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ABSTRACT: The extrinsic photosystem II PsbO subunit (manganese-stabilizing protein) contains near-UV
CD signals from its complement of aromatic amino acid residues (one Trp, eight Tyr, and 13 Phe residues).
Acidification, N-bromosuccinimide modification of Trp, reduction or elimination of a disulfide bond, or
deletion of C-terminal amino acids abolishes these signals. Site-directed mutations that substitute Phe for
Trp241 and Tyr242, near the C-terminus of PsbO, were used to examine the contribution of these residues
to the activity and spectral properties of the protein. Although this substitution is, in theory, conservative,
neither mutant binds efficiently to PSII, even though these proteins appear to retain wild-type solution
structures. Removal of six residues from the N-terminus of the W241F mutant restores activity to near-
wild-type levels. The near-UV CD spectra of the mutants are modified; well-defined Tyr and Trp peaks
are lost. Characterizations of the fluorescence spectra of the full-length WF and YF mutants indicate that
Y242 contributes significantly to PsbO’s Tyr fluorescence emission and that an excited-state tyrosinate
could be present in PsbO. Deletion of W241 shows that this residue is a major contributor to PsbO’s
fluorescence emission. Loss of function is consistent with the proposal that a native C-terminal domain
is required for PsbO binding and activity, and restoration of activity by deletion of N-terminal amino
acids may provide some insights into the evolution of this important photosynthetic protein.

Photosystem II (PSII)1 contains intrinsic and extrinsic
proteins and an inorganic ion cluster (four Mn, one Ca2+,
and one Cl-) that is the site of H2O oxidation (1). The largest
extrinsic subunit, called PsbO or manganese-stabilizing
protein, is found in prokaryotes and eukaryotes. It contains
247 amino acids, binds the other eukaryotic extrinsic subunits
(PsbP and PsbQ), and stabilizes the Mn cluster (2). The PsbO
molecular mass is 26.5 kDa; it contains one conserved S-S
bond (3, 4) and behaves in solution as a natively unfolded
or intrinsically disordered protein (5, 6). Proteins in this
family possess unusual physical and chemical characteristics

[thermostability, high ratios of charged to hydrophobic
residues, secondary structures that are predicted to contain
large amounts of random coil and turns, and extended
solution structures (7)]. They also exhibit anomalous mobility
in SDS-PAGE, abnormally large Stokes radii (Rs) and
sedimentation coefficients, and very acidic or basic pI values
(7). Despite similar structural and functional properties, the
amino acid sequences of these proteins have no obvious
similarities.

In PsbO, the intensities of near-UV CD signals from Trp,
Tyr, and Phe, which depend on the hydrophobicity of their
local environments (8), have proven to be useful probes of
changes in PsbO solution structure (4, 5, 9, 10). Well-defined
near-UV CD peaks at 291-293 and 285-287 nm in PsbO
arise from Trp and Tyr residues in hydrophobic environ-
ments, and smaller peaks at 258-264 nm are assigned to
Phe (9, 11). The 293 nm shoulder in the wild-type (WT)
PsbO UV spectrum (9, 12) is also characteristic of Trp in a
hydrophobic environment (8, 13). The lone Trp (W241) in
spinach PsbO is conserved in other eukaryotic PsbO’s and
is replaced conservatively with Phe in prokaryotes (3, 4).
The eight Tyr and 13 Phe residues in eukaryotic PsbO’s are
distributed throughout the amino acid sequence, but Y242
is located next to W241 in the primary sequence of the
protein. Modification of W241 by N-bromosuccinimide
(NBS) affects UV absorbance, far-UV CD, and fluorescence
emission spectra, and the modified PsbO cannot bind
effectively to PSII (14, 15). Phenylalanine replaces Trp in
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Thermosynechococcus elongatus PsbO, and its near-UV CD
spectrum exhibits peaks between 260 and 290 nm from Tyr
and Phe, including 274 and 282 nm peaks not seen in WT
spinach PsbO (4). The pH, heat, and denaturation sensitivities
of Trp and Tyr fluorescence emission from PsbO (16–19)
suggest that the overall emission is comprised of signals from
both C-terminal amino acids in hydrophobic environments,
that the S-S bond acts as a quencher of Trp fluorescence,
and that at high (11.3) pH, Y242 exists as a tyrosinate ion
that also acts as a quencher (16, 17).

Deletion of C-terminal residues (Q244 and L245) weak-
ened or eliminated PsbO binding to spinach PSII and
eliminated near-UV CD peaks from Trp and Tyr (9, 20).
Acidification of PsbO or reduction of the S-S bond (11, 19,
21) produces similar effects, and the near-UV CD spectrum
of a PsbO mutant lacking the S-S bond (C28A/C51A PsbO)
has no Trp or Tyr peaks (10); NBS modification of Trp in
spinach PsbO (14) gives a similar response. Mutations at
the S-S bond near the PsbO N-terminus and at the
C-terminus yield similar solution conformations, suggesting
that these domains may interact in solution, in agreement
with other results (6, 12, 22-24).

Loss of near-UV CD signals upon mutation or chemical
modification of PsbO raises the question of which of the
eight Tyr residues in spinach PsbO is responsible for the
signal in the near-UV CD spectrum of WT PsbO (6, 23).
Because Y242 is highly conserved in all PsbO’s, it has been
proposed that this residue may produce the majority of the
near-UV Tyr CD signal (4, 11, 23). To further characterize
the properties of the Tyr and Trp near-UV CD signals in
spinach PsbO and to probe the role of the C-terminus of
PsbO in the protein’s activity in greater detail, we introduced
two mutations, W241F and Y242F. The activity and solution
structures of these mutants were characterized, and fluores-
cence measurements were carried out. Both mutants exhibit
weakened binding to PSII and reconstitute low O2 evolution
activities, although they possess near-WT levels of estimated
secondary structure and similar apparent molecular masses.
Deletion of six N-terminal amino acids from the W241F
mutant restores activity.

MATERIALS AND METHODS

Mutations of psbO cDNA and Transformations of Escheri-
chia coli Cells. Preparations of recombinant psbO cDNA
sequences carrying mutations resulting in the replacement
of W241 and Y242 with Phe, and their subsequent trans-
formation into E. coli overexpression lines, were created
using the procedures detailed by Popelkova et al. (12). For
the recombinant W241F PsbO and Y242F PsbO mutants,
the N-terminal oligonucleotide 5′-TCATATGGCAGCT-
TCATTACAAGCATC-3′ and the C-terminal oligonucle-
otides 5′-TTTTATTGCTCAAGTTGTGCATAAAAAAC-3′
and 5′-TTTTATTGCTCAAGTTGTGCAAACCA-3′ were
synthesized (Gibco BRL or Invitrogen custom primers) on
the basis of the sense and antisense strands of the PsbO
N-terminal and C-terminal coding regions, respectively. After
PCR amplification and cloning, the altered psbO cDNA
sequences were confirmed by DNA sequencing. Edman
degradation of the overexpressed mutant proteins yielded the
expected N-terminal sequence [EGGK (data not shown)].
The N-terminal sequence of the truncated W241F mutant

(∆L6MW241F) was MTYDE, and the protein’s mass, as
determined by MALDI-TOF mass spectrometry, was 25984
( 20 Da.

OVerexpression and Purification of Recombinant W241F
PsbO and Y242F PsbO. The W241F and Y242F mutants
were overexpressed in E. coli, and the resulting inclusion
bodies were isolated as described previously (25, 26), with
the following modifications. The LB medium contained only
ampicillin (50 µg/mL), and protein overexpression was
induced using 25-32.5 µM IPTG. Cells expressing W241F
PsbO and Y242F PsbO produced reduced levels of mutant
PsbO in comparison to that of recombinant WT PsbO (data
not shown); this has been reported for overexpression of other
recombinant mutant proteins in which Trp and/or Tyr
residues were replaced with Phe (27).

Inclusion bodies were solubilized with 3 M urea, 20 mM
Bis-Tris (pH 6.4), and 5 mM NaCl (solubilization buffer) (23,
25, 26). The resulting suspension was centrifuged at 48000g
for 30 min at 4 °C, and the PsbO-enriched supernatant was
loaded onto a Pharmacia Resource Q column equilibrated
with solubilization buffer containing 5% betaine. Application
of a linear salt gradient (5 to 250 mM NaCl) eluted PsbO
between 100 and 200 mM NaCl. Fractions containing PsbO
were combined, dialyzed overnight against solubilization
buffer without betaine, and loaded onto the same Resource
Q column equilibrated with solubilization buffer containing
5% betaine; application of a step NaCl gradient (30, 70, 170,
and 1000 mM NaCl) eluted PsbO at 170 mM NaCl. To
prevent the aggregation of PsbO when it was frozen (-70
°C), the purified proteins were kept in solubilization buffer
or were dialyzed overnight at 4 °C against a buffer containing
0.4 M sucrose, 50 mM MES (pH 6.0), and 10 mM NaCl
(SMN buffer). The extinction coefficients of W241F PsbO
(7.9 mM-1) and Y242F PsbO (15.1 mM-1) at 280 nm were
determined by the method of Gill and von Hippel (28); these
values were used for spectrophotometric assays of protein
concentration. The W241F mutant, truncated by six amino
acids (∆L6MW241F PsbO), was obtained in the same way
as full-length W241F except that overexpression was induced
with 0.5 mM IPTG, and this mutant was solubilized and
purified by FPLC anion exchange only once using a Tris
buffer system [3 M urea, 20 mM Tris (pH 8), 5 mM NaCl,
and 5% betaine]. SDS-PAGE showed that the WT and
mutant proteins were >90% pure.

Reconstitution of PSII with Mutant PsbO’s. Photosystem
II membranes, SW-PSII, and USW-PSII were prepared as
described by Popelkova et al. (12). The O2 evolution rates
were as follows: 600-700 µmol of O2 (mg of Chl)-1 h-1

for PSII membranes, 300-400 µmol of O2 (mg of Chl)-1

h-1 for SW-PSII, and 80-150 µmol of O2 (mg of Chl)-1

h-1 for USW-PSII. Reconstitution reactions and O2 evolution
assays using W241F PsbO, Y242F PsbO, and ∆L6MW241F
PsbO were conducted as previously described (20, 26, 29)
with the following modifications: 300 µM DCBQ was the
acceptor in assays of control O2 evolution rates of SW-PSII
samples, while 600 µM DCBQ was used for assays of
reconstituted samples. W241F and Y242F PsbO samples
stored in solubilization buffer at -70 °C were dialyzed
overnight against SMN buffer prior to use in reconstitution
reactions; ∆L6MW241F was stored directly in SMN. The
O2 evolution rate assayed under saturating light conditions
for 1 min monitored PSII turnover, while the O2 evolution

W241 and Y242 Mutations Affect PsbO Activity and Fluorescence Biochemistry, Vol. 47, No. 24, 2008 6491



yield was assayed at 80% light saturation for 4 min to
determine the long-term stability of the reconstituted system.
Analysis of mutant PsbO rebinding to PSII was carried out
as previously described (23, 26, 29). The O2 evolution
activity and PsbO binding data are the average of three assays
for each point on the graphs.

Circular Dichroism, UV Absorbance Spectroscopy, and
Size-Exclusion Chromatography. The far-UV CD and near-
UV CD spectra of W241F PsbO, Y242F PsbO, and
∆L6MW241F PsbO were measured and analyzed as de-
scribed by Popelkova et al. (12) and in the legend of Figure
2. UV absorbance spectra were obtained using an OLIS-
modified Cary-17 instrument, and the experimental condi-
tions are given in the legend of Figure 3. Size-exclusion
chromatography of W241F and Y242F PsbO was carried
out as described by Popelkova et al. (12), except that the
column was equilibrated with 20 mM Tris (pH 8.0) and 50
mM NaCl to prevent PsbO from aggregating (26).

Fluorescence Spectroscopy. W241F and Y242F PsbO were
dialyzed against 10 mM KH2PO4 (pH 6.0) for analysis of
their fluorescence excitation and emission spectra using a
Hitachi FL-4500 fluorescence spectrophotometer. The soft-
ware supplied by the manufacturer was used to record and
analyze the data. A 1.5 mL quartz cuvette with a path length
of 1.0 cm was used; each spectrum represents the average
of three replicate scans from which the buffer signals were
subtracted. Additional conditions are given in the figure
legends.

RESULTS

Reconstitution of O2 EVolution ActiVity by W241F and
Y242F PsbO. Figure 1 shows that W241F restored O2 rates
and yields to 5-10% of SW-PSII control activities at a level
of 2 mol of W241F PsbO/mol of PSII (the WT/PSII ratio),
increasing to 25% of the SW control after incubation with 8
mol of PsbO/mol of PSII; binding failed to saturate.
Incubation of PsbO-depleted PSII with 8 mol of W241F
PsbO/mol of PSII resulted in binding of only 1 mol of
protein, which indicates a significant assembly defect. The
possibility that W241F was cold-sensitive, like V235A and
E246@ PsbO mutants (20, 29), was examined; no enhance-
ment of reconstitution of PSII activity was observed at 22
°C (data not shown). Experiments with Y242F yielded nearly
identical results (Figure 1); 2 mol of Y242F PsbO/mol of
PSII reconstituted 5-10% of control activity, which in-
creased to 30% at 8 mol of PsbO/mol f PSII. Approximately
1.3-1.4 mol of Y242F bound after incubation with 8 mol
of protein/mol of PSII; binding was temperature-insensitive
(data not shown). These results resemble those reported for
NBS-modified PsbO (14) and for PsbO C-terminal deletion
mutants (6, 9, 20). The W241F mutation creates a partial
sequence that is homologous to the C-terminal PsbO
sequences found in cyanobacteria (4). Cyanobacterial PsbO
is truncated at the N-terminus relative to eukaryotic PsbO’s
(6), so a new mutation (∆L6MW241F) was created to
remove part of the N-terminus. As Figure 1 shows, this
mutation binds to PSII and reconstitutes activity at 22 °C to
nearly the same levels as WT PsbO. The mutant is partially
cold-sensitive; activity reconstitution is 20% lower at 4 °C.

Solution Structure of W241F and Y242F PsbO’s. Far-UV
CD spectra of W241F and Y242F PsbO are very similar to

those of WT PsbO (data not shown); Table 1 presents data
on the thermostability of the estimated secondary structure
contents of both mutants. At 90 °C, the CD data predict that
the proteins gain small amounts of random coil and R-helix
at the expense of �-sheet and regain most of their original
secondary structures upon cooling. However, Table 1 also
shows that substitution of Phe for either Tyr or Trp stabilizes
the �-sheet content; heating causes somewhat smaller losses
of this secondary structure element than we observed with
WT PsbO. Near-UV CD spectra (Figure 2) of W241F PsbO

FIGURE 1: Reconstitution of USW-PSII preparations with recom-
binant Y242F PsbO, W241F PsbO, and ∆L6MW241F PsbO. PsbO
binding curves are shown (2). The O2 rates (b) and O2 yields (9)
were obtained from assays carried out under continuous illumination
for 1 and 4 min, respectively. After reconstitution for 1 h on ice
(filled symbols) or 22 °C (empty symbols), samples were assayed
for activity; the residual activity of USW-PSII was subtracted from
that of the reconstituted samples. The control (100% activity) is
that of a SW-PSII sample. Dotted lines indicate WT PsbO activity,
while dashed lines show WT PsbO binding. All WT levels normally
saturate at 2 mol of WT PsbO/mol of PSII (23, 26).
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and Y242F PsbO lack the well-defined Trp and Tyr peaks
at 291-293 and 285-287 nm, respectively, and the weak
Phe peaks centered at 258 and 264 nm in WT PsbO (4–6, 11,
12, 19, 23). The broad peak centered at 275-276 nm in both
mutant proteins is unusual; if W241 and Y242 reside in a
hydrophobic environment, one might expect replacement of
either residue with Phe to produce a more intense peak at
258-266 nm. Heating both mutants to 90 °C depresses the
signals’ intensities, but in contrast to loss of the Trp and

Tyr peaks at 90 °C in WT PsbO (5, 6), neither signal in the
mutant proteins disappears completely. The near-UV CD
spectra of both mutants are restored upon cooling (Figure
2). Figure 2 also presents the near-UV CD spectra for
∆L6MW241 and ∆L6M PsbO, the control for this particular
mutant that exhibits spectral peaks even more pronounced
than those of WT (23). The W241F substitution eliminates
the near-UV CD signal from tyrosine(s). The fact that the
∆L6MW241F mutant is highly active would suggest that
Tyr residues other than Y242 are unaffected by this mutation
and that Y242 makes the dominant contribution to the near-
UV CD spectrum of PsbO.

Size-exclusion chromatography and SDS-PAGE indicate
that both full-length mutants have electrophoretic mobilities
and molecular masses similar to that of WT PsbO (5, 6, 9,
12, 20, 23) (data not shown). The solution structures of
W241F PsbO and Y242F PsbO were also analyzed by UV
absorption spectroscopy (Figure 3). The UV absorbance
spectrum of Y242F PsbO bears some resemblance to the WT
spectrum; however, the Trp shoulder at 293 nm and Tyr
absorbance exhibit decreased intensities, and Phe absorbance
has increased, resulting in a blue-shifted peak at 274 nm.
The two peaks assigned to Phe remain at 259 and 266 nm,
and increased UV absorbance is present at lower wave-
lengths. This is probably due to the Y f F substitution;

FIGURE 2: Effect of heating on the near-UV CD spectra of W241F
PsbO and Y242F PsbO. Spectra were recorded after allowing the
proteins to equilibrate to the indicated temperature. Each spectrum
is the average of 20 scans. The protein concentrations were 51.2
µM for W241F and 26.8 µM for Y242F. The buffer in both
experiments was 10 mM KH2PO4; the pH was 6.0 or 5.7, as
determined from the buffer’s temperature coefficient at 25 and 90
°C. Each spectrum was recorded at 25 and 90 °C and after cooling
to 25 °C. The bottom panel presents the near-UV CD spectra of
∆L6MW241F PsbO (40 µM) and ∆L6M PsbO (10 µM) in 10 mM
KH2PO4 at pH 6.0 and 25 °C. The ∆L6M spectrum is offset by 75
units positive for clarity of presentation. Experimental conditions
for all spectra were as follows: scan width, 320-250 nm; time
constant, 1 s; bandwidth, 1 nm; path length, 1 cm; sample volume,
1 mL.

FIGURE 3: UV absorption spectra of WT PsbO, W241F PsbO, and
Y242F PsbO. The protein concentrations were 12.9 µM for WT,
51.8 µM for W241F, and 12.5 µM for Y242F; a higher concentra-
tion of W241F was used to emphasize the absence of the shoulder
at 293 nm. The proteins were dissolved in 10 mM KH2PO4 buffer
(pH 6.0). The spectra are those for (- · -) WT PsbO, (s) Y242F
PsbO, and ( · · · ) W241F PsbO. The vertical dotted line indicates
the 293 nm position of the Trp shoulder.

Table 1: Secondary Structure Predictions for WT PsbO, W241F PsbO,
and Y242F PsbO Based on Analyses of Far-UV CD Spectraa

protein R-helix (%) �-sheet (%)
turn +

unordered (%) total (%)

WT (25 °C) 4 36 60 100b

WT (90 °C) 6 25 68 99b

WT (cooled) 3 37 59 99b

W241F (25 °C) 3 38 58 99
W241F (90 °C) 3 37 59 99
W241F (cooled) 2 42 53 97
Y242F (25 °C) 3 39 57 99
Y242F (90 °C) 4 33 62 99
Y242F (cooled) 3 37 59 99

a The numbers are averages of results obtained from the basis sets
shown and from both CONTIN/LL and CDSSTR methods. Basis sets 6
and 7, which contain secondary structure contents from five denatured
proteins, were used to estimate secondary structure. b Data from ref 10.
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nuclease treatments were used to minimize DNA contamina-
tion, and SDS-PAGE and far-UV CD spectra failed to detect
protein or nucleic acid contaminations in either mutant
protein. The spectrum of W241F is also substantially altered;
the 293 nm shoulder is missing, and Phe absorbance produces
a broad peak at 266 nm. The spectrum of this mutant, taken
at a higher protein concentration (51.8 µM), emphasizes the
absence of absorbance features at 290-300 nm, which
eliminates the possibility of contamination by other Trp-
containing proteins. Like Y242F, the W241F spectrum
exhibits stronger absorption at 250 nm than the WT protein,
and the absorption peaks due to Phe are enhanced. Taken
together, these data indicate that the overall tertiary structures
of W241F and Y242F and their thermostabilities are similar
to those of WT PsbO. The mutants retain some near-UV
CD signals at high temperatures, and this and the UV
absorption spectra suggest that the local environment of
W241 and Y242 may be altered when either residue is
replaced with Phe. The UV absorption spectrum of the
truncated W241F mutant (∆L6MW241F) lacks the 293 nm
shoulder (data not shown), as well as the near-UV CD signal
from Tyr (Figure 2).

Properties of Fluorescence Excitation and Emission As-
sociated with Y242F and W241F PsbO. The fluorescence
properties of WT spinach PsbO contain contributions from
Tyr and Trp (11, 14–19, 21, 30, 31). Figure S1 (Supporting
Information) presents excitation spectra of WT, W241F, and
Y242F PsbO collected at the emission wavelengths indicated
by the labels on the curves. The mutant proteins exhibit
decreased fluorescence intensities relative to that of WT
PsbO. The strongest emission intensities (300-320 nm) in
W241F arise from Tyr excitation at 277 nm (13). The
excitation spectra for longer emission wavelengths have a
maximum at 280-281 nm but yield weaker emissions. The
Y242F mutant produced the strongest emission between 300
and 320 nm when excited at 277 nm and exhibited
fluorescence emission of greater intensity at longer wave-
lengths (340-360 nm) than did W241F. The peak excitation
(281-282 nm) for the longer wavelength emissions is
expected for Trp excitation (13). No fluorescence emission
from excitation of Phe was observed in either mutant (data
not shown).

Overlapping absorbance spectra of Tyr and Trp, and the
approximately 4-fold higher quantum yield of the Trp
emission (13), make it difficult to determine the contributions
of these residues to overall protein fluorescence emission.
To further characterize the emission spectra of mutant and
WT PsbO’s, excitation at 275 nm was employed to elicit
emission from Tyr and Trp (Figure 4A). The emission
spectrum of WT PsbO, with a peak at 310 nm and a 310
nm/350 nm ratio of 3, matches spectra reported previously
(16, 17, 19) for the protein isolated by either CaCl2 or urea
extraction procedures (17, 19); PsbO isolated by alkaline Tris
washing has an emission peak that occurs at a slightly shorter
wavelength, and a 310 nm/350 nm ratio of >3 (30). In
contrast, the emission spectrum of Y242F PsbO exhibits a
less intense peak at 312 nm, consistent with loss of the Tyr
emission excited at this wavelength. Greater prominence of
Trp emission, including a shoulder centered at 340 nm that
is obscured in the WT emission spectrum, is present in this
mutant. The emission spectrum of W241F PsbO is decreased
in intensity in comparison to those of WT and Y242F PsbO

(Figure 4A). A prominent blue-shifted peak at 307 nm from
Tyr emission (13) is present, along with a small shoulder at
345 nm that would ordinarily be assigned to Trp emission.
Emission spectra from WT and Y242F produced by selective
Trp excitation at 295 nm (inset, Figure 4A) show that the
broad WT emission is similar to that of the native protein in
solution (16, 17, 19, 30), and that removal of Y242 causes
the appearance of a broad peak centered at 338 nm in
Y242F (15, 16, 31). The emission spectrum of W241F
excited at 295 nm is not shown; proteins lacking Trp fail to
produce significant fluorescence when excited at 295
nm (27, 32).

To evaluate the relative contributions of W241 and Y242,
excited at 275 nm, to the emission spectrum of WT PsbO,
difference spectra (WT - W241F and WT - Y242F) were
produced (Figure 4B), using data from Figure 4A that were
collected at identical instrument settings and protein con-
centrations. The WT - W241F spectrum indicates that W241
contributes a broad emission signal, from 310 to 390 nm, to
the WT PsbO spectrum. The WT - Y242F spectrum has a

FIGURE 4: (A) Fluorescence emission spectra of WT PsbO, W241F
PsbO, and Y242F PsbO (4.1 µM) in 10 mM KH2PO4 buffer (pH
6.0). Spectra were recorded at 25 °C with excitation at either 275
or 295 nm (inset). (Spectra in the inset from 300 to 305 nm include
some interference from overlap between slits used for the excitation
and emission monochromaters.) Experimental conditions: scan
speed, 60 nm/min; delay, 1 s; excitation slit width, 5.0 nm; emission
slit width, 5.0 nm; sample volume, 0.6 mL. (B) Difference emis-
sion spectra of WT PsbO, W241F PsbO, and Y242F PsbO (4.1
µM) in 10 mM KH2PO4 buffer (pH 6.0). Excitation was at 275
nm, and the spectra are shown for ( · · · ) Y242F - W241F, (s)
WT - W241F, and (---) WT - Y242F. Also shown is the emission
spectrum of WT - Y242F (- · -) produced by excitation at 295 nm.
All difference spectra are subtractions of the relative fluorescence
emissions of equivalent concentrations (4.1 µM) of the various PsbO
species.
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peak at 308 nm, as expected for Tyr, and the emission
extends to 340 nm, after which a broad, negative feature
centered at 360 nm appears, which is likely to originate from
additional Trp fluorescence when Y242 is replaced with Phe.
Signals from the seven remaining Tyr residues are subtracted
from this spectrum, so their contribution to the WT PsbO
spectrum cannot be determined. It is clear, however, that a
significant fraction of the Tyr fluorescence emission from
WT PsbO comes from Y242, because the WT - Y242F
difference spectrum has a peak fluorescence intensity that is
35% of the control WT PsbO emission intensity at 308-310
nm (Figure 4B). The WT - Y242F difference spectrum
produced by excitation at 295 nm (Figure 4B) removes most
of the contribution of Y242 to the WT PsbO emission
spectrum produced by excitation at this wavelength (Figure
4A) (15, 16, 19, 21, 31). The emission intensity is greatest
at 308 nm and decreases rapidly at longer wavelengths; the
appearance of a broad negative feature in the difference
spectrum, centered at 360 nm, could represent additional
emission from W241. Finally, the Y242F - W241F differ-
ence spectrum (excitation of each protein at 275 nm) allows
one to estimate the fluorescence emission from W241 in the
absence of Y242. This spectrum represents the subtraction
of the fluorescence emission of eight Tyr residues from the
emission of seven Tyr residues and W241, in the absence
of Y242. The resulting spectrum has a peak at 322 nm and
a broad shoulder that extends to 400 nm. In spite of the
subtraction of the emission from Y242 in this spectrum, the
result shown here clearly originates from Trp emission that
is stimulated by removal of Tyr 242.

The effect of heating-cooling cycles (25 to 55 to 90 to
25 °C) on fluorescence emissions from W241F and Y242F
PsbO, excited at 275 nm, is shown in Figure 5. When the
compounds were heated, the emission spectrum of Y242F
PsbO exhibited a loss of signal from Trp (312 nm) and a
red shift (to 350 nm) of the signal intensity. Substantial
emission intensity was regained after cooling. At 90 °C, the
Tyr emission at 307 nm in W241F PsbO decreases, as does
the magnitude of the shoulder at 340 nm. The majority of
the Tyr signal is recovered upon cooling, but the emission
spectrum from 325 to 360 nm is modified; the shoulder
centered at 340 nm is lost (33–35). Heat-induced unfolding
of W241F PsbO could alter the environment around Y242
so that upon refolding in solution, it is no longer in its native
environment and fluorescence emission is thus decreased or
lost (33–35). The absence of Trp eliminates this residue as
a source of the 335-345 nm shoulder in the emission
spectrum of W241F PsbO (Figure 4A).

DISCUSSION

Spectroscopic Properties of the Aromatic Amino Acid
Residues of PsbO. Near-UV CD spectra of W241F and
Y242F PsbO lack the sharply defined features arising from
Trp and Tyr in the WT protein (Figure 2). Native proteins
and other W f F or Y f F mutants also exhibit near-UV
CD spectra containing broad peaks between 274 and 276
nm (4, 32, 36) resembling those of W241F and Y242F
PsbO (37, 38). These broad peaks, proposed to originate from
interactions between Tyr and/or Trp and Phe, are affected
by factors such as the distance between aromatic residues
and the local environment (4, 36, 38). The similarity of the

near-UV CD spectra of the mutants may indicate that W241,
Y242, or the substituted F241 and F242 residues exist in
the proximity of one another. The blue-shifted UV absorption
spectrum of W241F PsbO (Figure 3) and the loss of the
shoulder centered at 293 nm are consistent with the absence
of Trp in a hydrophobic environment. The Y241F spectrum
retains a peak at 276 nm, consistent with the presence of
absorbance from several Tyr residues in PsbO. Both mutant
proteins have prominent absorption bands in the 250-265
nm range arising from Phe and also exhibit an increased
absorbance at 250 nm relative to their peak absorbance
values. While the presence of a small amount of contaminants
in these preparations cannot be excluded, their purity suggests
that this absorbance may be a consequence of the Phe
substitutions.

The fluorescence emission properties of W241F and
Y242F (Figure 4A) indicate that both residues reside in a
hydrophobic environment, in agreement with a number of
other results (9, 14–18, 23, 31); W241 seems to be a major
contributor to PsbO emission upon excitation at either 275
or 295 nm (inset), and Y242 (among the eight Tyr residues
of PsbO) is likely to be a major source of PsbO’s Tyr
fluorescence emission (compare WT and Y242F emission
spectra in Figure 4A). Heat-induced loss of fluorescence
emission from both mutants (Figure 5) suggests that these
residues reside in a hydrophobic domain. The Trp emission
excited at 295 nm in Y242F (Figure 4A, inset) is better
defined and intense that from WT PsbO, which could be

FIGURE 5: Effect of heating on the fluorescence emission spectra
of W241F PsbO and Y242F PsbO. Changes in the fluorescence
emission spectra of W241F (4.1 µM) and Y242F (4.1 µM) in 10
mM KH2PO4 buffer at pH 6.0 or 5.7, determined by the buffer’s
temperature coefficient, were monitored at 55 and 90 °C, and after
cooling to 25 °C in a thermostated cuvette chamber. The proteins
were excited at 275 nm. Experimental conditions: scan speed, 60
nm/min; delay, 1 s.
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consistent with a loss of quenching of W241 fluorescence.
This quenching could, in theory, be due to the disulfide bond;
similar phenomena have been found in the DsbA protein,
and in the enzyme cutinase (32, 39). Spatial neighbor analysis
of 131 nonhomologous single-chain proteins showed that Trp
is preferentially located near disulfide bonds (40). The 1.0
Å resolution crystal structure of Fusarium solani cutinase
shows that the aromatic ring of the only Trp is located 5 Å
from the S-S bond (41). The backbone three-dimensional
structure of PsbO from T. elongatus, which superimposes
well on the homologous three-dimensional model of spinach
PsbO (3), predicts a similar distance between F239 (homolo-
gous to W241 in spinach) and the disulfide bond (24). If the
S-S bond functions as a quencher of Trp fluorescence in
WT PsbO, then release of quenching of W241 emission in
Y242F PsbO could be caused by subtle structural changes
induced by the Y f F mutation that shift W241 away from
the disulfide bridge.

Although W241F, excited at 275 nm (Figure 4A), exhibits
decreased fluorescence emission intensity, a broad featureless
shoulder centered at 340 nm is present that cannot be
attributed to Trp. It is possible that Y242 may produce an
excited-state tyrosinate [ε ) 2330 M-1 cm-1 at 295 nm (42)]
at the pH (6) of the buffer used in these experiments. This
species is unlikely to have any effect on W241 fluorescence
emission, unlike the situation for a ground-state tyrosine,
which clearly acts as a fluorescence quencher in PsbO at
pH 11 (17). In fact, the absence of a ground-state tyrosinate
in W241F PsbO is consistent with its absorption spectrum,
which lacks the absorbance (0.10, assuming an extinction
coefficient of 2330 M-1 cm-1) at 295 nm (Figure 3) that
would be produced by a single tyrosinate ion (42).

Structural and Functional Consequences of Phe Mutations.
Replacement of either W241 or Y242 of PsbO with Phe has
little effect on the size of the recombinant proteins (data not
shown) and produces minimal changes in the estimated
secondary structure as monitored by far-UV CD (Table 1).
Nevertheless, neither protein binds efficiently to PSII (Figure
1), giving only low levels of reconstituted O2 evolution
activity. These are among the first spinach PsbO mutants
with native N-terminal sequences and WT solution structures
(6, 23) that are impaired in their ability to bind to PSII and
restore activity. The effects of mutating W241 and Y242
are consistent with results obtained with other C-terminal
domainmutationsofPsbOthataffectactivity(6,9,14,15,20,31),
and with the reports that Wf F and/or Yf F mutations in
other proteins create losses of function (27). In spite of the
far-UV CD data showing that there has been little change in
their secondary structure content, the near-UV CD spectra
lack the well-defined Trp and Tyr peaks of the spectra of
the WT protein (5).

The response to heating of both the near- and far-UV CD
spectra of Y242F and W241F PsbO shows that substitution
of Phe at either position yields a modest increase in the
thermostability of the proteins’ �-sheet content (Table 1),
and in the stability of the C-terminal domain where these
residues reside. These observations may provide insight into
why these mutants fail to bind efficiently to PSII. Wild-type
PsbO gains �-sheet structure upon binding to PSII (43), and
it is possible that the additional stability of these mutants
interferes with the refolding events required for productive
binding to PSII. Mutations that substitute Phe for Trp cause

an assortment of effects on protein stability, from none to
adverse (44, 45), or small increases (46). Similar effects have
been attributed to Y f F mutations (47).

Deletion of a short N-terminal sequence of PsbO which
is part of a domain that is predicted to interact with
the C-terminus of spinach PsbO (6, 22) to produce the
∆L6MW241F mutation produces multiple effects on the
W241F mutation. Figures 1 and 2 show that WT binding
and activity reconstitution are restored, and that the Tyr near-
UV CD signal is lost, indicating a perturbation to the
C-terminal domain of the protein. This must be due to the
combined replacement of Trp with Phe and loss of a short
N-terminal segment of the protein which, in the wild type,
has little effect on activity or binding of PsbO (23). These
results are consistent with a model for PsbO structure in
which a certain amount of flexibility is required for produc-
tive binding and refolding of the protein into its PSII-
associated tertiary structure. They are also in agreement with
the model from the crystal structure of PSII (3) that predicts
that the N- and C-termini are close to one another, although
the solution structure of PsbO would be less compact
(5) than the PSII-bound form. The results with ∆L6MW242F
suggest that introduction of Phe at position 241 may restrict
this flexibility, which is restored by deletion of six N-terminal
amino acids from the protein. It is possible that these results
also reflect an evolutionary adaptation to eukaryotic PsbO
that contains an additional N-terminal sequence that is
required for binding to PSII, a sequence that is absent from
the cyanobacterial proteins (6, 12). It is possible that addition
of this sequence during evolution also required the substitu-
tion of Trp for Phe in the eukaryotic sequence to maintain
solution structure flexibility for productive assembly of PsbO.
∆L6MW242F also exhibits a moderate (20% inhibition of
reconstitution) sensitivity to low temperature; this is less
dramatic than the effect seen with the V235A mutation (29)
but demonstrates again the importance of the C-terminal
domain of PsbO in the functional assembly of the protein
into PSII.

The data presented here provide additional evidence of
the presence of a hydrophobic domain in PsbO that includes
W241 and Y242. These residues confer a minimal stability
on the protein’s solution structure but also appear to allow
for the rearrangements in secondary and tertiary structure
needed for high-affinity binding of PsbO to its contact sites
in PSII. The ability of W f F or Y f F mutations to
interfere with PsbO binding and the reversal of this inhibition
by a second-site truncation mutation (∆L6M) in W241F
suggest that interactions between the C- and N-termini of
the protein are critical factors not only for the maintenance
of solution structures but also in allowing the refolding of
PsbO when it forms its high-affinity interactions with PSII.
Our data suggest that in cyanobacteria, PsbO sequences at
the C-terminus may contain a Phe residue in place of Trp
at the homologous position in the primary sequence to
stabilize the protein against stress (for example, elevated
temperatures in thermophiles), and as a consequence, a
truncated N-terminus was favored in these organisms to
permit facile binding to PSII. In eukaryotes, Trp replaces
Phe and an extended N-terminus was permitted under these
conditions because Trp at position 241 allows greater
flexibility in refolding of the protein during binding and
assembly into PSII.
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