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Abstract

The fluorescence properties of the isolated extrinsic 33 kDa subunit acting as `manganese stabilizing protein' (MSP) of the
water oxidizing complex in photosynthesis was analyzed in buffer solution. Measurements of the emission spectra as a
function of excitation wavelength, pH and temperature led to the following results : (a) under all experimental conditions the
spectra monitored were found to be the composite of two contributions referred to as `306 nm band' and `long-wavelength
band', (b) the excitation spectra of these two bands closely resemble those of tyrosine and tryptophan in solution,
respectively, (c) the spectral shape of the `306 nm band' is virtually independent on pH but its amplitude drastically decreases
in the alkaline with a pK of 11.7, (d) the amplitude of the `long-wavelength' emission band at alkaline pH slightly increases
when the pH rises from 7.2 to about 11.3 followed by a sharp decline at higher pH, and (e) the shape of the overall spectrum
at pH 7.2 is only slightly changed upon heating to 90³C whereas the amplitude significantly declines. Based on these findings
the two distinct fluorescence bands are ascribed to tyrosine(s) (`306 nm band') and the only tryptophan residue W241 of MSP
from higher plants (`long-wavelength band') as emitters which are both embedded into a rather hydrophobic
environment. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photosynthetic water oxidation to molecular oxy-
gen takes place via a sequence of four one-electron
oxidation steps at a manganese containing unit, the
water oxidizing complex (WOC) [1^3]. Among the
proteins that are of physiological relevance for the
stability and activity of the WOC, the extrinsic 33
kDa protein is of special interest. It is a constituent
of all oxygen evolving photosynthesizing organisms
(for recent reviews, see [4,5]). Extraction of this pro-
tein strongly diminishes the oxygen evolution rate
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and a¡ects turnover and stability of the higher redox
states of the WOC and of manganese binding [6^8].
Therefore the extrinsic 33 kDa protein is often re-
ferred to as manganese stabilizing protein (MSP)
[4,5]. In marked contrast to the conserved MSP, ad-
ditional regulatory extrinsic subunits were replaced
by other subunits during the evolution [4,9] without
signi¢cantly a¡ecting the reaction coordinate of the
redox steps in the WOC [10].

The structural characteristics of the MSP that are
of relevance for its regulatory and stabilizing func-
tion of the WOC are not yet clari¢ed. One possibility
to address this problem are detailed analyses of the
isolated protein. The results so far obtained reveal
that the MSP with a pI value of 5.2 in bu¡er solution
exhibits several unusual properties like thermostabil-
ity [11] with a single Leu residue (L245) as an essen-
tial constituent for maintaining the solution structure
[12], a comparatively high content of antiparallel
L-sheets and turns together with a low fraction of
K-helices [13^15] and a marked hysteresis of the ti-
tration curves in acidic or alkaline direction [13].
Recently the MSP was inferred to attain a de¢nite
`molten globule' [16] rather than a `natively unfolded'
structure [12]. These peculiarities of the MSP suggest
that its structural dynamics are of functional rele-
vance. Spectroscopic probes o¡er a possibility to in-
vestigate the topology of proteins and monitoring
conformational changes. In this respect tryptophan
residues were found to provide a most suitable in-
trinsic indicator via the properties of their £uores-
cence emission (for a review, see [17]) as illustrated
by studies on actinomyosin [18], apomyoglobins [19],
glutamic phosphoribosylpyrophosphate aminotrans-
ferase [20], cytochrome b5 [21] and ribonuclease A
[22]. The MSP of higher plants contains a single
tryptophan residue (W241) which is assumed to
be embedded into a hydrophobic environment of
L-sheets located near the C-terminus [13,15]. It was
found that the £uorescence of the MSP markedly
changes when structural changes are induced by a
reductive break of the conserved S^S bridge [23].
Likewise e¡ects were observed owing to interaction
of MSP with Ca2� [24]. It is tempting to ascribe
the £uorescence emission to W241 and to use its
variation as indicator for structural changes in the
microenvironment of this residue. However, other
aromatic amino residues like tyrosines cannot be

ignored as emitters. Therefore the present study
was performed to analyze origin and properties of
MSP £uorescence. The results obtained reveal that
^ depending on the experimental conditions ^ the
tyrosine emission can contribute signi¢cantly to the
overall £uorescence spectrum of MSP. The implica-
tions of these ¢ndings are discussed.

2. Materials and methods

2.1. Isolation and puri¢cation of the 33 kDa protein

Photosystem II membrane fragments were pre-
pared from spinach or pea leaves according to [25]
with some modi¢cations outlined in [26]. The 33 kDa
protein was isolated by salt-washing as described in
[27,28]. The polypeptide was dialyzed against 10 mM
Mes^NaOH bu¡er (or in 5 mM ammonium acetate
bu¡er) (pH 6.5), containing 10 mM NaCl, and then
lyophilized.

The lyophilized sample was dissolved in distilled
water and further puri¢ed by chromatography on a
DEAE^Sepharose 6-B column. The S^S bridge in 33
kDa protein was reduced by using a 1000-fold (mol/
mol) excess of DTT. All procedures were performed
in the cold room (V4³C) as fast as possible to ex-
clude protein degradation.

The protein homogeneity was checked via sodium
dodecyl sulfate^polyacrylamide gel electrophoresis
(SDS^PAGE) [29] in the presence of 5 M urea at a
10-fold higher protein concentration in order to de-
tect possible impurities. The protein concentration
was spectrophotometrically determined either at 276
nm using an extinction coe¤cient of 16 mM31 cm31

or after staining with Coomassie blue G250 as de-
scribed by Bradford [30].

2.2. Spectroscopic measurements

Fluorescence excitation spectra of the MSP were
recorded by using a Hitachi-850 spectro£uorimeter.
Fluorescence steady-state measurements were per-
formed on a home-built spectro£uorimeter described
earlier [31]. All spectra were corrected for spectral
sensitivity of the instruments. The bandwidth for
both excitation and emission light did not exceed
2^3 nm. Protein concentration in £uorescence experi-
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ments was 3^5 WM. Fluorescence spectra of MSP
measured in alkaline region were corrected for reab-
sorption of tyrosinate as described in [32]. To avoid a
tyrosinate-based inner ¢lter e¡ect the £uorescence of
MSP was excited at 280 nm, where the extinction
coe¤cient of tyrosinate is equal to that of tyrosine
[33,34].

Absorption spectra of protein samples were re-
corded using a Specord-M40 spectrophotometer
(Carl-Zeiss, Jena). Prior to the spectroscopic mea-
surements the protein was additionally dialyzed
against 10 mM phosphate/10 mM NaCl bu¡er (pH
7.2) and concentrated in Centriprep-10 tubes (Ami-
con). Insoluble material was removed from the sam-
ple by centrifugation (30 000Ug, 15 min). The cuv-
ette was kept at constant temperature (25³C or 90³C)
by using a thermostat. The temperature inside the
sample cell was monitored with a copper^constantan
thermocouple.

2.3. KOH titration

The KOH titration was performed by addition of
very small aliquots of a highly concentrated base so-
lution. After attaining the deprotonation equilibrium
(depending on pH, the time required varies from a
few seconds to minutes) absorption and emission
spectra of the same MSP sample were immediately
recorded.

3. Results and discussion

3.1. Fluorescence spectra of MSP at di¡erent
excitation wavelength

Fig. 1 shows room temperature spectra at pH 7.2
measured by excitation at 276 nm (full-lined curve)
and 297 nm (dashed curve). For the sake of direct
comparability both spectra are normalized at the
long-wavelength edge. The spectrum obtained with
276 nm excitation is signi¢cantly blue-shifted with a
pronounced peak at around 308 nm compared with
the broader spectrum measured with 297 nm excita-
tion which is centered around 329 nm. The illumina-
tion with 297 nm light exclusively excites tryptophan
residues [33] and therefore this spectrum is ascribed
to W241 tryptophan. On the other hand, excitation

at the maximum of MSP absorption at 276 nm re-
sults in an emission spectrum that is typical for a
superposition of Tyr and Trp emission [17,35].

The spectral shape has been analyzed by curve
¢tting based on the idea that the slightly asymmetric
emission spectra of aromatic amino acid residues in
proteins are best described by curves of the form

F�V � � F�V m�exp
3�ln2�V =V max�

2w2

� �
referred to as `log-normal shaped' [34]. The inset of
Fig. 1 shows that the experimental data of the
dashed-lined spectrum (curve 2) ascribed to emission
of W241 is satisfactorily described by a `log-normal
curve' with a peak of Vmax = 329.5 nm and a half-
width of about 52.5 nm. The spectrum exhibits a
marked blue shift by more than 20 nm compared
with that of tryptophan in solution (dotted curve in
the inset). This feature is indicative of a hydrophobic

Fig. 1. Room temperature £uorescence spectra of the MSP
measured in bu¡er solution at pH 7.2 after excitation at wave-
lengths of 276 nm (curve 1) and at 297 nm (curve 2). The inset
presents a ¢t of spectrum 2 (¢lled circles) by a `log-normal'
curve of the form F(V) = F(Vm)exp[3(ln2(V/Vmax)/2w2] (full-lined
curve) and of the di¡erence between curves 1 and 2 (open
circles) together with its ¢t by a `log-normal' curve. For com-
parison the emission spectra of L-tyrosine (dashed curve) and
L-tryptophan (dotted curve) in solution are presented under the
same experimental conditions as the MSP £uorescence.
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environment of the tryptophan residue [17,36], in line
with theoretical predictions of a location of W241 in
a shielded L-structure domain [13,37] and with recent
in vitro studies where a single tryptophan incorpo-
rated into the K-helix of a synthetic maquette was
shown to be characterized by an emission maximum
of 324 nm [38].

In order to analyze the origin of the spectrum
emerging from 276 nm excitation, the normalized
spectrum of curve 2 was subtracted from the normal-
ized full-lined spectrum, curve 1. The data obtained
and depicted in the inset of Fig. 1 (open circles) ex-
hibits also a `log-normal' shape (see dashed curve)
characterized by a peak at around 306 nm and a
markedly narrower halfwidth of about 27 nm. An
assignment of this `306 nm band' also to tryptophan
is highly unlikely for two reasons: (i) since MSP
contains only a single tryptophan residue (W241)
the existence of two emission spectra with clearly
distinguishable characteristics would necessarily im-
ply that the MSP in solution exists in two popula-
tions with distinct conformations of markedly di¡er-
ent microenvironments of W241, and (ii) although
the tryptophan £uorescence of the Cu containing
azurin with an emission peak at 308 nm [39] exhibits
a maximum comparable with that of the `306 nm
band' of MSP, the former emission spectrum is char-
acterized by a ¢ne structure that is typical for indole
in frozen solutions with an apolar solvent [34]. This
striking feature is also observed in other proteins
with markedly blue shifted Tryp emission [40^42]
but does not appear in the `306 nm band' of Fig. 1
(full-lined curve in the inset). There exists no exper-
imental precedent for such a peculiar phenomenon.
Accordingly, the `306 nm band' has to originate from
emitters other than W241. Tyrosine residues are the
most likely candidates because their extinction at 276
nm and quantum yield are much higher than those of
the £uorophore phenylalanine [17,34,43]. A compar-
ison with the emission spectrum of L-tyrosine in so-
lution (dashed curve in the inset) highly supports this
idea.

In conclusion, the data of Fig. 1 suggest that the
£uorescence spectrum of the MSP in solution is the
composite of two types of emitters: the buried W241
giving rise to the `329.5 nm band' and tyrosine(s)
leading to the `306 nm band'. This proposal also
readily explains the dependence of the overall MSP

emission spectrum on the excitation wavelength. As a
consequence, the excitation spectra of the two types
of emission should closely resemble the correspond-
ing and markedly di¡erent spectra of tyrosine and
tryptophan, respectively.

The excitation spectra measured at 306 nm and at
360 nm are depicted in Fig. 2 and compiled with the
corresponding normalized spectra of tyrosine and
tryptophan in solution.

An inspection of these data shows that the excita-
tion spectrum of the 306 nm emission closely resem-
bles that of L-tyrosine in solution except of a red-
shift by a about 5 nm in the former case. Likewise,
the excitation spectrum of the 360 nm emission ex-
hibits striking similarities with that of L-tryptophan
in solution in the long wavelengths' part while for
the `blue' region the spectrum is broader. The small
deviations are explainable by an overlap of tyrosine
and tryptophan £uorescence in MSP. Interestingly,
the same excitation spectra of these two emitters
were observed in glutamine synthetase [44] with ex-
citation maxima for tyrosine and tryptophan £uores-
cence at 282 nm (emission band at 303 nm) and 287
nm (Vem = 338 nm), respectively.

Fig. 2. Normalized excitation spectra of the £uorescence emis-
sion at 308 nm and 365 nm (full-lined curves 1 and 2, respec-
tively) and the corresponding excitation spectra of L-tyrosine
(dashed curve 1a) and L-tryptophan (dotted curve 2a).
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3.2. Fluorescence spectra of MSP as a function of pH

A further di¡erentiation of the two di¡erent emit-
ters is expected for the dependence of £uorescence on
pH in the alkaline region [17,32]. The pK value of
tyrosine in solution is 10.1 (see textbooks of Bio-
chemistry), and the tyrosinate anion that has a very
weak £uorescence leads to a red shift of the absorp-
tion band to 293 nm [45] whereas tryptophan does
not change its protonation state.

Fig. 3 shows £uorescence spectra of the MSP mea-
sured at di¡erent pH values. The most striking fea-
ture of these data is the anticipated drastic decrease
of the £uorescence peak at around 306 nm with in-
creasing pH. A less pronounced but opposite e¡ect
emerges for the emission around 360 nm where a
slight increase is observed upon alkalinization in
the range from pH 7.2 to 11.3. At higher pH values
this emission also starts to decline. If the overall
spectrum is the composite of the £uorescence of

two emitters all traces of Fig. 3 should be described
by the superposition of two bands and their individ-
ual pH dependence analyzed. A ¢t of the data reveals
that emission spectra measured at di¡erent pH values
are indeed the sum of two bands with `log-normal'
shape. The inset of Fig. 3 shows as an example the
deconvolution of the spectrum measured at pH 11.3.
Two features emerge from data inspection: (i) the
peak position of the `306 nm band' is virtually invar-
iant to pH but its amplitude drastically decreases
with increasing pH, and (ii) the amplitude of the
`long-wavelength' emission band at alkaline pH
slightly increases when the pH rises from 7.2 to
about 11.3 followed by a sharp decline at higher
pH (vide infra).

The amplitude of the separated `306 nm band' as a
function of pH is depicted in Fig. 4, top panel, to-
gether with the extent of absorption at 300 nm where
tyrosinate predominantly absorbs [45]. The pH de-
pendence of both parameters can be described by
titration curves with a single pKa value of 11.7. A
titration curve of tyrosine £uorescence with a single
pKa value is not unique for MSP as illustrated for
glutamine synthetase with 17 tyrosine and two tryp-
tophan residues [44]. Surprisingly, the pKa value of
11.7 in the titration curve of MSP is markedly higher
than that of 10.1 for L-tyrosine in solution and of
about 10 for glutamine synthetase [44]. An increase
of the pKa by 1.6 units is most likely re£ecting buried
tyrosine residue(s) as deduced from a comparison
with a recent report on a pKa value of about 11.3
for tyrosine incorporated into an K-helical structure
of synthetic maquettes [38]. A pKa value of 11.6
gathered from the titration curve of v5-3-ketosteroid
isomerase [46] was recently used to estimate the local
dielectric constant Olocal of residue Y14 in its active
site and a value of 18 obtained. In line with this data
and the in vitro experiments of [38], most of the ty-
rosine residues in MSP are predicted to be located
within L-strands, forming the hydrophobic compact
region of this protein in solution [13,16]. At present it
cannot be ruled out that few tyrosines residues of the
MSP are characterized by normal pKa values around
10 and simultaneously exhibit a very low £uorescence
yield, e.g. by forming hydrogen bonds [47]. This pos-
sibility, however, does not a¡ect the general conclu-
sion on a rather hydrophobic microenvironment of
the majority of tyrosines in the MSP. In this respect

Fig. 3. Fluorescence spectra of the MSP in bu¡er solution at
di¡erent pH values: solid curve (1), pH 7.2; dashed curve (2),
pH 10.2; dotted curve (3), pH 11.3; dashed-dotted curve (4),
pH 12.6; dotted-dotted curve (5), pH 13.5. Excitation wave-
length 276 nm; the pH was changed by addition of KOH as
described in Section 2. The inset shows the deconvolution of
spectrum 3 (pH 11.3).
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it is interesting to note that pK shifts were observed
also for the carboxylic groups of Asp and Glu resi-
dues in MSP [13]. In general, the localization of pro-
tonizable groups in hydrophobic regions can create
speci¢c pathways for proton transport. This process
might be of functional relevance for the processes at
the catalytic site of water oxidation because this re-
action is most likely comprising concerted electron/
proton transfer steps (see [48] and references therein).

Fig. 4, bottom panel, shows the pH dependence of

the intensity at 365 nm, IF365, where practically only
tryptophan emits and reabsorption by tyrosinates
can be excluded. The value of IF365 slightly increases
in the pH region 7.5^11.3 followed by a sharp decline
at higher pH. The most plausible explanation for this
feature is a marked conformational change near
W241 of the C-terminus of the MSP in the alkaline
region of pHs 11.3. The nature of this change re-
mains to be clari¢ed.

3.3. Fluorescence spectra of the MSP at high
temperature

It was recently found that heat treatment of the
MSP in solution retains its capability of binding to
PS II and restoring the oxygen evolution capacity of
CaCl2 washed PS II membrane fragments [11]. Based
on these properties and data from UV-CD and FTIR
spectroscopy this protein was inferred to be thermo-
stable [11] and to attain a `natively unfolded' struc-
ture but recent studies let us to favor the idea of a
`molten globule' structure of MSP in solution [16].
Therefore it is interesting to analyze the response of

Fig. 4. Normalized £uorescence intensity at 306 nm of the sepa-
rated `306 nm band' (solid triangles) and optical density at 300
nm (solid circles) of the MSP (A) and amplitude of £uorescence
at 365 nm (B) as a function of pH. The `306 nm band' was
gathered by a numerical ¢t of the data in Fig. 3 to the sum of
two `log-normal' bands. The curves represent calculated titra-
tion curves with a single pK of 11.7 in both cases.

Fig. 5. Fluorescence spectra of the MSP in bu¡er solution of
pH 7.2 and at temperatures of 20³C (curve 1) and 90³C (curve
2). The inset shows the experimental data normalized to the
peak value and the ¢t by the sum of two `log-normal' bands
(full-lined and dotted curves).
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the £uorescence emitters to heating. Fig. 5 shows the
emission spectra of MSP in bu¡er solution (pH 7.2)
at 20³C (curve 1) and 90³C (curve 2) excited with
light of 276 nm. Both spectra exhibit a very similar
shape as illustrated in the inset of Fig. 5, but the
£uorescence yield is reduced at higher temperatures.
The marked decrease of £uorescence intensity at
90³C can be readily explained by a more pronounced
radiationless decay via vibrational modes but more
interesting is the ¢nding that both bands seem to be
a¡ected in a very similar way. A deconvolution of
the experimental data into the sum of two `log-nor-
mal' bands reveals that the `306 nm band' undergoes
a small red shift by about 2 nm of its peak position
upon heating, but its spectral shape remains almost
invariant with a bandwidth of 45 þ 3 nm. The `long-
wavelength band' exhibits virtually no changes.

The striking invariance of the spectral shape to
heating indicates that the microenvironment of both
emitters is not disturbed at high temperatures, espe-
cially the tryptophan residue W241 as a sensitive
probe to changes in its surrounding remains unaf-
fected in its peak position. This is in perfect agree-
ment with recent data reported in [11].

3.4. Quenching of tryptophan £uorescence in MSP

In many proteins the £uorescence properties are
dominated by a pronounced emission from trypto-
phan residues (for reviews, see [32,34,40]). In marked
contrast, at neutral pH the relative contribution of
the `329 nm band' ascribed to W241 to the overall
emission is comparatively small in MSP. This ¢nding
suggests that the tryptophan £uorescence in MSP is
speci¢cally diminished. The S^S bridge appears to be
a potential candidate because this species was found
to act as a strong quencher of the £uorescence of
indole in model systems [34] and of tryptophan in
K-lactalbumin [49] and hen egg-white lysozyme [50].

The S^S bridge of the MSP can be in the vicinity
of W241 in the folded protein as deduced from cross-
linking studies and therefore able to act as a quench-
er. This idea is supported by the ¢nding that reduc-
tive opening of this bridge leads to drastic alteration
of the MSP £uorescence [23] and an increase of its
quantum yield by a factor of about seven after MSP
treatment with DTT (data not shown).

In addition, the residue Y242 can act via its scav-
enger proton as quencher of electronically excited
W241. This process is probable because both residues
are buried in a highly hydrophobic environment
[13,15] and the di¡usion distance is short enough
between Y242 and W241. The phenomenon still per-
sists at high temperature because the distance be-
tween emitter and quencher remains virtually unaf-
fected at this temperature.

4. Concluding remarks

The results of the present study unambiguously
show that under all experimental conditions the over-
all £uorescence spectrum of MSP in solution is the
composite of independent contributions originating
from two di¡erent types of emitters: (i) a `short-
wavelength band' with a peak at around 306 nm
ascribed to emission from excited tyrosine(s), and
(ii) a `long-wavelength band' inferred to originate
from the only tryptophan residue W241. Both bands
exhibit characteristic features. The titration curve of
the `short-wavelength band' with its unusually high
pKa value of 11.7 indicates that the vast majority of
the tyrosine residues in MSP is embedded into a
hydrophobic microenvironment. Likewise the `long-
wavelength band' with its comparatively low £uores-
cence yield re£ects a strong quenching of W241 emis-
sion, most likely by the conserved disul¢de bridge
and the next neighbored Y242 residue. The results
obtained imply that detailed analysis of the £uores-
cence properties indispensably require a deconvolu-
tion of the emission spectrum into its two major
components. The characteristic features of these
bands provide a useful tool to investigate structural
properties of the MSP.
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