model used to
fit the data generally fails to compute the S-state distributions
prior to the first flash for these samples, resulting in negative
percentages with large error values for some of the S-states.
However, this statistical model could be used to determine the
S-state distribution prior to the second flash for all samples.
Analysis of this set of data reveals that in the presence of WT
PsbO the majority of PSII centers are distributed between the S;
and S, states prior to the second flash, which is consistent with the
fact that most of these centers decayed back to the Spand S; states
during the initial dark-incubation period. In contrast, in the
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FIGURE 6: The oxygen flash yield after the first saturating flash
relative to the oxygen yield after the third saturating flash. Flashes
were applied to PsbO-depleted PSII and samples reconstituted with
WT PsbO or Aspl57 mutants. Data were normalized from the
baseline to the height of the third peak (oxygen yield after the third
saturating flash). Columns are the averages and vertical bars on each
column represent the standard deviation; n = 8—15.
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absence of PsbO, the population of PSII centers in the different
S-states is distributed more evenly, resulting in much larger
populations of PSII reaction centers in the S, and S; states
compared to those observed in the presence of WT PsbO
(Table 3). An increased dark stability of the S, and S5 states in
the absence of the PsbO protein can explain these results (35). The
S-state distributions of samples reconstituted with Aspl57 mu-
tants largely resemble those of the wild-type sample with the
majority of PSII centers distributed between the S, and S, states.
However, the PsbO mutants display an increase in the population
of PSII centers in Sy. Because the kinetic parameters are similar
among the reconstituted samples, this result can be explained by
an increase in the dark stability of the S; state in samples
reconstituted with PsbO-Asp157 mutants.

Analysis of the rise time of the oxygen peaks provides an
estimate of the oxygen release during the S;—[S4]—S, transi-
tion. Peaks corresponding to signals after 30—40 flashes by
which time the S-states were randomly distributed were
compared (Table 4). The O, release time for a PsbO-depleted
sample was ~37 ms. Reconstitution of UW-PSII with either
WT or an Asp157 mutant of PsbO shortened O, release time to
an interval between ~10 and ~13 ms, indicating that muta-
genesis in PsbO-D157, in contrast to PsbO depletion, did not
affect —O—O— bond formation.

Table 4: Oxygen Release Kinetic Parameters for PsbO-Depleted PSII
Membranes and Samples Reconstituted with WT PsbO or DIS7N,
DI157E, or D157K PsbO Mutants®

sample rise ¢y, (ms)
UW-PSII 3744
UW-PSII + WT PsbO +1
UW-PSII + DI157E PsbO 1341
UW-PSII + D157K PsbO 12+1
UW-PSII + D157N PsbO 10+1

“n = 20—24; error, +1.0 standard deviation.

Table 3: S-State Parameters and Distributions for UW-PSII and PSII Reconstituted with WT PsbO, D157E PsbO, D157K PsbO, or D157N PsbO*

no PsbO WT PsbO D157E PsbO D157K PsbO D157N PsbO
S-State Parameter
misses 13.54+4.6 24.0+4.4 225451 23.6 £4.8 233423
single hits 51.0£2.8 56.0+ 5.8 58.6+5.1 59.0+3.1 592+1.8
double hits 24.1+42 92451 51438 35412 5.5+ 1.4
deactivations 10.0£ 3.9 7.7+£2.8 10.9+4.0 11.0£2.7 9.1+0.7
S-State Distributions Prior to First Flash
Sy —-6.94+16.2 26.9+19.6 45.04+10.1 37.6+134 40.0+8.7
N 37.94+24.8 94.6+39.0 67.7+14.6 63.8+£12.0 67.3+£6.7
S, —1.8 +£20.0 —27.64+29.2 —21.44+10.6 —8.74+3.0 —15.7+54
S3 719 £11.4 6.0+£8.0 89+4.6 73+1.3 84+1.5
S-State Distributions Prior to Second Flash
Sy 37.1+£3.3 120+5.5 20.8+1.4 19.6+1.9 199 +1.5
N 204 +4.1 40.7+£5.7 423+2.1 38.54+2.7 39.7+£2.5
S, 26.3+3.6 472445 37.8+3.2 38.5+4.7 40.4+2.8
S3 16.2+1.9 0.1+3.5 —0.9+2.6 34+1.0 0.0+1.8

“n = 8-15; error, 1.0 standard deviation.
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DISCUSSION

Aspl57 Mutations Impair Thermostability of PsbO in
Solution and Functional Assembly of PsbO into PSII. The
PsbO-Asp157 mutants characterized here exhibit high-affinity
binding of two copies of the protein per PSII reaction center, but
they restore only ~40% of the activity of recombinant wild type
(~30% of SW-PSII control) and cannot efficiently retain Cl™ in
PSII (21). Solution structures of DI157N, D157E, and D157K
PsbO at 25 °C were found to be similar to that of WT PsbO (21).
The detailed structural analysis presented here shows, however,
that the solution structure of the Aspl57 mutants behaves
somewhat differently from that of WT when the PsbO proteins
are heated and then cooled in 10 mM KH,PO, buffer (pH 6).
Under these conditions, retention of some elements of tertiary
structure (monitored by the MRE of Trp241) at 90 °C and full
recovery of PsbO tertiary solution structure upon cooling to
10 °C are observed only for the recombinant wild-type protein; all
of the PsbO-Aspl57 mutants exhibit complete loss of their
tertiary structures during heating (90 °C) and incomplete recov-
ery of tertiary structure after cooling (10 °C) (Figures 1 and 2).
This result suggests that the loss of thermostability by Asp157
mutants is probably due to a perturbation of a very specific
interaction that normally occurs in WT between D157 and the
PsbO backbone. Heating revealed that the loss of this interaction
due to a mutation in PsbO-D157 likely generates a structural
disruption that cannot be recovered by substitution of Lys, Asn,
or Glu. As a result, these mutated proteins display similar proper-
ties and exhibit similar impaired interactions with PSII. It has
been shown previously that the PsbO secondary structure under-
goes additional folding, to form f3-sheet, after docking at a PSII
binding site and that this process is important for functional
assembly of the PsbO protein into PSII (7, 16, 18—20). Both a loss
of thermostability of PsbO in solution (Figures 1 and 2) and
inefficient C1™ retention by PSII (27) due to mutations of Asp157
would indicate that functional folding and assembly of PsbO into
PSII require Asp157. This negatively charged residue might form
a salt bridge with Argl61, which affects functional assembly and
efficient CI™ retention by PSII (7). D157 is a part of the large
flexible loop of PsbO (21), and it could be argued that greater
conformational flexibility of this loop should help the protein to
accommodate a mutation, especially the Asp — Glu mutation.
Data obtained with the D48G and R51Q mutants of native thermo-
stable and molten globule variants of chorismate mutase (CM)
were interpreted to indicate the opposite; the higher rigidity of the
natural variant of CM can more easily reinforce positioning of
the backbone. As electrostatic interactions require precise posi-
tioning of the residues involved in these interactions, a high
degree of conformational mobility of the molten globule variant
of CM imposes an energetic cost for maintenance of the func-
tional conformation of the protein backbone (36).

Mutagenesis of PsbO-D157 Affects Oxidizing-Side Reac-
tions of PSII but Has No Effect on Kinetics of O, Release,
S-State Parameters, and Electron Transfer from Q 4 to Qp.
Previous experiments with Aspl57 mutants showed that
although rebinding to PSII occurs with an affinity and stoichi-
ometry similar to that of the wild-type protein, CI™ retention by
PSII reconstituted with Asp157 mutants is impaired, as evidenced
by an increase in the CI™ Ky; additions of excess Cl~ in amounts
that would normally be sufficient to permit formation of the S,
and S; states (37, 38) fail to restore significant amounts of oxygen
evolution activity (21). In order to obtain additional information
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on the defect or defects caused by these mutations when
reconstituted to PSII, we examined fluorescence decay kinetics
in the absence or presence of DCMU to monitor possible defects
on the reducing and oxidizing sides of PSII and characterized
oxygen flash yields from PSII samples to determine if the S-states
had been affected. The data obtained from samples to which
DCMU had not been added (Figure 3, Table 1) indicate that
electron transfer from Q4 to Qg is unaffected by mutations to
Aspl57. In the presence of DCMU, where recombination
between Qa and the oxidizing side occurs, the fluorescence
decay up to 100 ms showed very similar results for PsbO WT and
Aspl57 mutants, indicating that recombination between Qa~
and Yz" (23, 27) was unaffected by Asp157 mutagenesis in PsbO.
On the other hand, the slow decay component and the residual
signal (Figure 4, Table 2) are increased in amplitude, but the
kinetics of the slow decaying component is the same as that
detected for the wild-type protein. These results indicate that the
Aspl57 mutations to PsbO have modified some of the properties
of the oxidizing side of PSII. A more precise characterization of
the defect or defects in the OEC is complicated by the fact that
interpretation of the decay components in the fluorescence data
assumes that all dark-adapted PSII centers are in the S; state. Our
data indicate that this is not the case for samples reconstituted
with Aspl57 mutants.

Results from experiments with PSII samples reconstituted with
Aspl57 mutants of PsbO to examine oxygen flash yields reveal
larger populations of PSII centers in the S; state than does a
sample reconstituted with WT PsbO (Figures 5 and 6). This is
consistent with previous reports documenting modifications of
S-state lifetimes by either loss of PsbO-1 and replacement by
the PsbO-2 protein in Arabidopsis (39, 40) or by preparation of
UW-PSII to remove PsbO, where longer S, and S; lifetimes are
observed (35). The cause of S-state stabilization in these samples
has not yet been identified. At the same time, no significant
difference between PsbO WT and Asp157 mutants was detected
in quantitative analyses of O, release kinetics, which indicates
that replacement of PsbO-D157 with E, K, or N had no effect on
the S; — S, transition and —O—O— bond formation (Table 4).
Analysis of the S-state parameters revealed that only PsbO extrac-
tion results in a sample that is susceptible to aberrant transitions
(Table 3).

CONCLUSIONS

In contrast to earlier reports (41, 42), the results presented in
this study and in ref 2/ provide evidence that PsbO-Asp157 is an
important residue for optimal function of PSIL. On the basis of
PsbO solution structure analyses combined with activity assays,
we conclude that replacement of PsbO-Aspl57 with Asn, Lys, or
Glu causes a defect in functional assembly of PsbO into PSII;
steady-state assays of activity with these mutants revealed a
defect (inefficient CI™ retention) in PSII function (see ref 21). The
results presented here characterize the extent and nature of the
defects in Aspl57 mutants:

(1) Normal electron transfer between Q4 and Qg is observed
in UW-PSII samples reconstituted with either WT PsbO or with
Aspl57 mutants, which indicates that reducing side reactions of
PSII are unaffected by reconstitution with the PsbO mutants.

(2) Recombination between Q» ~ and the oxidizing side of PSII
is affected by the mutations, as evidenced by increased fluores-
cence signal amplitudes associated with the slow decay phase and
residual signals in DCMU-treated samples.
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(3) Oxygen flash yield measurements show the presence of a
long-lived S; state in UW-PSII, as expected from prior investiga-
tions (35). Although reconstitution of UW-PSII with both WT
and Aspl57 mutants decreases the amount of stable S;, recon-
stitution with Asp157 mutants produces a substantially larger
fraction of this state than does rebinding of the WT.

(4) Oxygen release kinetics restored by reconstitution of UW-
PSII with both WT and Asp157 mutant PsbO’s are similar.

These results would indicate that the S, and Ss states are
sensitive to the defect created by Asp157 mutants in PsbO, while
the S; — Sy transition functions normally. Although the Asp157
mutants exhibit a defect in C1™ affinity in the OEC under steady-
state illumination, the failure to overcome this defect by additions
of high concentrations of CI™ (2/) would suggest that the modi-
fied activity of the OEC in the presence of these mutated proteins
could be due to other factors as well. One possibility can perhaps
be found in the recent crystal structure of cyanobacterial PSII
where PsbO-D158 (homologous to D157 in spinach PsbO) is
localized in proximity to the OEC active site and CI™ is bound
through a putative water molecule to the MnyCa cluster at a
distance of 6.5 A, close to two proposed proton channels (43, 44).
Although D157 appears not to be directly involved in the proton
transfer network (21), it is possible that assembly of a PsbO mutant
lacking Asp157 creates an unfavorable environment for the function
of the entire OEC. An optimizing function of Asp residues, such as
sustaining structural stability, formation of hydrogen bonds, or
retaining the proper orientation of surrounding molecules, has been
reported for a number of other proteins (45—48).
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