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the removal and reconstitution of PsbO.

the catalytic cycle of water oxidation.
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(Bacl(ground: PsbO is an intrinsically disordered subunit of photosystem II.
Results: Temperature-sensitive PsbO dynamics are identified by reaction-induced Fourier transform infrared spectroscopy and

Conclusion: PsbO serves as an organizational template and undergoes flash-induced hydrogen-bonding changes, coupled with

Significance: PsbO samples a rough conformational landscape when bound to its target, the photosystem II reaction center.
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Photosystem II (PSII) is a membrane-bound enzyme that uti-
lizes solar energy to catalyze the photooxidation of water.
Molecular oxygen is evolved after four sequential light-driven
oxidation reactions at the Mn,CaO; oxygen-evolving complex,
producing five sequentially oxidized states, S,,. PSII is composed
of 17 membrane-spanning subunits and three extrinsic sub-
units, PsbP, PsbQ, and PsbO. PsbO is intrinsically disordered
and plays a role in facilitation of the water oxidizing cycle.
Native PsbO can be removed and substituted with recombinant
PsbO, thereby restoring steady-state activity. In this report, we
used reaction-induced Fourier transform infrared spectroscopy
to obtain information concerning the role of PsbP, PsbQ, and
PsbO during the S state cycle. Light-minus-dark difference
spectra were acquired, monitoring structural changes associ-
ated with each accessible flash-induced S state transition in a
highly purified plant PSII preparation (Triton X-100, octylthio-
glucoside). A comparison of S, minus S, spectra revealed that
removal of PsbP and PsbQ had no significant effect on the data,
whereas amide frequency and intensity changes were associated
with PsbO removal. These data suggest that PsbO acts as an
organizational template for the PSII reaction center. To identify
any coupled conformational changes arising directly from
PsbO, global *3C-PsbO isotope editing was employed. The reac-
tion-induced Fourier transform infrared spectra of accessible S
states provide evidence that PsbO spectral contributions are
temperature (263 and 277 K) and S state dependent. These
experiments show that PsbO undergoes catalytically relevant
structural dynamics, which are coupled over long distance to
hydrogen-bonding changes at the Mn,CaOj cluster.
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Although much attention is focused on lowest energy protein
structures, as revealed by high resolution x-ray crystallography,
enzymes sample an ensemble of conformational substates,
called the conformational landscape. The primary sequence
encodes not only information about static structure but also the
dynamic range. These factors determine the function and the
adaptability of the protein (see, for example, Refs. 1-3 for
reviews, and references therein). Natively unfolded or intrinsi-
cally disordered proteins (IDPs)? are a limiting case in which a
wide array of function-related structural organizations is read-
ily detectable. This malleability has been postulated to play an
important role in an IDP binding to its target protein (reviewed
in Refs. 4 and 5). Binding is often observed to result in a decrease
in disorder, either through a conformational selection or
induced fit mechanism, although exceptions have been noted
(see Ref. 5 and references therein).

Photosystem II (PSII) is a complex membrane protein con-
sisting both of integral, membrane-spanning subunits and
extrinsic subunits. A monomeric unit of PSII consists of at least
20 distinct protein subunits, which are composed of 17 integral
subunits and 3 extrinsic polypeptides, PsbP, PsbQ, and PsbO
(Fig. 1A) (6, 7). The hydrophobic intrinsic subunits, which bind
most of the redox-active cofactors, are D1, D2, CP43, and CP47.
The light-induced electron transfer pathway in the reaction
center involves the dimeric chlorophyll (Chl) donor, P,
accessory chlorophyll molecules, quinone acceptors, and a
tyrosine residue, YZ, which is Tyr-161 of the D1 polypeptide
(reviewed in Refs. 8 and 9).

The oxygen-evolving complex (OEC) is a Mn,CaOy cluster
(Fig. 1B, inset). Four sequential photooxidations (Fig. 1B) of the
OEC are required to produce molecular oxygen (10). Oxygen
release from the OEC fluctuates with period four. The OEC
cycles through five sequentially oxidized states, called the S,

2 The abbreviations used are: IDP, intrinsically disordered protein; FT-IR, Fou-
rier transform infrared; OEC, oxygen-evolving complex; PSIl, photosystem
II; Chl, chlorophyll.
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FIGURE 1. Diagram of PsbO (A) from the 1.9-A cyanobacterial PSII crystal
structure (PDB 3ARC) (7). PsbO is oriented to illustrate its relationship to the
hydrogen-bonded water network (blue spheres) that extends from the
Mn,CaOs (dark gray, yellow, and red spheres) oxygen-evolving complex to
the lumen. Amino acids of the CP43 (cyan sticks), D1 (green sticks), D2 (yellow
sticks), PsbU (orange sticks), and PsbO (pink) subunits are color coded. The
distance from the OEC calcium to the nearest PsbO residue is at least 17 A. B,
shows a model for flash-dependent photosynthetic water oxidation. A
Mn,CaOs structure, including metal ligands, is shown in the inset (PDB 3ARC).
For the FT-IR experiments, presented here, a single 532-nm flash followed by
20-min dark adaptation synchronizes PSll in the S, state. Subsequent actinic
flashes promote centers through the S state cycle. Molecular oxygen is
evolved on the third flash (S5 to S, transition).

states. A single flash given to a dark-adapted sample (S, state)
generates the S, state (Fig. 1B), which corresponds to the oxi-
dation of Mn(III) to Mn(IV) (11). Subsequent flashes advance
the OEC to higher oxidation states and higher S states, and
oxygen is evolved on the transition from S, to S,. S, is an unsta-
ble state, which is produced by flash excitation of S, and con-
verts to Sy in the dark. Calcium and chloride play important, but
not completely understood, roles in the S state cycle. Flash exci-
tation can be coupled with spectroscopic techniques to identify
structural changes associated with each S state transition (for
examples, see Refs. 12-15).

In addition to intrinsic subunits, PSII also contains extrinsic
subunits (16, 17). For example, in plants, the three extrinsic
lumenal subunits (PsbO, PsbP, and PsbQ) are necessary to
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maintain high steady-state rates of oxygen evolution activity
(17). One proposed role of the extrinsic polypeptides, PsbP and
PsbQ, is in the retention of the OEC calcium and chloride ions
(18). PsbO also plays a role in retention of calcium and chloride
and accelerates the steady-state rate of oxygen evolution
(reviewed in Ref. 16), although a low level of activity is observed
in its absence (19). The PsbO subunit is natively unfolded in
solution (20), and cyanobacterial PsbO is known to form a f3
barrel (Fig. 1A) when bound to the PSII reaction center (7).

An extensive set of mutagenesis studies has been performed
on plant and cyanobacterial PsbO (for examples, see Ref. 16 and
21-47). Experiments have also investigated the roles of PsbO in
green algae (48) and the two PsbO subunits, PsbO1 and PsbO2,
in Arabidopsis thaliana (49 —59). These studies and chemical
cross-linking (see Refs. 60 and 61, for examples) have identified
domains that are important in structure, function, and assem-
bly. Although one copy of PsbO is bound per reaction center in
thermophilic cyanobacteria (6, 7), plant PSII binds two copies
of PsbO (19, 23, 25, 32, 41, 50, 62— 64).

Previous work showed that PsbO stabilizes the metal cluster
and acts as a catalyst for the water splitting reactions (reviewed
in Ref. 16 and 17). Functional roles for PsbO carboxylic acid and
amide side chains were proposed, based on studies using reac-
tion-induced FT-IR spectroscopy to study one transition, the S;
to S, transition (65, 66). These experiments suggested that
amino acid side chains on the PsbO subunit are involved in
proton transfer reactions on the S, to S, transition at 200 K (65,
66). Interestingly, the description of PsbO structural changes
were altered with temperature. These data suggest that com-
plex PsbO dynamics accompany OEC oxidation.

To describe the role of PsbO in the PSII conformational land-
scape during other parts of the S state cycle, here we examine
reaction-induced Fourier transform infrared (FT-IR) difference
spectra for each accessible S state transition (Fig. 1B). Reaction-
induced FT-IR spectroscopy has been used to study catalysis-
induced conformational changes in other proteins (reviewed by
Ref. 67). In application to S state cycling events, this technique
was described originally in Refs. 13 and 14. The PSII sample is
synchronized in the S, state, and laser flashes are employed to
advance the Mn,CaOs cluster sequentially to the S,, S;, and S,
states. Difference FT-IR spectra are constructed for each flash-
induced transition. For example, in a S, minus S; spectrum,
unique vibrational bands of the S, state are positive and unique
vibrational bands of the S, state are negative. Frequencies and
intensities in these spectra have been reported to oscillate with
period four. On the time scale employed, this technique reflects
long-lived structural dynamics on the donor side of PSII (68,
69).

This reaction-induced FT-IR technique has been used
recently (70, 71) to study the S state cycle in a plant PSII prep-
aration, isolated with octylthioglucoside (72) and Triton X-100
(73). This preparation provides an advantage for spectroscopic
studies in that it is highly resolved and stable. The PsbP, PsbQ,
and PsbO extrinsic subunits have been reported to be retained
by this preparation as isolated (72), but PsbP and PsbQ can be
removed selectively by NaCl washes (74), and then PsbO can be
removed by urea (75) or CaCl, (76) washing.
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In this study, these PSII purification methods and reaction-
induced FT-IR spectroscopy were used to identify extrinsic
subunit influence on the PSII conformational landscape. These
results provide evidence that the IDP, PsbO, provides a tem-
plate for organizing its target, the PSII reaction center. To iden-
tify structural changes arising directly from PsbO, spinach
PsbO was recombinantly expressed and '*C-labeled, as
described previously (66, 77). The >C (natural abundance) and
globally '*C-labeled recombinant proteins bind and restore
steady-state oxygen activity (66, 77). This isotope-editing
approach detects structural changes only in PsbO, with no
spectral contribution from the rest of the PSII reaction center.
These approaches provide evidence that PsbO undergoes tem-
perature-dependent structural dynamics, which are coupled
with the S state cycle.

EXPERIMENTAL PROCEDURES

Isolation of PSII—PSII-enriched thylakoid membranes were
isolated from market spinach, as described previously (73).
Membranes were solubilized (72) with #n-octyl-B-p-thiogluco-
side (0.4%, pH 6.0), followed by treatment with 10 mm MgCl, to
remove light-harvesting complexes (LHCII, CP24, CP26, and
CP29). Oxygen evolution activity of isolated PSII samples was
measured (78). Samples were suspended in 400 mM sucrose, 50
mm MES-NaOH (pH 6.0), 60 mm NaCl, and 20 mm CaCl,. The
electron acceptors, recrystallized 2,6-dichloro-1,4-benzoqui-
none (500 uMm) and potassium ferricyanide (1 mm), were used
and prepared immediately prior to the experiment. Steady-
state oxygen evolution rates for PSII samples as isolated were
1100 = 80 wmol of O, (mg of Chl-h)™' (see Table 1) using
2,6-dichloro-1,4-benzoquinone and potassium ferricyanide as
acceptors at 25 °C. The use of 7 mm potassium ferricyanide
alone, as in the FT-IR experiments, gave a steady-state oxygen
evolution rate of 250 * 45 umol of O, (mg of Chl-h)™".

Depletion of Extrinsic Subunits—PSII samples were incu-
bated in high ionic strength buffer (400 mm sucrose, 50 mm
MES-NaOH (pH 6.0), and 2 M NaCl) to extract the extrinsic
polypeptides PsbP and PsbQ (NaCl-PSII) (77, 79, 80). To
remove PsbO, NaCl-PSII was incubated in buffer containing
400 mMm sucrose, 50 mm MES-NaOH (pH 6.0), 2.6 M urea, and
200 mMm NaCl (Urea-PSII) (77,79, 80). As an alternative method
for PsbO removal, NaCl-PSII was incubated in buffer contain-
ing 400 mMm sucrose, 50 mM MES-NaOH (pH 6.0), and 1 m CaCl,
(CaCl,-PSII) (79).

Estimation of PsbO Content—Neville SDS-PAGE analysis of
PSII samples (Fig. 24) was performed as described previously
(81). For Triton X-100-isolated PSII membranes (BBY), 5 ug of
chlorophyll was loaded per lane and for n-octyl-B-p-thiogluco-
side-isolated PSII, 1 ug of chlorophyll was loaded per lane. Gels
were stained with 0.05% Coomassie Brilliant Blue R (Coomassie
stain) to detect total protein. To determine the content of PsbO,
Western analysis was performed using an anti-PsbO antibody
raised in rabbits (82). Unstained gels were blotted onto a poly-
vinylidene fluoride (PVDF) membrane. The PVDF membrane
was subjected to sequential incubations with the primary anti-
PsbO antibody (82) and then with a secondary anti-rabbit pro-
tein A-alkaline phosphatase conjugate (Calbiochem, San Diego,
CA). The Western blot (Fig. 2B) was developed with a 5-bromo-
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FIGURE 2. Urea-SDS-PAGE (81) (A) and Western blot (B) of PSIl samples
used for FT-IR experiments. The lanes represent: 1) PSIl membranes (BBY),
isolated by Triton X-100; 2) PSI, isolated by n-octyl-B-b-thioglucoside and
Triton X-100; 3) NaCl-washed PSII (PsbP/PsbQ-depleted); 4) urea-washed PSII
(PsbP/PsbQ and PsbO-depleted); 5) PSII reconstituted with '>C-PsbO; 6) PSII
reconstituted with '*C-PsbO; 7) molecular weight markers (labels in kDa on
the right); 8) '2C-PsbO; and 9) '*C-Psb0. Sample treatments are described in
detail under “Experimental Procedures.” The amount of PsbO remaining in
the urea-PSll sample is ~20% (see “Experimental Procedures” for details).
In '2C-PSIl and "3C-PSlI samples, a slight difference in migration for recombi-
nant PsbO was observed, as expected (24). The amount of '2C/'>C-PsbO in
lanes 8 and 9 corresponds to 2 mol of PsbO/mol of PSII. Along the left, the
electrophoretic migration of PsbO, PsbP, and PsbQ subunits is labeled. A
Western blot analysis with anti-PsbO antibody (see “Experimental Proce-
dures” for details) is shown in B.

4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/
NBT) liquid substrate (Thermo Scientific, Waltham, MA).
Densitometry was used to quantitate the amount of PsbO in
samples used for FT-IR spectroscopy. A Western blot contain-
ing a standard curve of NaCl-PSII samples (data not shown) was
employed (as performed previously in Ref. 79). Comparison of
the integrated areas showed that urea or CaCl, treatments
removed 82 and 92% of native PsbO, respectively. Reconstitu-
tion with 2C- or '3C-PsbO to urea-PSII gave quantitative
(120%) rebinding. This analysis is consistent with previous
results for a different PSII preparation (24, 79).

Isolation and Purification of PsbO—Recombinant PsbO was
expressed in and purified from Escherichia coli BL21(DE3)/
pLysS cells containing the PsbO expression plasmid (24, 77, 80).
The recombinant protein is different in two respects from
native, spinach PsbO. The recombinant protein has an N-ter-
minal methionine and also has a Val-235 to Ala mutation,
which has been reported to arise spontaneously from propaga-
tion in E. coli (24). These changes have no influence on PsbO
binding at room temperature or on reconstituted steady-state
activity (24, 25, 65, 77). Global 13C-enrichment of recombinant
PsbO was accomplished with ['*C]glucose and minimal media
(66, 77). This protocol incorporates the '*C-isotope at all PsbO
carbons with at least 90% labeling, as assessed from gas chro-
matography/mass spectrometry analysis on acid-hydrolyzed
PsbO samples (77).
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Recombinant and native PsbO were purified by a method
previously described (20). Isolated PsbO samples were dialyzed
(24) into 400 mm sucrose, 50 mM MES-NaOH (pH 6.0), 60 mm
NaCl, and 20 mm CaCl,. Samples were frozen and stored at
=70 °C.

Sequencing—Nucleic acid sequencing (Eurofins MWG
Operon) of the recombinant PsbO-containing plasmid con-
firmed the presence of the N-terminal methionine and the
V235A mutation. N-terminal protein sequencing (University of
Minnesota, BioMedical Genomics Center) of recombinant
PsbO confirmed the presence of an N-terminal methionine res-
idue. Electrospray ionization (ESI)-mass spectrometry (Geor-
gia Institute of Technology, BioAnalytical Mass Spectrometry
Facilities) determined a molecular mass of 26,634 Da, consist-
ent with N-terminal methionine residue and V235A mutation
in recombinant PsbO, and the expected molecular mass of
26,530 Da for native, spinach PsbO.

PsbO Reconstitution—Native, '>C-PsbO, or '*C-PsbO was
reconstituted to urea-PSII (2 um) in 400 mM sucrose, 50 mm
MES-NaOH (pH 6.0), 60 mm NaCl, and 20 mm CacCl, supple-
mented with 0.33 mg ml~ " of bovine serum albumin (Fraction
V). The PsbO concentration during reconstitution was 10 um,
corresponding to 5 mol of PsbO/mol of PSII reaction center.
The PsbO concentration was estimated using the extinction
coefficient (16 mM ™~ ' cm™ " at 276 nm; see Ref. 19). Rebinding of
PsbO was carried out at room temperature, in the dark, for 1 h.
Oxygen evolution assays were performed to assess the effi-
ciency of PsbO reconstitution, as described in Table 1. Nonspe-
cifically bound PsbO was removed by centrifugation (12,000 X
g 4°C, 10 min). PsbO-reconstituted (**C/*>C-PSII or native-
PSII) samples were resuspended in the appropriate buffer and
analyzed by urea-SDS-PAGE (see Fig. 2).

13C-PsbO Labeling and Rebinding Assessed by FT-IR Absorp-
tion Spectroscopy—FT-IR absorption spectra were collected
from '>C-PSII and **C-PSII samples. An FT-IR difference (**C-
PSII minus '*C-PSII) spectrum was generated (Fig. 3A). As
expected, the isotope shifts from reconstituted PsbO, bound to
PSII (Fig. 3A), were comparable with the isotope shifts observed
in PsbO in solution (Fig. 3B). The magnitude of the amide I and
Il isotope shifts was consistent with the expected downshifts for
the **C-isotopologue (65, 66).

Reaction-induced FT-IR Spectroscopy—Reaction-induced
FT-IR spectroscopy was performed at 263 and 277 K, as previ-
ously described (70, 71). Samples (PSII, NaCl-PSII, urea-PSII,
CaCl,-PSII, native-PSI], 12C-PSII, or **C-PSII) for FT-IR exper-
iments were suspended in 400 mum sucrose, 50 mmM MES-NaOH
(pH 6.0), 60 mm NaCl, and 20 mm CaCl, by three rounds of
centrifugation (50,000 X g, 4 °C, 15 min) and resuspension and
frozen (—70 °C) until use. Samples were thawed and potassium
ferricyanide (7 mm) was added, and the sample was centrifuged
(50,000 X g, 4 °C, 15 min) to produce a pellet. The sample was
spread on a calcium fluoride window and concentrated briefly
under N, gas to give an O-H stretching (3370 cm ™ ') to amide I
(1550 cm™ ") absorbance ratio greater than 3. Samples were
covered with a second CaF, window and the edges were sealed
with high vacuum grease and parafilm to prevent dehydration.
Acquisition parameters for FT-IR spectroscopy were as follows:
8 cm ™! spectral resolution; 60 kHz mirror speed; four levels of
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FIGURE 3. Isotope shifts caused by global '*C labeling of PsbO, as
assessed from FT-IR absorbance spectra. Difference spectra were con-
structed to measure the isotope-induced downshift. In A, data were derived
from "2C/"3C-PsbO bound to PSII ("2C- minus ">C-PSlI; black), and in B, data
were derived from PsbO in D,0 buffer ('2C- minus '*C-PsbO; red). In A, sam-
ples were prepared in 400 mm sucrose, 50 mm MES (pH 6.0), 60 mm NaCl, and
20 mm CaCl,, as described under “Experimental Procedures” for reaction-in-
duced FT-IR spectroscopy. In B, PsbO (red) samples were prepared at 100 um
in 50 mm sucrose, 50 mm MES (pD 6.0), 60 mm NaCl, and 20 mm CaCl,. The 1450
cm™ " region for isolated PsbO (red) has overlapping H-O-D contributions and
was removed for clarity. The y axis tick marks represent 5 X 10~ 2 absorbance
units.

1900 1300

zero filling; Happ-Genzel apodization; and Mertz phase correc-
tion. Samples were preflashed with a single saturating 532 nm
laser flash (40 mJ cm ™~ 2), followed by 20 min dark adaptation to
synchronize PSII centers in the S; state. Dark-adapted PSII
samples were then given four more (actinic) flashes. Each single
actinic flash was followed by 15 s of data acquisition for each
accessible S state. Therefore the flash frequency is one flash per
15 s. The reaction cycle was conducted once for each sample, so
that each sample received only 5 total laser flashes. Reaction-
induced difference spectra were constructed by the ratio of sin-
gle-channel data, which were collected before and after each
actinic flash. Rapid scan data were normalized to an amide II
intensity of 0.5 absorbance units to correct for small differences
in the path length (6 um) and concentration between samples.

The Steady-state Rate of Ferricyanide Reduction at 263 and
277 K and Estimate of Flash Yield of Electron Transfer in FT-IR
Samples—Experiments were conducted to quantitate the light-
induced, steady-state rate of electron transfer to 7 mMm potas-
sium ferricyanide in PSII FT-IR samples at 263 and 277 K. PSII
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TABLE 1

Steady-state O, evolution activity of PSIl samples
PSII sample —Ca?*eb +Ca®*t*e % NaCl-PSII?
Untreated 1100 = 80 1300 = 20
NaCl-PSII 690 *+ 20 970 = 80 100
Urea-PSII 220 £ 10 580 * 65 60
Native-PSII 560 * 17 830 £ 18 85
12C-PSII 410 =8 800 * 74 82
13C-PSII 500 = 19 770 £ 41 79

“ Steady-state oxygen evolution activity (umol of O, (mg of Chl-h) ).

? The assay buffer used was 400 mm sucrose, 50 mm MES-NaOH (pH 6.0), and 100
mm NaCl.

¢ The assay buffer contained 400 mwm sucrose, 50 mm MES-NaOH (pH 6.0), 60 mm
NacCl, and 20 mm CaCl,.

@ Percent activity (+Ca®") relative to NaCl-PSII samples.

FT-IR samples were illuminated with a 633 nm HeNe (Melles-
Griot, Carlsbad, CA) laser (2 milliwatt). The concentration of
ferrocyanide, produced under 90 s of continuous illumination,
was assessed from the amplitude of the 2038 cm ™" band in a
633-nm light-induced difference spectrum and a standard
curve of potassium ferrocyanide. The standard curve was
derived by addition of a known concentration of ferrocyanide to
PSII and measurement of the 2038 cm ™ * band in the dark in the
FT-IR sample cell. Control experiments showed that no detect-
able ferrocyanide was produced by illumination of the ferricya-
nide-containing buffer (no PSII) and that no detectable ferro-
cyanide was produced in ferricyanide-containing PSII without
633 nm illumination. The FT-IR sample volume was estimated
as 40 pl, the samples contained 0.3 mg of Chl (antenna size 55
Chl/reaction center), and the 633 nm difference spectra were
corrected for any small difference in amide II absorbance. The
derived electron transfer rates were 1.1 = 0.3 umol of electrons
(mg of Chl-h) ™! or 55 mol of electrons (mol of PSII reaction
center-h) ' at 263 K and 1.2 * 0.5 umol of electrons (mg of
Chl-h) ™! or 61 mol of electrons (mol of PSII reaction-h) ' at
277 K. Using the same procedure, the yield of ferrocyanide pro-
duced by the first actinic 532 nm flash at 277 K was ~1 mol of
electron per mol of PSII reaction center, confirming the validity
of the procedure. This experiment supports the conclusion that
there is no difference in acceptor side electron transfer when
the two temperatures are compared. Note that the electron
transfer rate under continuous illumination is slower than the
rate predicted by the oxygen evolution assay (see above). This
difference is attributable to the rapid mixing and dilute sample
conditions in the oxygen assay, as compared with the concen-
trated FT-IR samples.

RESULTS

The steady-state oxygen evolution rates of PSII preparations
used in this study are presented in Table 1. Removal of extrinsic
polypeptides was performed by washing with 2 m NaCl (PsbP,
PsbQ depleted, NaCl-PSII) and then either 2.6 M urea (PsbO,
PsbP, and PsbQ depleted, urea-PSII) or 1 M CaCl, (PsbO, PsbP,
and PsbQ depleted, CaCl,-PSII). Removal of the PsbP and PsbQ
subunits was confirmed by SDS-PAGE analysis of NaCl-PSII
(Fig. 2, lane 3), compared with untreated PSII (Fig. 2, lane 2).
The oxygen evolution activity of NaCl-PSII was dependent on
exogenous calcium and chloride, as expected (see Table 1 and
Ref. 83). Treatment with 2.6 M urea removed ~80% of natively
bound PsbO (urea-PSII, Fig. 2, lane 4, and also see Refs. 77 and
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79)) and significantly decreased steady-state rates of oxygen
evolution (Table 1). CaCl, treatment also decreased oxygen
evolution and removed 90% of PsbO (see “Experimental Proce-
dures” for details).

Urea-PSII was reconstituted with native PsbO (generating
Native-PSII, data not shown) or recombinant PsbO (*2>C-PSII
and '*C-PSII, =90% enriched) (Fig. 2, lanes 5 and 6), which
restore oxygen evolution activity to ~80% of the control, NaCl-
PSII (Table 1). Previous analysis (77) determined that the extent
of *C labeling is greater than 90%. SDS-PAGE and Western
blot analyses (Fig. 2, lanes 5 and 6) confirmed that '*C-PsbO
and '*C-PsbO were bound to PSIIL. Both '*C- and '*C-PsbO
were quantitatively reconstituted, as assessed from the Western
blot (Fig. 2, lanes 8 and 9, see “Experimental Procedures” for
details).

These results are consistent with previous studies of other
spinach PSII preparations (20, 64, 66,72,77,79, 80). The V235A
mutation employed here does not affect the solution structure,
binding, or activity at room temperature (24). The use of the
V235A variant has the advantage that the migration of this pro-
tein on an SDS-PAGE gel is slightly different from the wild-
type, allowing a ready verification of reconstitution, as shown
above (Fig. 2, lanes 5 and 6).

To monitor the effects of the removal of the extrinsic poly-
peptides, we performed reaction-induced FT-IR spectroscopy
(S, minus S;) on NaCl-PSII (Fig. 4B), urea-PSII (Fig. 4C),
native-PSII (Fig. 4E), and **C-PSII (Fig. 4F). These spectra are
dominated by contributions from the donor side of PSII. Dou-
ble difference spectra (Fig. 5, A—E) were generated by subtrac-
tion of the S, minus S, difference spectra, associated with each
treatment, from the control (untreated) PSII S, minus S, spec-
trum (Fig. 44). Before construction of the double difference
data, the spectra were scaled to reflect accurately the alterations
induced by subunit removal. First, difference spectra were cor-
rected for amide II absorption relative to an open beam back-
ground, reflecting any small differences in concentration and
path length between samples. Second, spectra were then nor-
malized to the intensity of the ferricyanide and ferrocyanide
bands (2116 and 2038 cm ™', data not shown), which reflect any
small changes in the amount of charge separation in the prep-
arations. These methods have been used previously for PSII
spectra (70, 71, 84) and give control double difference spectra
(Fig. 5F) with flat baselines and no vibrational bands, as
expected. Because the difference spectra are presented on the
basis of total protein (amide II intensity), it was then necessary
to use a correction factor to reflect the depletion of subunits.
Each plant PSII reaction center is assumed to contain one copy
of PsbP and PsbQ (6, 85). There is considerable evidence for
two copies of PsbO (reviewed in Refs. 16 and 86) per plant PSII
reaction center, and our SDS-PAGE and Western analyses pro-
vide evidence that the removal and reconstitution is quantita-
tive (see Fig. 2 and “Experimental Procedures” for details). The
scaling factors employed are based on this information and the
molecular masses of PsbP (16.5 kDa), PsbQ (20 kDa) (17), PsbO
(26.5 kDa) (87), and PSII (350 kDa) and are 90% for NaCl-PSII
(PsbP/PsbQ depleted) and 74% for urea-PSII (PsbP/PsbQ and
PsbO depleted).
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FIGURE 4. Reaction-induced FT-IR difference spectra, associated with the
S, to S, transition, collected at 263 K. In A, the difference spectrum for
untreated PSIl is shown. The difference spectra in red are NaCl-PSll (B), urea-
PSII (C), CaCl,-PSlI (D), native-PSlI (E), and '*C-PSII (F). The black spectrum in B-F
is untreated PSII repeated from A. All samples were prepared at 15 um PSII
(0.75 mg of ChIml ") in 400 mm sucrose, 50 mm MES (pH 6.0), 60 mm NaCl, and
20 mm CaCl, before pelleting. The spectrum in G is a representative (S; minus
S,) baseline recorded prior to illumination. Difference spectra were normal-
ized as described in the text. Difference spectra were generated from 10 (A),
13 (B), 10 (C), 10 (D), 15 (E), 19 (F), and 10 (G) spectral averages. The y axis tick
marks represent 2 X 10~ * absorbance units.

To establish the level of noise and baseline fluctuation in
these data, we generated a control double difference spectrum.
This control was produced using the relevant correction factors
described above and by subtracting one-half of a data set from
its other half. This control should exhibit no vibrational bands
and is shown in Fig. 5F. In comparison, the CaCl, spectrum
(Fig. 5C) exhibits vibrational bands that are significant relative
to the noise at —1682, —1661, —1547, and +1532 cm™". These
are bands typical of amide I (C = O stretch) and amide II (CN
stretch/NH bending) bands in proteins. These bands have fre-
quencies sensitive to secondary structure and hydrogen bond-
ing (88). The urea-PSII spectrum also exhibited bands, signifi-
cant relative to the noise (Fig. 5B). We conclude that removal of
PsbO using either method results in a change in conformational
sampling in the PSII reaction center during the S, to S, transi-
tion. Rebinding of native or recombinant protein reversed the
majority of the effect of PsbO removal (Fig. 5, D and E). How-
ever, compared with the control (Fig. 5F), the PSII minus NaCl-
PSII spectrum (Fig. 5A) exhibited no significant changes in the
mid-infrared region.

This result supports the use of the recombinant protein in
these spectroscopic studies and shows that PsbO removal has a
significant effect on PSII structural transformations during the
S, to S, transition. In agreement, previous EPR studies have
concluded that although urea and CaCl, treatments do not sig-
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FIGURE 5. Reaction-induced FT-IR double difference spectra, associated
with the S, to S, transition, recorded at 263 K. The double difference spec-
tra are (A) PSIl minus NaCl-PSlI, (B) PSIl minus urea-PSll, (C) PSIl minus CaCl,-
PSlI, (D) PSIl minus native-PSlI, and (E) PSIl minus "2C-PSII. All samples were
prepared at 15 um PSIl (0.75 mg of Chl ml™") concentrations in 400 mm
sucrose, 50 mm MES (pH 6.0), 60 mm NaCl, and 20 mm CaCl, before pelleting.
The spectrum in F is a control double difference spectrum, which was gener-
ated by subtraction of one-half of the data in A from the other half and divi-
sion by the square root of two. Difference spectra, used to generate the dou-
ble differences, are shown in Fig. 4 and were normalized before subtraction as
described in the text. Double difference spectra were generated from 23 (A),
20 (B), 20 (Q), 25 (D), 29 (E), and 10 (F) spectral averages. The y axis tick marks
represent 2 X 10~ % absorbance units.

nificantly alter hyperfine splittings in the S, multiline signal, the
intensity of the S, g = 4.1 EPR signal is altered (89, 90) by PsbO
removal. Note that, here, a subsequent flash to each of these
preparations (S, to S, transition) gave the same spectral result
in each type of preparation (data not shown).

To identify direct spectral contributions from PsbO in this
PSII preparation, FT-IR difference spectra (Fig. 6) were
recorded for '>C- (black) and '*C-PSII (red). Corresponding
isotope-edited spectra were generated as '*C- minus '*C-PSII
(from data in Fig. 6) and as a function of flash number at 263 K
(Fig. 7, A-D). Oxygen evolution occurs on the first reaction
cycle at this temperature, but the sample cannot carry out a
second enzymatic cycle, under these flash conditions, possibly
due to a limitation in water diffusion or a conformational gate
(84). There is evidence that the steady-state rate of electron
transfer under continuous illumination is slower in the FT-IR
samples, when compared with a room temperature oxygen
assay (“Experimental Procedures”). However, the flash-induced
yield of ferrocyanide was ~1 mol/mol of reaction center and
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y axis tick marks represent 2 X 10~ absorbance units.

the amplitudes of the ferrocyanide bands were similar for each
S state transition (data not shown), arguing that there is no
acceptor side limitation under these flash conditions.

Data were corrected as described above for path length, con-
centration, and charge separation differences. *C and *C
reconstitutions were performed using the same PSII sample, so
corrections for subunit composition were not necessary. Again,
construction of control double difference spectra, by subtrac-
tion of one-half of a data set from the other, provides an esti-
mate of the background and signal to noise of the measurement
(Fig. 7, E and )).

The isotope-edited (**C- minus '*C-PSII) FT-IR spectrum
associated with the S, to S, transition at 263 K is displayed in
Fig. 7A. To appear in this double difference spectrum, the band
must be altered in frequency and/or intensity by the photooxi-
dation reaction and also be sensitive to '>C global labeling of
PsbO. Thus, to be observed, the spectral contribution must
originate from the PsbO subunit. For example, in the S, minus
S, isotope-edited spectrum, the '>C-labeled S, state will exhibit
a positive band, and its '*C-labeled S, isotopologue will exhibit
a negative band. ">C/"*C-labeled S, bands will be reversed in
sign.

To enhance the signal from just PsbO, on the background of
the unlabeled PSII, spectra were acquired from just one reac-
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tion cycle on 19-25 FT-IR samples and then averaged. The
resulting isotope-edited spectrum (Flash 1, Fig. 7A) displays
bands at —1656, +1637, —1597, and —1549 cm ™', which are
directly attributable to PsbO.

The 1656 and 1549 cm ™' bands have frequencies typical of
the amide I and II vibrational modes in proteins (88). A fre-
quency of 1656 cm ™~ * in H,O buffer is typical of an « helical or
a disordered region of secondary structure (88). Cyanobacterial
PsbO is primarily B8 sheet, with some disordered and a minority
of « helical regions (7), so we attribute the negative 1656 cm ™!
band to a disordered region of PsbO, which increases in struc-
ture and hydrogen bonding during transition from the S, to S,
state. The resulting positive S, band is not detected in Fig. 7A.
This might occur if the PsbO S sheet is formed in the S, state,
because transition dipole coupling splits the amide band of 3
sheet into high and low frequency components, each with lower
intensity (88). This would make the positive bands more diffi-
cult to detect.

The magnitude of the expected isotope shift for amide bands
can be determined from FT-IR absorption spectra (Fig. 3A).
The FT-IR absorption spectrum of '*C-PSII and '*C-PSII were
subtracted (dark, no photolysis flash, '*C minus '*C). As shown,
global ">C labeling is predicted to downshift both amide I
(~1650 cm™") and amide II (1554 cm™') bands by approxi-
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mately ~50 cm ™ '. Note that the isotope-shifted bands are less
intense in Fig. 34, compared with the '>C-labeled bands (77).
Thus, we expect the signature of the amide isotope shift to be a
band at ~1650 and 1554 cm ™"

This comparison accounts for the —1656 and —1549 cm™
bands in Fig. 7A, assigning them to the PsbO amide bond. To
appear in the spectrum, the photooxidation reaction must
change the frequency or amplitude of amide bands. Such a
change is consistent with an alteration of PsbO amide hydrogen
bonding during the S, to S, transition. This may correspond to
an increase in order.

The frequency of +1637 cm ™' (Fig. 7A) is consistent with an
assignment to a hydrogen-bonding change to an amide side
chain of Gln or Asn (91). The band from the '*C-isotopologue
may be detectable as —1597 cm ™ * (Fig. 7A). Previously, a PsbO
band at +1632 cm ™" was observed at 277 K in a PSII prepara-
tion isolated with lauryl maltoside. This band was also assigned
to GIn/Asn, based on specific isotopic labeling (66). The amide
I region of that spectrum was not reported, due to the lower
stability of the baseline in that sample. Thus, a GIn/Asn assign-
ment accounts for the +1637 cm™ ' band described in this cur-
rent study, but the band is observed at slightly lower tempera-

1
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ture in this octylthioglucoside preparation, compared with a
lauryl maltoside-isolated PSII preparation.

The observation of these PsbO amide bands supports the
conclusion that PsbO has a responsive structure, which is
altered during the S, to S, transition. Interestingly, the S, to S5
(Flash 2, Fig. 7B) and S, to S, (Flash 3, Fig. 7C) transitions also
generated spectra that exhibited amide bands, but with differ-
ences in frequency and sign. The S, to S; (Flash 4, Fig. 7D)
spectrum was similar to the negative control, the control
double difference spectrum in Fig. 7E. Thus, at 263 K, the
effects of the S state transitions on PsbO conformation are
distinguishable.

The effect of temperature on PsbO dynamics was tested by
performing the isotope-editing experiment at 277 K. At this
temperature, the yield of potassium ferrocyanide produced on
each flash was similar and also similar to the flash-induced fer-
rocyanide yields at 263 K. The rate of ferrocyanide production
under continuous illumination was also indistinguishable at
277 and 263 K.

Isotope-edited spectra for each accessible S state transition
were constructed and are shown in Fig. 7, F-I. Interestingly, the
277 K spectra are distinct when compared with the 263 K data
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(Fig. 7, A-D). On the first flash (Fig. 7F), the spectra exhibited
bands, some of which may be significant compared with the
noise (Fig. 7/), throughout the mid-infrared region. On the sec-
ond flash (Fig. 7G), the spectra were altered and exhibited sig-
nificant bands at —1652, —1548, +1441, —1400, and —1356
cm ™. There was less intensity in the isotope-edited spectra on
subsequent flashes (Fig. 7, H and I) at 277 K. Peptide backbone
contributions can account for most of the observed frequencies
in Fig. 7G (see Fig. 3A), with possible overlapping contributions
from deprotonated carboxylate side chains (65, 66). Like amide
frequencies, carboxylate frequencies are sensitive to changes in
hydrogen bonding (92).

These data provide evidence that the most significant change
in the PsbO structure occurs during the S, to S; transition at
277 K. Again, we attribute this change to an alteration in PsbO
hydrogen bonding. Thus, reaction-induced FT-IR spectros-
copy establishes that IDP PsbO exhibits temperature- and
flash-dependent dynamics, which are linked with oxidation of
the Mn,CaQOj cluster.

DISCUSSION

The understanding of how conformational selection contrib-
utes to enzymatic catalysis is still limited (3). Although static
structures provide important information concerning the low-
est energy conformer, proteins sample numerous conforma-
tional substates along the reaction coordinate (1-3). Descrip-
tions of energy landscapes, which may facilitate enzymatic rate
acceleration, are beginning to be developed using theoretical
and spectroscopic (NMR (93, 94) and FT-IR (95)) approaches.

The extrinsic PSII subunits are important in biological water
oxidation (16, 17, 75, 79, 83, 96). The PsbP and PsbQ extrinsic
polypeptides have been shown to modulate the calcium and
chloride requirements for efficient O, evolution (17, 74, 79, 83,
97). PsbO also plays a critical role. The removal of PsbO had
differential effects on the lifetimes and structural changes asso-
ciated with the S state transitions. PsbO-depleted PSII samples
exhibited longer-lived S, and S; states (in the dark) and delayed
O, release from the OEC (98). Alterations in S state lifetimes
were observed in PsbO-deficient cyanobacteria (99) and in Ara-
bidopsis (52), in which only one of the two isoforms of PsbO
(PsbO-2) was expressed. Complete suppression of PsbP expres-
sion in Arabidopsis resulted in a highly unstable OEC in the
mutants, which exhibited an increased S, state lifetime (100).
Depletion of PsbP and PsbQ slowed the rate of electron transfer
6—12-fold at the acceptor side of PSII; this observation was
unaffected by removal of the PsbO subunit (101).

PsbO isan IDP (20). IDPs rely on their conformational prom-
iscuity in solution to bind to a target or an array of target pro-
teins (reviewed in Ref. 4 and 5). Previous analysis demonstrated
that PsbO undergoes a secondary structural change, reducing
the amount of disordered structure and increasing 3 sheet
character (77), without altering the overall size or shape (102).
Mutation of the lone tryptophan residue (W241F) in spinach
PsbO resulted in defective binding to PSII and reduced steady-
state oxygen evolution activity, but this effect could be elimi-
nated by deletion of the six amino-terminal residues (40).
Mutation at Arg-151, Arg-161, (38), Asp-157, (41), or Leu-245
(29) also resulted in reduced binding. It was suggested that
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these mutations increase the structural stability of isolated
PsbO, which, in turn, interferes with the inherent flexibility
required for PsbO binding. These previous mutational and
spectroscopic studies concluded that PsbO flexibility is essen-
tial for effective PSII binding and restoration of high O, evolu-
tion activity.

We show here that removal of PsbO either by urea or CaCl,
treatment alters the conformational landscape of the PSII reac-
tion center. This was assessed by monitoring the structural
changes associated with the S; to S, transition. Both urea- and
CaCl,-treated preparations are known to form an S, state. Pre-
viously, PsbO removal (with both urea and CaCl,) has been
shown to alter the equilibrium between two EPR signals arising
from the S, state (for examples, see Ref. 86, 89, and 103). Our
work provides evidence that this change in magnetic coupling
may be caused by a conformational selection, which is mediated
by PsbO binding to PSII. These experiments are consistent with
the idea that PSII undergoes extensive dynamics on many time
scales as previously proposed from analysis of transient infrared
kinetics and FT-IR spectroscopy (68, 69) and that there is a
distribution of active conformations. Interestingly, in our stud-
ies, removal of PsbP and PsbQ had no significant effect on the
spectra associated with the S, to S, transition.

Reaction-induced FT-IR spectroscopy, isotopic labeling, and
temperature were then used to probe the conformational
dynamics of PsbO in all accessible S states. We hypothesized
that, when bound to PSII, PsbO can sample a broad distribution
of substates in a rough conformational landscape. This hypoth-
esis was based on previous isotope-edited FT-IR experiments,
conducted for the S; to S, transition, which showed surprising
temperature dependence. Also, significant alterations were
observed when data obtained under steady-state illumination
were compared with spectra acquired on a long time scale after
a saturating flash (65, 66).

To obtain more information, here, we monitored PsbO
dynamics during the entire S state cycle (Fig. 1B) with a PSII
preparation that exhibits enhanced signal to noise. Our results
show that contributions from PsbO at 263 and 277 K are dis-
tinguishable and are most significant on the S, to S transition
at 277 K. This work provides evidence that PsbO participates in
temperature-sensitive conformational dynamics, which are
linked with the S state cycle. This conclusion provides a ratio-
nalization for the observation of broad PsbO isotope-edited
spectra under illumination at 200 K (65). Under steady-state
illumination, it is likely that many conformational substates of
PsbO and PSII can be populated. The data suggest that PsbO
retains its intrinsically disordered character, even when bound
to its target, the PSII reaction center.

Previously, direct carboxylate deprotonation was inferred
from 200 K data, but was not observed at 277 K in a lauryl
maltoside-isolated PSII preparation (65, 66). Protonated and
deprotonated carboxylates can be easily distinguished by FT-IR
spectroscopy (67, 91). Protonation of the carboxylate side chain
gives rise to C = O stretching bands in the 1720-1700 cm ™"
region, whereas deprotonated carboxylates have delocalized
asymmetric and symmetric CO stretching vibrations at ~1560
and 1390 cm ™! (65). The reaction-induced FT-IR spectra pre-
sented here do not exhibit significant intensity in the 1770—
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1700 cm ™! region. Therefore, this work supports one of two
conclusions: that any PsbO deprotonation event occurs in a
small population of centers or that the deprotonation event is
facile and therefore not observable at higher temperature under
these conditions.

A previous FT-IR study concluded that no significant
changes occurred in the mid-infrared region, associated with
the S; to S, state transition, when PsbO was removed (104).
However, spectral changes were attributed to removal of the
PsbP subunit, but not the PsbQ or PsbO subunits. It was pro-
posed that PsbP affects the peptide conformation around the
OEC without alteration of the ligand structure. In our experi-
ments, by contrast, PsbO depletion with urea or CaCl, resulted
in significant changes in the reaction-induced FT-IR spectra,
whereas PsbP and PsbQ removal did not have a significant
effect, relative to a negative control. In our studies, FT-IR
experiments were conducted on a highly purified PSII prepara-
tion (72), which is devoid of light harvesting complexes (105).
This PSII preparation exhibits high steady-state activity and
stability. In addition, samples were subjected to the minimum
number of flashes, including only one reaction cycle (4 flashes
plus a preflash), and the amount of time between preparing the
sample and running the experiment was strictly controlled to
improve stability and reproducibility. Data were obtained from
10 to 25 different FT-IR samples and averaged to achieve the
final signal to noise. Also, spectra were corrected in intensity for
any small changes in protein concentration, path length, charge
separation, and subunit content. By contrast, in Ref. 104, there
may have been lower intrinsic activity and stability in the PSII
preparation employed, and there was a resulting decrease in the
signal to noise ratio. Also, in Ref. 104, there was a lower number
of averages (3 to 5), a small number of samples employed (1 to
2), samples were frozen/thawed to conduct multiple reaction
cycles, and there was no reported correction for protein
concentration, path length, charge separation, or subunit
composition.

PsbO is ~17 A from the Mn,CaO, cluster (Fig. 1A). How are
these conformational changes in PsbO linked with oxidation of
the metal cluster? PSII contains a catalytically important hydro-
gen-bonded water network surrounding the OEC (70). This
network (Fig. 14) extends from the OEC to the lumen, includ-
ing anumber of residues in PsbO, and may play a functional role
in proton transport (106 —109). We propose that the hydrogen-
bonding changes in PsbO are propagated through this network,
when manganese is oxidized. Interestingly, the S, to S, transi-
tion has been proposed to be associated with a change in man-
ganese-manganese and manganese-calcium bond lengths (12,
15). There are likely to be differences between cyanobacterial
and plant PSII (see Ref. 16 for review). An example is the differ-
ence in binding stoichiometries of PsbO per PSII reaction cen-
ter. However, the 1.9-A cyanobacterial structure (7) serves as a
reasonable starting point for our spectral interpretation. Previ-
ously, modeling of the PsbO structure has suggested that clus-
ters of carboxylic acid side chains may be important in function
(110). The FT-IR data, presented here, suggest that the amide
bonds of PsbO are sensors for the functional, extended hydro-
gen-bonded water network in the OEC. Spectral differences
observed at 263 K and 277 K may be due to inhibited diffusion of
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water or to a conformational gate at 263 K, under the conditions
employed for flash excitation (84).

Studies of alcohol dehydrogenases have shown that long-
range conformation selection is important in catalysis (111).
The work presented here suggests that long-range conforma-
tional interactions may also play an important role in the PSII
reaction center. Our studies provide additional insight into the
role of a single subunit, PsbO, in navigating the conformational
landscape, which is associated with photosynthetic water
oxidation.
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