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ABSTRACT: Structural properties of the isolated extrinsic regulatory 33 kDa protein of the water-oxidizing
complex were analyzed at different pH values. It was found that (a) titrations of the buffer capacity
reveal a characteristic hysteresis effect that is unique for the 33 kDa subunit and is not observed for the
other extrinsic proteins, (b) changes of the emission from the fluorescence probe 1,8-ANS are indicative
of an increased accessibility of the hydrophobic core of the 33 kDa protein to the dye at lower pH, (c) the
near-UV circular dichroism spectrum of the polypeptide is altered owing to a pH decrease from 6.8 to 3.8
and becomes drastically changed at pH 2.8, and (d) the content of secondary structure elements remains
virtually constant in the range 3.8 pH < 6.8, with the following values gathered from far-Uv CD
spectra: ~8% a-helix, ~33%-strand,~15% turns, and-44% random coil. Further acidification down

to pH 2.8 gives rise to a decreasehelix and increasefl-strand and random coil content. A theoretical
model [Ptitsyn, O., & Finkelstein, A. (1983Biopolymers 215—22] was used to predict the probability

and location of secondary structure elements within the protein sequence. On the basis of these calculations,
an extended hydrophobjg:sheet domain could exist in the center of the protein and-&elix in the
C-terminal region. From these data, the 33 kDa protein is inferred to change its tertiary stiueiitne

upon acidification of the aqueous environment. Possible implications of these features are discussed.

Photosynthetic water oxidation to molecular oxygen takes not clear which of these subunits are involved in binding of
place via a sequence of four univalent oxidation steps at athe WOC nor have specific amino acid residues been
manganese-containing unit referred to as water-oxidizing unambiguously identified as ligands of the manganese cluster.
complex (WOC) [for reviews, see Debus (1992), Rutherford = Site-directed mutagenesis experiments in the cyanobacterium
et al. (1992), and Renger (1993)]. This process is energeti-Synechocystis spevealed several amino acids in D1 and
cally driven by light-induced formation of the strongly D2 that are of functional and/or structural relevance in
oxidizing cation radical P680 [for a review, see Renger establishing a competent WOC (Boerner et al., 1992; Chu
(1992)]. A redox-active tyrosine (¥ acts as intermediary et al., 1995 a,b; Nixon & Diner, 1992; Vermaas et al., 1990).
electron carrier. At the current state of the art, the smallest Likewise, psb B gene deletion mutants lacking regions of
unit that can be isolated with a functionally competent WOC 3-8 amino acid residues from particular domains of the
is a complex of about 250 kDa excluding the detergent putative large hydrophilic loop E of CP47 (Eaton-Rye &
boundary layer (Haag et al., 1990). Apart from a few smaller Vermaas, 1991; Haag et al., 1993) markedly affect the
polypeptides (apparent molecular mask0 kDa), it contains  stability of the WOC and its photoactivation, although
six intrinsic proteins (D1, D2, CP47, CP43, and the two participation of this loop in manganese ligation appears to
subunits of cytochromeéssg) and a 33 kDa protein as the  pe less likely (Gleiter et al., 1994, 1995).
only extrinsic subunit (now often designated as PS I1I-O
protein because of its encoding by thetO gene) [for a
recent review, see Vermaas et al. (1993)]. The functional
redox groups P680, ¥ Pheo, Q, and @ are known to be
located in the D1/D2 heterodimer. However, to date it is

With respect to a possible functional and/or structural role
of PS Il polypeptides in establishing a functionally compo-
nent WOC, the extrinsic 33 kDa protein has been thoroughly
analyzed since its discovery 15 years ago [see Seidler (1996)
for a review]. Extraction of this protein by washing with 1
M CacCl, strongly suppresses the oxygen evolution, but the
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schaft (no. 438-13/138/12) and the Russian Foundation of Basic Manganese cluster remains bound provided that a sufficiently

Research (Grant 96-04-50394). high CI~ concentration is maintained (Ono & Inoue, 1983;
:ﬁ]l;ttnaltret% ]yvshgi?ﬂscc?é;ecsepgggegﬁgtgg)?#tlgegfsaddfessed- Miyao & Murata, 1984). At lower Cl concentrations, two
s Technical University Berlin. ' of the four manganeses become paramagnetically uncoupled
A, N. Bakh-Institute of Biochemistry. (Mavankal et al., 1987) and are subsequently released from
f AAggtrat;t publi_sfl\eg/mgvagce _ﬁcslAbStﬁlﬁtﬁapr" 15]% 1997. BSA PS Il (Ono & Inoue, 1984). Removal of the 33 kDa protein
boving S’:r‘ﬂﬁg'g?;umi'rﬁ" buffer capagiy: D, tz,g-fj?ﬁ;clijro?(r;%ﬁén oV also affects the turnover and stability of higher redox states
1,4-dithiol; MES, 2-N-morpholino)ethanesulfonic acid; P680redox- of the WOC (Miyao et al., 1987; Vass et al., 1987; Ono &

active specially bound chlorophydl within the PS Il reaction center; Inoue, 1985).

Pheo, pheophytin; PS Il, photosystem II; PS II-O, extrinsic regulatory . . .
protein encoded by thesb Ogene; WOC, water-oxidizing complex; Studies on green algaétlﬁlamydomonas reinhardtor
Y, redox-active tyrosine of polypeptide D1. Euglena gracili$ led to the conclusion that the 33 kDa
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protein is required for a stable assembly of the WOC of pH-induced structural changes of the isolated 33 kDa
(Mayfield et al., 1987; de Vitry et al., 1989; Hiramatsu et protein using both experimental approaches and theoretical
al., 1991). Recently, however, this view has been revised modeling.

on the basis of experiments performed witsklO deletion

mutants from cyanobacteria. It was shown that these mutantsMATERIALS AND METHODS

are able to evolve oxygen at reduced rates and therefore the
extrinsic 33 kDa protein was inferred to not be an indispen-

sable component of a functionally competent WOC (Burnap according to Berthold et al. (1981) with some modifications

& Sherman, 1991; Philbrick et al., 1991; Bockholt et al. ) ;
' : ' ’ o " (Volker et al., 1985). The 33 kDa protein was isolated by
1991). On the other hand, these mutants exhibit & Ca salt-washing (Ono & Inoue, 1983: Irrgang et al., 1988)

demand for their growth that is markedly higher than that : ; L -
of the wild type (ghilbrick et al., 1991).yThge differences including proteinase inhibitors. The polypeptide was then

between green algae and cyanobacteria observed in theconc;entrated by ultrafiltration in an Amicon cell (PM-10

. ; membrane) and dialyzed against 20 mM MBE$OH
phenotype of mutants lacking the 33 kDa protein were A i
explained by the nature of the other extrinsic proteins. buffer, pH 6.5, containing 30 mM NaCl. The dialyzed

Recently a cytochrome-550 supporting oxygen evolution sample was further purified by gel filtration chromatography

h ' ial lacking th on an ACA 54 column (1.7>< 30 cm). The protein

kgz bsr%rt]eriﬁp?srtﬁgnme? ganfgbga;;egﬁsgufg;eage‘{;%éne 3'Shomogenelty was checked via SDS/urea/PAGE and silver
mutants show also a higher vulnerability to light stress than staining (Laemml, 19.70; Oakley et al., 1980; Haag etal.,
wild-type cells fromSynechocystis SPCC 6803 (Mayes et 1990). Its concentration was spectrophotometrically deter-

: mined either at 205 nm (Scopes, 1974) or at 276 nm using
Zlﬁ’ ilrgsgt.ar-\rth?o?; tir:]o:)sr ggg;ggesgtgiitstthSopnogp;ggdsh%a sthe extinction coefficient described in Kuwabara and Murata

inhibition. The latest studies revealed that the 33 kDa protein (1984) and Jansson (1984) and in addition by the method

plays an essential role in the dark stability of the WOC and deve!oped by Bradford (1976)' o ]
its photoactivation (Engels et al., 1994). As a result of the  Acid—Base Titration Acid—base titrations were carried

above-mentioned findings, the extrinsic 33 kDa protein is Ut atT =20°C by using a home-built automatic laboratory
an important constituent of a fully intact WOC that is S€tup as described earlier (Opanasenko et al., 1992; Shutova

essential for the stabilization of the functional manganese at &l., 1992). The titration solutions contained either 10 mM
cluster [for a recent review, see Seidler (1996)]. HCl or 10 mM NaOH. The fitration rate was optimized,
lts structural organization, however, is not well-known. @ssuring that the buffer capacity maximum of a calibration
Different lines of evidence indicate an intimate interaction CUrve was independent of the fitration direction. Normally
with loop E of CP47 (Bricker & Frankel, 1987; Bricker et the overall titration time was about 1 min. For calibration

al., 1988: Enami et al., 1987, 1989, 1991: Odom & Bricker, of the titration curves, the same acid and base titration
1992). Furthermore, it is known that the N-terminus of the €Xperiments were performed with 0.2 mM N#&D,. Before

33 kDa protein is essential for its binding (Eaton-Rye & starting the titration experiment, carbon dioxide was removed
Murata, 1989). A structurally important element of this Y bubbling argon through the reaction medium containing
protein is the conserved disulfide bridge (Tanaka & Wada, 100 MM NaCl. After the pH was adjusted to the desired
1988; Tanaka et al., 1989). Treatment of PS Il membrane valugs, the concent_rated desalted pro.tem was ad_deq to 20
fragments with dithiothreitol leads to inhibition of oxygen #M final concentration. After completion of the titration
evolution while the kinetics of P689reduction by ¥ and cycle, the obtained curve pk f(V) was transformed by a
the manganese content remain unaffected (Irrgang et al.,computer into the functiok = f(pH), whereV is the volume
1992). This inhibition is probably caused by reductive of added titrant. Subsequently, _the base line curve obtal_ned
cleavage of the SS bridge that gives rise to structural PY analogous measurements in 100 mM NaCl solution
changes of functional relevance for the reaction pattern of without protein was subtracted from the resulting titration
the WOC (K.-D. Irrgang, B. Geiken, B. Lange, and G. Curve of the sample (100 mM NaCl plus protein), and the
Renger, unpublished results). The latest studies, however data were smoothed and differentiated.

Isolation and Purification of the 33 kDa ProteinPhoto-
system Il membrane fragments were prepared from spinach

indicate that the SS bridge is not an absolutely indispen- ~ Spectroscopic Measurementoom temperature absorp-
sable structural element for the function of the 33 kDa protein tion and fluorescence spectra were measured using a
(Betts et al., 1996). Specord-M40 spectrophotometer and a Hitachi-850 spectro-

Recently it was shown that the WOC exhibits pronounced fluorometer, respectively. The tryptophan fluorescence was
pH-dependent structural changes (Messinger & Renger, 1994¢excited at 278 nm and that of 1,8-ANS (8-anilino-1-
Kebekus et al., 1995) which might be related to pH-induced naphthalenesulfonate) at 346 nm. CD spectra in the UV
effects of the 33 kDa protein. The latter idea gained support region were monitored with a Jasco J-600 spectropolarimeter
by the observation of considerable photoinduced an&Mn  at the following optical path lengths: 4 mm in the region of
induced changes of the buffer capacity of PS Il membrane 310-260 nm, 1 mm in the region of 26€198 nm, and 0.2
fragments (Opanasenko et al., 1992; Shutova et al., 1992 mm in the region of 206184 nm. Calibration was carried
1994) that are indicative of exposure or burying of proton- out using a freshly prepared solution ofcamphor-10-
izable groups due to structural rearrangements of PS |l sulfonate. The protein concentration was3Q. Prior to
proteins. Titration of the isolated 33 kDa protein revealed CD measurements, the protein was dialyzed against 10 mM
an acid/base hysteresis of its proton-acceptor properties thaphosphate/10 mM NacCl buffer and concentrated in Cen-
is evidently related to pH-dependent transitions between two triprep-10 tubes (Amicon).
stable conformational states of the protein (Shutova et al., Secondary Structure Analysigwo different approaches
1993). The present study provides a detailed investigationwere used for the determination of secondary structure
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elements: (i) the percentage afhelix, g-sheet, turns, and 40
random coil content was gathered from CD spectra by using 201
the recently developed program BELOK; and (ii) the possible
location of these elements within the primary structure was
calculated with a theoretical model on the basis of its amino
acid sequence (Ptitsyn & Finkelstein, 1983).

The program BELOK used for evaluation of CD data is
based on a one-step ridge regression procedure of a data bas§ ;
that contains the CD spectra of 45 proteins whose secondaryx 5/
structure elements are known from X-ray data analysis. The § Y
procedure comprises the following steps. From the structure A
data base, those proteins were at first selected that are 9—— FE— 0 % & 5
characterized by CD spectra similar to that of the 33 kDa pH pH
protein. The root-mean-sqgare deviation between the C_D Ficure 1: Titration of the isolated 33 kDa extrinsic protein from
spectrum of the 33 kDa protein and that of a particular protein spinach by acid or base. (A) Experimental (open squares) buffer
k of the data base is given by capacity of the 33 kDa protein as a function of pH. Titration was

Gotied and dashed cLrves were calculated by Using the Henderson
O
Oy = [zi(AEik - A6i33)/n] v Hasselbalch formalism with the following p)e/tramegteNa' = 14,
pKa = 3.8,N, = 21, and K, = 4.4 (dotted);N, = 21.34, K, =

K — i ; i 4.04,N, = 10.79, and K, = 5.90 (dashed). (B) Titration curves
whereAe = the difference of molar absorption coefficients of the 33 kDa extrinsic protein by acid (dashed line) and base (solid

for Ie]_‘t and right polarized _I'ght at wavelengttof the k-th . line) from pH 9.0 and pH 4.0, respectively. For experimental details,
protein,A¢;® = the same difference for the 33 kDa protein, see Materials and Methods.

andn = the number of experimental points. The magnitude

of the o values was used as a criterion for the similarities element will be characterized by the symbols “fixed” or
of the secondary structures between the 33 kDa protein and‘fluctuated”, respectively.

a particular proteirk of the data base. The proteins with Using the (X values of amino acids in solution (Timasheff,
smallestoy volumes were grouped into a “similarity” set. ~ 1962) leads to a calculated buffer capacity curve of the
In the second step, the reliability of the secondary structure protein in the acidic pH region that exhibits marked differ-
prediction was checked for each of the proteins of the ences to that obtained by titration measurements. This effect

“similarity” set. For this purpose, proteins from this set were is ascribed to K shifts of titratable groups (pedk Figure
independently selected and their secondary structures prelA). Since information is lacking on the actudf palues
dicted on the basis of their CD spectra. The percentage ofof each amino acid residue, a simplified method was used.
secondary structure elements calculated in this way wasIn order to account for theseKpshift effects, a global
compared with that known from the X-ray structure analysis. influence was assumed as an approximation; i.e., the calcula-
Finally, the root-mean-square deviation, the maximum error, tion using program “ALB” was performed with th&palues
and the correlation coefficient for this “similarity” set were of the amino acids in solution, but the pH of suspension was
calculated. In the case of statistical reliability, the set was shifted by 0.6 pH unit toward the alkaline region.

used to calculate the secondary structure elements of the 33

kDa protein from its CD spectrum. The correlation coef- RESULTS

ficients between the data obtained from CD Spectra and X-ray Titration Experiments The open square data points of
analyses of the “similarity” set were as follows: 0.@8helix Figure 1A show the buffer capacity of the isolated extrinsic
prediction; 0.96,4-strand prediction; 0.63, turns; 0.81, 33 kDa protein as a function of pH obtained from titration
random coil [for a comparison of this method with other experiments as outlined in a former study (Shutova et al.,
programs for secondary structure prediction from CD spectra, 1993). The buffer capacity curve exhibits two distinct peaks
see Yang et al. (1986)]. in the acidic range at pH 4.0 (peakand pH 5.8 (peak),

In an alternative approach, the secondary structure of theand a band peaking above pH 9.0. An evaluation of this
isolated spinach 33 kDa protein at different pH values was data reveals that within the pH range of 3100 (peaksa
predicted on the basis of theoretical considerations by usingandb) approximately 32 H per 33 kDa protein are bound.
the known amino acid sequence of the 33 kDa protein (Oh- Likewise, about 24 groups per protein are titrated in the
Oka et al., 1986) and the theory of molecular secondary alkaline pH range (band). These findings should be
structure presented by Ptitsyn and Finkelstein (1983). This compatible with the content of protonizable amino acid
method seems to be more appropriate than the theoreticalesidues of the protein provided that all of them are accessible
approaches developed by Chou and Fasman (1978) and Biouo the titration. The following analysis was restricted to the
et al. (1988), because it permits one to take into accountrange 3.0< pH < 7.0 because the peak in the alkaline range
effects owing to a variation of thermodynamic parameters is not well resolved.
of the protein environment, e.g., the pH value of the medium. It is known that the 33 kDa protein from spinach contains
On the basis of the computational algorithm emerging from 14 aspartates and 21 glutamates (Oh-Oka et al., 1986).
this theoretical approach, a program was developed that isTherefore, in the most simple case of all 35 carboxylic groups
called “ALB” (A. Finkelstein, version 1983 adapted to PC being protonizable without any interaction, thK palues
by A. Badretdinov). It predicts probabilities for the existence reported in the literature [see Timasheff (1962)] could be
of secondary structure elements within amino acid sequencesused to calculate the titration curve. This procedure leads
If the probability is high or low, the corresponding structural to the dotted curve of Figure 1A. It readily shows that the
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experimental results are not reconcilable with the underlying
assumptions of the “theoretical curve”. A comparison with
the data points reveals that the discrepancy mainly originates
from using inappropriatekpvalues. Recent detailed studies
using reaction centers from anoxygenic purple bacteria have
shown that the I values of amino acid residues in proteins
can markedly differ from those in solution (Beroza et al.,
1995). A detailed analysis as performed by Beroza et al.
(1995) is impossible because the detailed structure of the

Fluorescence, rel.unit

33 kDa protein is lacking. Therefore, a simplified model 5% 380 w00 " wee
was used that comprises two types of protonizable amino Wavelength, nm
acid residues with I, and K. In this way, the experi-  Fgure 2: Room temperature fluorescence spectra of the 33 kDa

mental results can be well described by an ensemble-6f 21 protein from spinach. The solid curve (1) represents a set of virtually
22 carboxylic groupsN, = 21.34) with g<; = 4.04 and 11 indistinguishable spectra that were obtained at pH 6.8, 3.8, and
groups N, = 10.79) with K, = 5.90. Two conclusions 5.2 (corresponding to thd pf this protein) and in the presence of

. .. 1,8-ANS. The dotted curve (2) shows the spectrum of the 33 kDa
can be drawn from this analysis: (i) almost. all Of, t.he protein after modification of the protein by DTE. For experimental
aspartates and glutamates of the 33 kDa protein participategetails, see Materials and Methods.

in protolytic equilibration with the aqueous phase; and (ii)
below a fraction of about 60% of deprotonated carboxylic tions, the K of a phosphate buffer solution used for
groups, the K value is not markedly changed compared with calibration is independent of the titration direction. The
that of solution, but a higher extent of deprotonation leads above-mentioned data show that the hysteresis in the titration
to marked shifts of the i values of the remaining amino  curve of the 33 kDa protein is a reproducible phenomenon
acids. An assignment to specific residues cannot be achievedand not related to both diffusion processes in the titration
As a consequence of this limitation, a global effect will be cell and the lag phase of the electrode.
taken into account for calculating the theoretical structure In summary, the titration experiments show that among
based on the ALB method as outlined under Materials and the extrinsic regulatory proteins of the WOC only the
Methods. manganese-stabilizing 33 kDa protein exhibits an-abigse

The extrinsic 33 kDa protein from spinach does not carry hysteresis. This phenomenon is not due to irreversible
any histidine residues that are capable of binding protons indenaturing effects of the protein. Therefore, it has to be
the neutral pH range. This is consistent with the finding concluded that pH-induced structural rearrangements take
that the buffer capacity exhibits a pronounced minimum place within the isolated extrinsic 33 kDa protein. These
around pH 7.5. Protonizable amino acid residues in the changes were further analyzed in more detail by three
alkaline region are tyrosine, lysine, and arginine witk p  different approaches: (a) fluorescence of endogenous (tryp-
values of 10.1, 10.8, and 12.4, respectively (Timasheff, tophan) and exogenous (1,8-ANS) probes that give rise to
1962). The extrinsic 33 kDa protein is rich in lysine (25 structure-dependent fluorescence emissions; (b) circular
residues). It also contains eight tyrosines and four argininesdichroism measurements; and (c) a model-based theoretical
(Oh-Oka et al., 1986). These residues are assumed to bestructure analysis.
responsible for band. Fluorescence of 33 kDa ProteinAn essential structural

In conclusion, the buffer capacity of the 33 kDa protein element of the 33 kDa protein is its intrinsic-S bridge.
is inferred to be due to the carboxylic groups of dicarbonic Numerous studies have demonstrated the relevance of this
amino acids (glutamate, aspartate) in the acidic pH range S—S bridge for the conformation of the protein and its ability
(peaksa and b) and basic amino acid residues (lysine, to restore the oxygen evolution activity (Tanaka et al., 1989;
arginine, tyrosine) in the alkaline region (baod Eaton-Rye & Murata, 1989; Irrgang et al., 1992). Accord-

As was pointed out earlier (Shutova et al., 1993), a very ingly, at first glance it may be attractive to consider the idea
interesting feature of the titration curve of the 33 kDa protein that the hysteresis observed in the pH titration experiments
is its dependence on the direction of titration; i.e., the p is associated with a cleavage of this S bridge during the
values of the same titratable groups are different in-acid titration. However, a closer inspection reveals that this is
base and baseacid titrations as shown in Figure 1B. This highly unlikely (Torchinskii, 1974).
feature is a characteristic property of the 33 kDa protein  In order to exclude the possibility that the-S bridge of
because it is not observed under the same experimentathe 33 kDa protein could exhibit a particular sensitivity to
conditions for the other two extrinsic proteins of 18 and 24 pH-induced cleavage, measurements of the tryptophan
kDa and for the water-soluble protein BSA (data not shown). fluorescence were performed. According to Tanaka et al.
In this case, the titration curves were practically the same (1989), the native conformation of the 33 kDa protein is
for both (acid and base) titration directions. It is interesting characterized by a fluorescence spectrum of the tryptophan
to note that a second (and subsequent) repetition of the-acid residue having a maximum at 310 nm. A marked structural
base titration cycle of a sample containing the 33 kDa protein change of this protein induced by reduction of the disulfide
gave similar results; i.e., the general phenomenon of abridge results in a significantly wider spectrum and a
hysteresis remained unchanged (data not shown). Likewise pronounced shift of its maximum to 350 nm. This phenom-
the acid-alkaline hysteresis in the titration curve of the 33 enon has been explained by the transfer of the tryptophan
kDa protein is not eliminated by a--fold retardation of residue from a hydrophobic to a hydrophilic environment
the titration rate either by addition of ampholytes to the (Tanaka et al., 1989). Figure 2 shows fluorescence spectra
medium or by dilution of the titrant (normal titration time 1 of the 33 kDa protein at different pH values and for that
min, see Materials and Methods). Under the same condi- structurally modified by DTE. Clearly the emission spectra
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are virtually independent of pH but exhibit the expected 12 12

drastic changes after cleavage of theSsbond. These data 5 B
prove that the SS bridge remains intact under the aeid or 10 N

base titration conditions used in this study. Furthermore, . FN

based on the tryptophan fluorescence measurements, it can
be inferred that the presumed pH-dependent conformational
changes of the 33 kDa protein which are responsible for the
hysteresis effect do not comprise gross structural rearrange-
ments.

Hydrophobic Fluorescence Probe 1,8-AN& simple
fluorometric probe technique was applied for further inves-
tigations of the pH-dependent structural changes within the 900 450 500 550 600 400 450 500 550 600
extrinsic 33 kDa protein. This method is based on the
Endmg FhaF intermediary states of a protein can be Idemme.d Ficure 3: Emission spectra of the hydrophobic fluorescent probe

y monitoring the fluorescence spectrum of the hydrophobic 1,8-ANS added to the 33 kDa protein at different pH values of the

fluorescent probe 1,8-ANS. Its emission spectrum dependsmedium gey. = 346 nm). (A) Spectrum 1 measured at pH 7.0 and
on the accessibility of hydrophobic domains within the spectrum 2 at pH 3.8. (B) Both spectra were measured at pH 5.6

protein to the water-soluble fluorophore (Semisotnov et al., by adding either HCI to the protein kept at pH 7.0 (curve 1) or
1991). The binding of the 1,8-ANS probe could induce N@OH to protein kept at pH 3.8 (curve 2).

structural changes in the 33 kDa protein, thus giving rise to : . .
artifacts. To test this possibility, the tryptophan fluorescence Figure 3B illustrates the difference between fluorescence

of the 33 kDa protein was measured. It was found that in spectra of 1'8'ANS. in solutions of the 3.3 kDa extrinsic
the presence of 1,8-ANS the maximum of the tryptophan protein that were adjusted to pH 5.6 following two different

fluorescence remained virtually unaffected (solid curve in protacols: spectrum 1 is obtained when the protein incubated

Figure 2). This finding shows that 1,8-ANS itself does not at pH 7.0 is transferred within a few seconds to pH 5.6 by

induce significant structural changes and therefore this probe\tlcifha:i'gfnn Ic:: Snt!lgr agﬁ]uogvg/ir;ﬁirlzﬁs Zpsﬁ;r#n;?rfrﬁb tgw?leé:i
appears to be a suitable tool to monitor pH-dependent P gong P 9 pH 3.

) . to pH 5.6 by addition of a KOH aliquot. The spectra are
conformational changes of the 33 kDa protein. clearly different in both the position of their maxima and

It was shown by Semisotnov et al. (1991) that-sheet  the extent of their emissions, depending on the pH used for
domain is more hydrophobic than arhelix and therefore  preincubation of the protein. This result correlates with the
gives rise to a higher affinity to 1,8-ANS. At pH 6.5, the tjtration experiments and also reveals an atidse hysteresis
fluorescence of 1,8-ANS is virtually the same in both the in the structural rearrangement of the extrinsic 33 kDa
presence and absence of the 33 kDa protein (data not shown)grotein. After incubating these two samples for 10 min at
As the 33 kDa protein contains a relatively large proportion pH 5.6, the difference between their spectra disappeared (data
of B-structure [see Xu et al. (1994) and the results presentednot shown). Accordingly, after a sufficiently long incubation,
in the following section], it may be concluded that at neutral a true equilibrium state of protonation is achieved that is
pH this hydrophobig-structure is buried within the interior independent of the pH at the beginning provided that
of the protein and therefore not accessible to ANS. However, jrreversible changes (e.g., at pH 2.8, vide infra) can be
this is obviously not the case at other pH values where excluded. On the other hand, the pH-induced fluorescence
significant changes of 1,8-ANS fluorescence are observedincrease of the 1,8-ANSprotein complex at pH 3.8 re-
upon addition of the 33 kDa protein whereas the spectrum mained stable even after a rather long incubation timg (
in protein-free buffer solutions remains invariant to pH in h),
the range from 3 to 8 (data not shown). The spectra depicted Circular Dichroism Spectra of the 33 kDa Proteirin
in Figure 3A show that a shift from pH 7.0 to pH 3.8 leads order to gain further information on pH-induced conforma-
to both a significant increase of the emission intensity and a tional changes of the 33 kDa protein, circular dichroism (CD)
blue-shift of 16-13 nm of the fluorescence maximum of spectra were measured in the near (2365 nm) and far
1,8-ANS (compare spectra 1 and 2 of Figure 3A). It was (184—260 nm) UV region. Figure 4A shows CD spectra in
shown that the affinity of 1,8-ANS to proteins significantly the far-UV region of the 33 kDa protein at three different
increases when the rigidity of their tertiary structures is pH values. It is seen that a decrease to pH 3.8 virtually
weakened without changing the general secondary structuregioes not affect the CD spectrum while further acidification
of the polypeptides (Semisotnov et al., 1991); i.e., their to pH 2.8 leads to significant structural changes.
hydrophobic cores are not destroyed but become more Table 1 compiles the percentage of secondary structure
accessible to the fluorophore than in their native states.elements at pH 6.8 and pH 3.8 calculated from the CD
Taking this feature into account, it can be concluded: (i) spectra on the basis of the program BELOK (see Materials
the 33 kDa protein is characterized by the presence of aand Methods). The results show that the secondary structure
hydrophobic core that is not accessible to the aqueous phasef the polypeptide is practically the same at pH 6.8 and at
at neutral pH; (i) protonation of dicarbonic amino acid pH 3.8. The following values were obtained:—8% of
residues of the extrinsic 33 kDa protein influences the tertiary a-helix, 32-33% of 5-strand, 14-15% of turns, and 43
(and secondary?) structure of the polypeptide; and (iii) the 44% of random coil. These values are in good agreement
conformation of the 33 kDa protein at pH 3.8 is characterized with the recently reported data of Xu et al. (1994) (see Table
by a higher accessibility of the hydrophobic core to the 1). Problems, however, arise for the calculation at pH 2.8
agueous phase. because the data base does not contain proteins with CD
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Ficure 4: Far- (A) and near-UV (B) circular dichroism spectra of
the 33 kDa protein at pH 6.8, 3.8, and 2.8. Protein concentration
was 30uM in a medium containing 10 mM phosphate buffer and
10 mM NaCl. For details, see Materials and Methods.

Table 1: Content (%) of Secondary Structure Elements of Spinach
33 Proteid

secondary CD data FTIR data

structure ~ CDdata, BELOK  (x,etal,  (Ahmedetal.,

elements pH 6.8 pH 3.8 1994),pH 7.0 1995)
a-helix 7 8 9 27
p-strand 33 32 38 36
turns 15 14 17 24
random coil 43 44 35 13

a Contents were obtained from the far-UV CD spectra shown in
Figure 4A by using the program BELOK and comparison with data
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in the range of 281286 nm for tryptophan residues in
proteins (Strickland, 1976). Alternatively, the 285.5 nm band
could originate from tyrosine residues, previously shown to
exhibit a CD maximum in the region of 28289 nm
(Strickland, 1976). Usually, the longer maximum in the near-
UV region of the CD spectra of proteins is attributed to
tryptophan residues while the band near 285 nm is ascribed
to tyrosine residues (Strickland, 1976). Therefore, it is
reasonable to ascribe the 285.5 nm band to one or more of
the eight tyrosines of the 33 kDa protein. These two
bands-at 293.5 nm and at 285.5 nndisappear upon
acidification (see Figure 4B): at pH 3.8, the ellipticity is
changed and becomes significantly modified upon further
acidification down to pH 2.8.

A complete decrease of all CD bands in the near-UV
region was also observed by Tanaka et al. (1989) after
cleavage of the SS bridge. In this report, however, also
the fluorescence attributed to W241 markedly changed while
in our experiments at pH 3.8 the fluorescence maximum of
W241 remained virtually unaffected (s€éuorescence of
33 kDa Protein. 1t is therefore concluded that at pH 3.8
the symmetry of the W241 environment differs from that at
pH 6.8 but this alteration occurs within the nonaqueous phase
rather than being caused by complete transfer from the
nonaqueous to the aqueous environment.

In summary, the analysis of the CD spectra presented in
this study leads to the conclusion that a transition from pH

reported in the literature that were gathered either from the CD spectrum6.8 to 3.8 causes an increase of the rotational freedom of
by using singular value decomposition methods and an unconstrainedaromatic residues buried in the interior (near-UV CD)

analysis (Xu et al., 1994) or from FTIR data (Ahmed et al., 1995).

spectra of very high similarity. Therefore, only a qualitative

without markedly affecting the secondary structure of the
polypeptide chain in the 33 kDa protein (far-UV CD).
Further acidification down to pH 2.8 induces drastic struc-

trend can be gathered from the CD spectrum at pH 2.8: thetural changes. In extending these studies, we attempted to
decrease of pH from 3.8 to 2.8 is inferred to cause a decreasdocalize the secondary structure elements of these pH-induced

in the percentage ofx-helix and turns while that of
p-structures and random coil increases. It has to be

changes within the amino acid sequence by model calcula-
tions.

emphasized that the structural changes induced at pH 2.8 Modeling of the 33 kDa Protein Secondary Structufithe

are reversible if the protein is rapidly transferred back to
higher pH. After an incubation time of about 1 min at pH
2.8, the structure of the 33 kDa protein in solution is
irreversibly modified.

Figure 4B shows the CD spectra obtained in the near-UV

results of the analysis for the 33 kDa protein at three different
pH values are depicted in Figure 5. It shows different regions
of the polypeptide chain predicted to form-helices,

pB-sheets, or turns. In order to test the reliability of these
predictions, the overall content of the secondary structure

region at three different pH values. In this case, effects are elements calculated by the ALB program was compared with

monitored that arise from individual amino acid residues,
thereby providing a sensitive probe of their local environ-
ments. The major contributions to the near-UV circular
dichroism of proteins originate from the amino acids tyrosine
and tryptophan, and the disulfide bridge, while that of
phenylalanine is generally much weaker (Kahn, 1979;
Strickland, 1976).

In its quasi-native state at pH 6.8, the 33 kDa protein
exhibits two well-resolved positive CD bands with peaks at
285.5 and 293.5 nm. The CD band with a maximum at 293.5
nm is likely reflecting the long wavelength maximum of the
Ly transition of the only tryptophan residue (W241) of the
33 kDa protein. This assignment is based on findings
indicating that in proteins the maxima of, transitions of
tryptophan residues are typically observed in the-2883
nm region of the CD spectra (Goodman & Toniolo, 1968;
Strickland, 1976).

The band with a maximum at 285.5 nm might also be
attributed to W241, i.e., the short maximum of the L
transition that was found to be characterized by a maximum

the corresponding values gathered from evaluations of CD
spectra. Table 2 compiles the data obtained by the two
different approaches and in addition compares our results
with theoretical predictions reported recently by Beauregard
(1992) and Xu et al. (1994).

An inspection of these data reveals that according to the
theory of Ptitsyn and Finkelstein (1983) the extrinsic 33 kDa
protein from spinach is expected to contain a total content
of 8% and 20% of “fixed”a-helix and-strands, respec-
tively, at pH 6.8. In addition, this method predicts 13% and
28% of “fluctuated”a-helix andg-strand domains, respec-
tively. A value of 8% for theo-helix content is in perfect
agreement with the conclusions gathered from CD data (see
Table 1). Therefore, the four “fixedt-helices predicted
by the “ALB” algorithm and marked in Figure 5 hyl—a4
are considered to be real secondary structure elements while
the “fluctuated” helices of markedly lower probability (see
Materials and Methods) are unlikely to exist. The situation
is somewhat different for the predictegtstrands. The
calculated total content of 20% “fixeg@@-strands is markedly
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Table 2: Contents (%) of Secondary Structure Elements of the 33 kDa Protein

theoretical prediction based on protein sequence

secondary far-UV CD data analysis Beauregard Chou-Fasman “fixed” “fluctuating”
structure elements CD data, BELOK (pH 6.8) (1992) (Xu et al., 1994) ALB prediction ALB prediction
a-helix 7 13 28 8 13
f-strand 33 9 25 20 28
turns 15 12 16
random coil 43 35

a Gathered from the CD spectrum at pH 6.8 (Figure 4A) by data evaluation with the program BELOK compared with values calculated on the
basis of its amino acid sequence by using a theoretical model (Ptitsyn & Finkelstein, 1983) and other theoretical predictions reported in the literature
(Beauregard, 1992; Xu et al., 1994).

is possible that the compact hydropholfisheet domain
comprises also three additionafragmentsf33, 54, andf5,
together with turns. The last twé-strands 13 ands14)

are localized at the C-terminal side which also contains three
o-helices (2, a3, anda4). It has been speculated that
region T84-T114 forms a calcium-binding site (Wales at
al., 1989; Webber & Gray, 1989). The C-terminal side is
predicted to be comparatively rich m-helices. Helixa2

is located in the area of maximum hydrophilicity of the
primary structure of the 33 kDa protein and forms a compact
arrangement of Asp and Glu residues with high negative
charge. As the locus K15%186 including helixa2 is not
accessible to the bulk solvent when the protein is associated
with PS Il (Frankel & Bricker, 1995), it is assumed that the
33 kDa protein forms a hydrophilic pocket enriched in
0 LI o VUSRI NN N A s carboxylic groups near heliat2.

A comparison of the secondary structure elements which
are predicted at pH 6.8 and at pH 2.8 reveals that an almost
complete protonation of all dicarbonic amino acid residues
leads to a marked decrease of thbelix content. According
to the calculation, there is virtually no fixed helix content
and only a small content~(5%) of fluctuating a-helix
structure at pH 2.8. In contrast to tehelix content, the

Ficure 5: (A) Probability of secondary structure formation along pmb‘?‘,b'“ty of B-structure domalrlls IS predlcte_d to be less
the polypeptide chain of the extrinsic 33 kDa protein from spinach S€nSitive to proton concentration: a decrease is expected for
at different pH values: pH 6.8, pH 3.8, and pH 2.8. (B) Prediction theS-strands near the N-terminus, i.82, 4, 5, andg14

of secondary structure elements in the 33 kDa protein from spinach near the C-terminus and in the cenfiesheets:36, 37, and

(at pH 6.8) (upper part). For comparison, the recent data of Xu et _heliy i ; ;
al. (1994) are presented (lower part). Shaded lbskelix; arrow, p8. 'll'hel a-helix Indthe region T219L2202IS almost
f-strands; vertical line, turns. Conserved amino acids with car- COMpletely converted into @-structure at pH 2.8.

boxylic groups are marked by vertical arrows. A comparison with the results obtained by another
lower than that of corresponding values derived from CD theoretical approach (Xu et al., 1994) is shown in Figure
data (see Table 1). On the other hand, the sum of the5B. An inspection of the data reveals striking similarities
percentages of “fixed” plus “fluctuateq3-strands is unre- ~ With respect to the existence of an extengestrand domain
alistically large. Accordingly, based on a comparison with in the middle of the protein and the location@fhelix o.2.

the spectral data compiled in Table 1, it appears reasonableéOn the other hand, different predictions were made for the
to assume that only a fraction of the “fluctuatg@¥strands ~ location of additionabi-helices. At present, it is difficult to

is really existing. The most likely candidates are those find criteria in favor of one of the theoretical approaches,
marked by31, 33, 511, andB12 while another one near the but it has to be emphasized that the “ALB” method correctly
C-terminus of the protein (T216F217) is highly unlikely predicts that only minor changes of the secondary structure
because the model predicts a “fixed*helix (a3) for the take place when the 33 kDa protein is transferred from pH
same region. Based on these considerations, the 33 kDé&b.8 to 3.8 while drastic effects arise when going further down
protein is expected to form 1@strands at physiological pH to pH 2.8. In an attempt to gather further information, the
values. A cluster of fivgs-strands §6—/310) is located in “ALB” algorithm was applied to the sequences of 33 kDa
the middle part of the protein sequence. The prediction of proteins from four different species. A very interesting
a loop between these adjacent and bufiesirands suggests  feature emerges from this comparative analysis: the hydro-
that they are antiparallel, stabilize each other, and very likely philic helix o2 (E181-N188) and the extendg#isheet core
form a long3-sheet domain. A comparison between the in the middle of the protein chain are conserved in all species
predicted secondary structure and the hydrophobicity proper-that were analyzed (Shutova et al., 1995). Furthermore, these
ties (data not shown) reveals that in the cenffadheet structural elements are also predicted by the theoretical
domain a hydrophobic region exists aroyp@ and/510. It approach of Chou and Fasman as outlined by Xu et al. (1994)
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(see Figure 5B). Based on these findings, thbelix in between the catalytic site of water oxidation and the lumen.
the hydrophilic region (E18iN188) and the extended Further experiments are required to test this idea.
B-sheet domain are assumed to be of structural and/or

functional relevance for the 33 kDa protein. ACKNOWLEDGMENT
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