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A quantitative secondary structure analysis of the 33 kDa extrinsic
polypeptide of photosystem II by FTIR spectroscopy
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Abstract In chloroplast photosystem I, the extrinsic polypep-
tide of 33 kDa is involved in the stabilization the Mn cluster in
charge of water splitting and in the fulfiliment of the Ca**-cofac-
tor requirement for oxygen evolution. The conformational analy-
sis of the purified 33 kDa extrinsic polypeptide was carried out
using FTIR spectroscopy with its self-deconvolution and second
derivative resolution enhancement as well as curve-fitting proce-
dures. The FTIR spectroscopic results showed that the isolated
polypeptide is characterized by a major proportion B-sheet con-
formation (36%) with 27% a-helix, 24% turn, and 13% f-antipar-
allel structures.
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1. Introduction

Chloroplast photosystem II (PSII) constitutes a light-de-
pendent water-plastoquinone oxidoreductase responsible for
oxygen evolution {1]. The oxygen evolving process implicates
a cluster of 4 Mn atoms and three extrinsic polypeptides of 16,
24, and 33 kDa, respectively, which are involved in a CI™ and
Ca®" cofactor requirement [2]. Based on a correlation between
the release of Mn** and the depletion of the 33 kDa extrinsic
polypeptide from PSII particles, the latter protein has been
considered as the main catalytic manganoprotein of the water
oxidation system [3]. Further, a 33 kDa polypeptide containing
two Mn atoms was also isolated [4]. However, more refined
biochemical studies demonstrated that under certain condi-
tions, the Mn cluster was retained with the membrane com-
plexes even after complete removal of the 33 kDa polypeptide
[5-7]. Subsequent spectroscopic measurements indicated that
the structure of the Mn cluster was not significantly affected by
the removal of the three extrinsic subunits [8,9]. The extrinsic
33 kDa polypeptide is more likely involved in the stabilization
of two of the four Mn atoms in the cluster and in the modula-
tion of Ca®* cofactor requirement for oxygen evolution [10,11].

The exact conformational structure of this important pol-
ypeptide is unknown. An analysis of Chou and Fasman in 1978,
based on the amino acid sequence of the polypeptide, indicated
the protein to be composed of 28% a-helical, 25% S-sheet, and
12% turn structures, with other components representing 35%
[12]. A recent structural analysis by Xu et al. [13] based on
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circular dichroism (CD) spectroscopy, exhibited a major S-
sheet component of 38% with only 9% a-helical and 17% turn
structures together with other conformers representing 35%.
The above discrepancies between these two studies prompted
us to analyze the secondary structure of the 33 kDa extrinsic
polypeptide by FTIR spectroscopy. This technique can be ad-
vantageously used for the structural determination of isolated
polypeptides due to the great sensitivity of the amide I band
located between 1,700-1,600 cm™ to protein conformation.
In this communication, the structural analysis of the 33 kDa
protein is described, using FTIR spectroscopy with self-decon-
volution and second derivative resolution enhancement method
as well as curve-fitting procedures that has not been previously
reported. It is shown that both a-helical and S-strand structures
are present in a relatively large proportion (27% and 36%,
respectively), which significantly differs from the previous con-
clusions of Chou and Fasman [12] and Xu et al. [13].

2. Materials and methods

2.1. Isolation and purification of the 33 kDa extrinsic polypeptide

PSII submembrane fractions freshly prepared using Triton X-100
according to the method of Berthold et al. [14] with some modifications
[15], were washed three times in a buffer containing 10 mM NacCl, 300
mM sucrose, and 25 mM MES-NaOH (pH 6.5) by centrifugation at
36,000 x g at 4°C for 10 min. To remove the extrinsic 16 and 24 kDa
polypeptides, PSII membranes were incubated in 1 M NaCl, 10 mM
MgCl,, 300 mM sucrose, and 50 mM MES-NaOH (pH 6.0) at a Chl
concentration of 1 mg/ml for 1 h on ice and in the dark. The suspension
was then centrifuged at 36,000 x g for 30 min. The pellet was resus-
pended in the same buffer and centrifuged at 36,000 x g for 20 min to
remove any rematining loosely bound 16 and 24 kDa proteins.

The 33 kDa protein was isolated using a procedure similar to that
reported previously [16] by incubating the NaCl-treated PSII prepara-
tions (1 mg Chl/ml) in 1.0 M CaCl,, 15 mM NacCl, 10 mM MgCL, 300
mM sucrose, and 50 mM MES-NaOH (pH 6.0) for 30 min on ice and
in the dark. The suspension was centrifuged at 36,000 x g for 30 min.
The supernatant which contained the 33 kDa polypeptide was concen-
trated using an ultrafiltration device (Amicon, PM10 Diaflo mem-
brane). The solution was then dialyzed against several changes of 5 mM
MES-NaOH, pH 6.0, and a pale green precipitate was removed by
centrifugation.

Protein concentration was determined using the Bio-Rad assay. Pro-
tein composition was analyzed by SDS-polyacrylamide gel electropho-
resis using the buffer system of Laemmli [17] in miniature slab gels
(Hoefer Scientific Instrument) containing 15% acrylamide. The gels
were stained with Coomassie brilliant blue R-250 and scanned with an
LKB Ultro Scan XL laser densitometer. The relative abundance of
proteins was estimated from the peak area of the densitogram and the
isolated extrinsic polypeptide of 33 kDa was pure at more than 97%.
The resultant preparation is in fact characterized by the occurrence of
a single band on SDS-polyacrilamide gels (Fig. 1).

2.2. Secondary structure determination

Infrared spectra were recorded on a Bomem DA3-0.02 Fourier
Transform infrared spectrometer equipped with a nitrogen cooled
HgCdTe detector and a KBr beam splitter. The spectra of thin films
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(50 w1 samples, 385 pg protein/ml) deposited on BaF, windows were
recorded with a resolution of 2 to 1 cm™ and 100 to 500 scans.

The protein secondary structure was analyzed from the shape of the
amide I band [18]). Fourier self-deconvolution and second derivative
resolution enhancement as well as curve-fitting procedures were ap-
plied, so as to increase the spectral resolution in the region of 1,700
1,600 cm™'. The self-deconvolution was performed by using a Lorenz-
ian line shape for the deconvolution and a Gaussian line shape for
apodization [19]. In order to quantify the area of the different compo-
nents of the amide I band revealed by the self-deconvolution, a least-
square iterative curve-fitting was used to fit the Lorenzian line shapes
to the spectrum between 1,700-1,600 cm™'. Before curve-fitting was
done, a straight baseline passing through the ordinates at 1,700 and
1,600 cm™ was subtracted. The baseline was modified by the least-
square curve-fitting, which allowed the horizontal baseline to be ad-
justed as an additional parameter to obtain the best fit. It is known that
no meaningful curve-fitting can be performed by simple examination
of the original infrared spectra, that is why the self-deconvolution
procedure has to be carried out first. The resolution enhancement that
results from the self-deconvolution is such that the number and the
position of the bands to be fitted is determined [18-21]. A first curve-
fitting was done on a spectra deconvoluted with K = 1.5-2.5. The initial
input parameters of the curve-fitting were set as follows: (a) the fre-
quency was adjusted manually by moving the cursor on the monitor
screen of the computer; (b) the intensity were calculated to be two-
thirds of the spectrum intensity at the frequency chosen and the full
width at half-height was used to the extent of deconvolution applied.
None of the input parameters were kept constant during the curve-
fitting procedure.

In the second stage, the same set of initial input parameters, but with
widened full width at half-height were used to undeconvoluted spec-
trum for a new curve-fitting, in order to obtain results free of any
possible artifact introduced by the deconvolution procedure, in the
integrated intensities. This is very important for dichroic ratio measure-
ments. The resulting curve-fitted was analyzed as follows. Each Lorenz-
ian band was assigned to a secondary structure according to the fre-
quency of its maximum: a-helix (1,647-1,660 cm™); B-sheet (1,615~
1,640 cm™); turn (1,660-1,680 cm™"); random (1,646-1,641 cm™') and
B-antiparallel (1,681-1,692 ¢cm™). The area of all the component bands
assigned to a given conformation were then summed and divided by the
total area. The number obtained was taken as the proportion of the
polypeptide chain in that conformation. These assignments are accord-
ing to the previous values determined theoretically [22] and experimen-
tally [18]. The accuracy of this method was texted on several proteins
of the known secondary structures [23], such as cytochrome ¢ (a-helix
49%) and bacteriorhodopsin (a-helix 63%), which resulted in error of
*+3-5%.

The spectral manipulations were performed with SpectraCalc pro-
gram (Galactic, Industries Co., Salem, NH, USA).

3. Results and discussion

The vibrational spectra of the 33 kDa extrinsic polypeptide
consists of several characteristic bands in the mid-infrared re-
gion. The primary spectrum of the protein exhibits absorbance
maxima for amide I and amide II near 1,652 and 1,545 cm™,
respectively. The amide A (N-H stretching) occurs as a strong
and broad band at 3,000 cm™!, while the presence of several
sharp bands with medium intensities in the region of 2,950-
2,850 cm™' is assigned to the C-H stretching modes (spectrum
not shown). The vibrational mode most useful for the analysis
of protein secondary structure is the amide I band between
approximately 1,600 and 1,700 cm™'. The amide I region of the
infrared spectrum of 33 kDa polypeptide shows a maximum at
about 1,652 cm ™' and a very intense shoulder between 1,620 and
1,635 cm™! (Fig. 2). While these two spectral features already
indicate the presence of both a-helical and S-type conforma-
tions [24,25], further details are likely to be hidden by the partial
overlapping of bands that are characteristic of various compo-
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Fig. 1. Polyacrylamide gel electrophoresis of the pure 33 kDa extrinsic
polypeptide showing that the preparation exibit a single protein band.
Lane 1, molecular weight standards for phosphorylase B, bovine serum
albumin, ovalbumin, carbonic anhydrase, soybeal tripsin inhibitor, and
lysozyme; lane 2, polypeptide profile of the PSII submembrane fraction;
lane 3, isolated 33 kDa extrinsic polypeptide (15 ug). Conditions are
described in section 2.

nents of protein secondary structuie [26-31]. Indeed, the
Fourier self-deconvoluted spectrum and the second derivative
resolution enhancement shown in Fig. 2A reveals the presence
of at least five component bands in the amide I region of the
33 kDa protein. The frequencies of the component bands iden-
tified in the resolution enhancement spectrum can be used sub-
sequently as input parameters for curve-fitting of the original
broad amide I band contour. The results of such curve-fitting
analysis of the amide I spectral region of 33 kDa protein is
shown in Fig. 2B. The frequencies of the best fitted component
bands correspond closely to those identified in the resolution
enhanced spectrum (Fig. 2A).

The most prominent feature in the amide I region of the
infrared spectrum of the 33 kDa protein is the band at 1,629
cm™' (Fig. 2B). This component, which accounts for 36% of the
total area of the amide I band, can be assigned unambiguously
to protein segments in the fS-sheet conformation [24-29].
Fourier resolution enhancement reveals that the other bands
observed in the original spectrum of Fig. 2A consists of five
bands with maxima at 1,652 and 1,658 cm™! and three smaller
at 1,666, 1,675, and 1,685 cm™'. The frequencies of 1,652 and
1,658 cm™! bands are highly characteristic of a-structures [18—
23]. The assignment of the three minor components at 1,666,
1,673, and 1,685 cm™! is less certain as the two bands due to turn
structure (1,666 and 1,675 cm™") are coupled with high fre-
quency vibration of S-segments (1,685 cm™'), which might con-
tribute to the spectral region between 1,666 and 1,690 cm™
[18-23]. The frequencies of bands due to these different struc-
tures may in certain cases be very close or even coincide. In
previous analyses of infrared spectra obtained from water solu-
ble proteins, the turn structures have been assigned to bands
around 1,666 cm™! as well as to frequencies above 1,680 cm™
[18-28]. A usually weak band occurring at around 1,675 cm™,
on the other hand, has been attributed to in-phase vibrations
of f-segment in antiparallel conformation [18].

Table 1 shows the secondary structural analysis, which were
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Fig. 2. Second derivative resolution enhancement spectrum (A) of the amide I region (1,692-1,612cm™") with curve-fitted spectrum (B) used for
secondary structure determination of the 33 kDa extrinsic polypeptide as described in section 2.

determined from FTIR spectroscopy using resolution enhance-
ment and curve-fitting procedures. It is obvious from the data
presented in Table 1 that the 33 kDa extrinsic protein contains
a relatively large proportion of B-sheet structure (36%) and a
sizable amount of a-helical structure (27%). The secondary
structure analysis obtained by FTIR were also compared with
those of other results predicted from either unconstrained
Chou-Fasman analysis [12] or from the methods of Biou et al.
[33] as implemented by Beauregard for the 33 kDa extrinsic
protein [34]. Neither computational approach provides a satis-
factory description of the protein secondary structural con-
tents. Chou-Fasman estimates a-helices to represent 28% of the
protein domains, which is similar to our method, however it
seriously underestimates the amounts of -sheet and turn con-
formations. The analysis of Beauregard [34] seriously underes-
timated B-sheet (9%) and a-helix (13%) contents of this protein
and besides, it could not predict the amount of turn or antipar-
allel structure in the polypeptide.

The secondary structure fractions recently obtained from the
circular dichroism method [13] yields fairly reliable appraisal
of the amount of B-structure (38%) but the amount of a-helix
(9%) and turns (17%) were seriously underestimated (Table I).

The present infrared spectroscopic study shows that the main
component of the secondary structures of the 33 kDa polypep-
tide is S-sheet. Qualitatively, this is in agreement with the results
obtained from circular dichroism [13]. However, quantitative
measurements of the protein secondary structure obtained
from the analysis of the infrared and circular dichroism data
are considerably different (Table 1). The reasons for these dis-
crepancies are not fully clear. The source of potential error in
these two approaches are different. The circular dichroism
spectrum of protein is affected by interfering absorption and

Table 1
Secondary structure analysis of the 33 kDa extrinsic polypeptide

Amide 1 Circular Chou-Fasma®  FTIR®
components dichroism*

a-helix 9% 28% 27%
p-sheet 38% 25% 36%
Turn 17% 12% 24%
Other 35% 35% 13%
*From [13].

®From [12].

¢This study, data calculated from Fig. 2 as described in section 2.
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by light scattering. Quantitative analysis of circular dichroism
spectra relies on the set of reference data [32]. These data,
obtained from the spectra of aqueous solutions of globular
proteins having known three-dimensional structure may be not
fully applicable to membrane-bound proteins. Estimates of the
secondary structure based on circular dichroism spectra are
also influenced by uncertainties in protein concentration.

The approach used in this study seems to be free of most of
the problems listed above. Particularly, the analysis based on
infrared spectra does not depend on any transferred secondary
structure data. On the other hand, a potential source of uncer-
tainty in quantitative interpretation of infrared data arises from
the ambiguity in the assignment of the component bands be-
tween 1,670 and 1,680 cm™'. This problem concerns particularly
those cases where the characteristic ‘turn’ band around 1,665
cm™ is not observed in the infrared spectra. Under certain
circumstances the above ambiguity may effect the accuracy of
the estimate of the a-helix content. Another problem with anal-
ysis of infrared spectra arises from the unknown intrinsic ab-
sorptivities of the amide I vibrations of C = O groups in differ-
ent conformational states. The present approach is based on the
assumption that the various amide I bands have comparable
absorptivities and, accordingly, that the total fractional areas
of the bands assigned to various components of the secondary
structure represent the real content of these structures. The
good correlations that were found between the secondary struc-
ture estimation obtained from X-ray data and infrared analysis
for more than 20 proteins [23] strongly suggest that the infrared
method provides a realistic approximation, which will not lead
to systematic errors.

The quantitative interpretation of the infrared spectra ob-
tained from the isolated 33 kDa polypeptide must be taken with
caution because the extrinsic protein may undergo some minor
conformational changes during its removal from the PSII mem-
branes. We believe that the present analysis of the secondary
structure, and particularly the relatively high content of -type
conformation, represents a real structural property of the pol-
ypeptide in solution but some rearrangements may occur upon
binding to the PSII core.
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