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ABSTRACT. The structure of PsbQ, one of the three main extrinsic proteins associated with the oxygen-
evolving complex (OEC) of higher plants and green algae, is examined by Fourier transform infrared
(FTIR) and circular dichroic (CD) spectroscopy and by computational structural prediction methods. This
protein, together with two other lumenally bound extrinsic proteins, PsbO and PsbP, is essential for the
stability and full activity of the OEC in plants. The FTIR spectra obtained in beth &hd DO suggest

a mainlyo-helix structure on the basis of the relative areas of the constituents of the amidé bands.

The FTIR quantitative analyses indicate that PsbQ contains about®38lix, 7% turns, 14% nonordered
structure, and 2498-strand plus othep-type extended structures. CD analyses indicate that PsbQ is a
mainly o-helix protein (about 64%), presenting a small percentage assignésttand &7%) and a

larger amount assigned to turns and nonregular structat28%). Independent of the spectroscopic
analyses, computational methods for protein structure prediction of PsbQ were utilized. First, a multiple
alignment of 12 sequences of PsbQ was obtained after an extensive search in the public databases for
protein and EST sequences. Based on this alignment, computational prediction of the secondary structure
and the solvent accessibility suggest the presence of two different structural domains in PsbQ: a major
C-terminal domain containing four-helices and a minor N-terminal domain with a poorly defined
secondary structure enriched in proline and glycine residues. The search for PsbQ analogues by fold
recognition methods, not based on the secondary structure, also indicates that PshbQ ie-adir
protein, most probably folding as an ddown bundle. The results obtained by both the spectroscopic
and computational methods are in agreement, all indicating that PsbQ is maialpratein, and show

the value of using both methodologies for protein structure investigation.

Photosystem Il (PSH)is a pigment-protein complex, subunits of PSII. The three main extrinsic proteins of PSlI
which consists of at least 25 different protein subunits, at are PsbO, PsbP, and PsbQ in higher plants and green algae.
present denoted PsbA according to the genes that encode These proteins are essential for the stability and full activity
them (for review see refd—3). PSIlI is located in the  of the oxygen-evolving complex (OEC) (for review see ref
thylakoids of higher plants, algae, and cyanobacteria, where5), although none seem to bind directly to M8).(However,
it reduces plastoquinone using water as electron donor in ain cyanobacteria @) and nongreen algae8); PsbO is
light-dependent multiple reaction that produces molecular associated with two different proteins: PsbV (cytochrome
oxygen as a subproduet)( The release of molecular oxygen ¢-550) and PsbuU.
takes place on the lumenal side of PSII after the sequential
accumulation of four oxidizing equivalents in an inorganic
cluster, formed by four redox-active Mn ions, and the non-
redox-active C& and CI ions. The so-called manganese
cluster is sandwiched between the lumenal-facing protein
matrix of the transmembranal subunits of the PSII core
(PsbA, PsbB, PsbC, and PsbD) and the lumenal extrinsic

To understand the molecular mechanism of the oxygen-
evolving reaction, an essential prerequisite is knowledge of
PSII structure. Structural information concerning the PSII
complex of cyanobacteria is on its way to being fulfilled,
since a PSII structure frorBynechococcus elongatbhss
already been resolved to 3.8 A by X-ray crystallograp®y (

In the case of higher plants, PSIl is still far from being

resolved, where only 3D maps derived from electron
< " This Woéi%waﬁ SlIJPDOFtPed_bytlel)g‘isgggg[g‘g S'\ﬁaé“?]h Igf”nisf"ﬁ of cryomicroscopic images of the spinach PSII dimer, at 10 A
st?ilsr;rcgmart]he ggarrl?sﬁgl\)//li(nisr?rjfgf Science and )fechﬁolggys. e (10), and a PSH-LHCII supercomplgx, at 17 Al(l)’ have )
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923-219609; e-mail jrivas@usal.es. progress in obtaining the 3D structure of the three higher
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11Abbreviations: FTIR, Fourier transform infrared; PSII, photosys- has been _SUgg_ESted for .PSbO from higher plah® &nd
tem 1I; 3D, three-dimensional; CD, circular dichroism. has been fitted into the higher plant PSII data at 1718) (
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It should be noted that the cyanobacterial PSIl X-ray structure of the upstream leadempTof pET12a, encoding the outer
at 3.8 A provides incomplete structural data for about half membrane protein specified mmpT, was removed when

of the PsbO backbone, with no residue identificati®h (  the restriction enzymeNdd and BanHI were used. There-
So far, there has been no progress on the 3D structure offore, the recombinant PsbQ accumulated in the cytosolic
PsbP and PsbQ from higher plants and green algae, and onlgpace ofE. coli BL21(DE3)pLysS. The transformed cells
some partial structural studies have been reportddi(5). were named B96 and stored-aB80 °C in 20% glycerol.

In higher plants and green algae, the three proteins PsbO, Purification of the Recombinant PsbQ Protein.
PsbP, and Pst are proposed to be C|ose|y associated, B96 cells harboring the resulting JR2592 vector were
showing a ratio of 1:1:1 among therh3 16). The stoichi-  grown at 37°C in LB medium supplemented with 100 mg/
ometry of the three extrinsics with respect to PSIl is still mL ampicillin and 20 mg/mL chloramphenicol. When the
being debated, given reports that indicate that the numberoptical density of the culture reached the value of 1.2 at 550
of PsbO bound per PSII can be ork8(16) or two (17). nm, the expression of the recombinant PsbQ was initiated
PsbP and PsbQ can be separated from PSII under high ionidy adding 1 mM IPTG. After incubation for 1518 h at 28
strength conditions1@). On comparing PsbP- and PsbQ- °C, the cells were harvested by centrifugation, suspended in
depleted PSII preparations with fully functional PSII prepa- 1 M Tris-HCI, pH 8.4, containing 1 mM phenylmethane-
rations, the oxygen-evolving rate decreases in the former,sulfonyl fluoride (PMSF), and then sonicated. PMSF was
but the activity can be regained to a certain extent when PsbPalso present in the subsequent buffers. The sonicated cells
and PsbQ are reconstituted to PSIl or when millimolar were centrifuged at 15009@or 45 min to remove unbroken
concentrations of Ga and CI are added X8, 19). This cells. The supernatant was collected and partly precipitated
suggests a relationship between PsbP and PsbQ andthe Ca With 45% (NH,).SOs. The precipitant was discarded and the
and CI requirement for oxygen evolution. Moreover, these Supernatant was fully precipitated with 100% (W3O,
two proteins may play a structural role in the OEC by This latter precipitant was suspended in 20 mM Tris-HClI,
forming a barrier that is open for substrat@g)(and products ~ PH 8.0, and 1 mM EDTA (buffer A) and dialyzed against
(21) but is closed to nonphysio|ogica| reductant ageza( buffer A at 4 °C overnight. Unsolubilized material was
PsbP and PsbQ also create a low-dielectric medium that isremoved by centrifugation at 15009Gor 45 min. The
optimal for PSII binding C# (23) and CI (24), and ithas  Protein solution was first passed through a High-Trap SP
been shown that both proteins affect the magnetic propertiescolumn (Amersham Pharmacia Biotech) preequilibrated with
of the Mn cluster 25). Some authors have also reported that buffer A. The PsbQ protein was eluted by means of a salt
the absence of these two proteins induces conformationallinear gradient up to 0.4 M NaCl for 30 min at a flow rate
Changes in periphera| antenna proteim)'(Therefore’ itis of 1 mL/min. The PsbQ-enriched fractions were pooled and
clear that PsbP and PsbQ play important roles in the lumenalPassed through a Superdex 200 column (Amersham Phar-
oxygen-evolving activity of PSII from higher plants and Mmacia Biotech) preequilibrated with 20 mM sodium phos-
green algae. In this study, we have focused on PsbQ. Byphate, pH 8.0, and 1 mM EDTA (buffer B) at a flow rate of
using FTIR and CD spectroscopy and computational struc- 0.2 mL/min. To test the purity of the samples, SBS
tural prediction methods, we present a structural analysis of polyacrylamide gel electrophoresis (SBBAGE) was car-

this protein, calculating it to be mainly am protein with ~ ried out according to LaemmlI2g) with a total acrylamide
two structural domains, one of which we predict to form a content of 12% in the separating gel.
four-a-helix bundle. FTIR Spectroscopic Analyses.
After PsbQ purification, the protein was lyophilized in 20
MATERIALS AND METHODS mM sodium phosphate buffer, pH 8.0, and suspended in
) . ) o ) MilliQ H 20 or in pure RO (Aldrich Chemical Co.) to a
Isolation of Spinach PsbQ Cloned in Escherichia coli.  protein concentration of about 30 mg/mL fop®land about

Coding regions for the mature PsbQ protein were amplified 20 mg/mL for DO. Infrared spectroscopy analyses were
by high-fidelity PCR with the clone pSoc16.11 as a template performed with a Nicolet Nexus 670 spectrometer equipped
(27). This clone was a kind gift donated by Professor R. G. with a MCT/A detector and with a GeKBr beam splitter.
Herrmann. The PCR primers used wetcC&EATATGGAG- Samples were located in a liquid cell between two>33
GCCAGGCCCATCGTTGTt-3(forward) and 5GGGATC- mm Cak, windows (Wilmad Glass Co. Inc.) with a path-
CTTAACCGAGCTTGGCAAGAAC-3 (reverse), having re-  length spacer of Gim (Harrick Scientific Co.). For each
striction sites foNdd andBanH]I, respectively (underlined  measurement, a 30L sample was used to fill the cell.
nucleotides). The resulting PCR product was purified and Measurement conditions were as follows: scan speed 2.53
then cloned into th&cdRV-digested Bluescript Il SKvector cm s%; resolution 2 cm?; wavenumber range 4086®50
(BSK*). To confirm the nucleotide sequence of the PCR- cm™%; number of scans per sample 1000; temperatur&21
amplifiedpsbQinsert, the multiple cloning site of BSkwas Background correction was obtained by measuring back-
sequenced in both directions in an automated sequencer byground before each sample and automatically subtracting.
use of the reverse and universal primers. In the following The buffer signal in each sample was removed by subtraction
step, the plasmid DNA was consecutively cut wittd and of the IR spectrum of the corresponding buffer from the
BanHI and cloned into theNdd- and BanHI-predigested spectrum of each sample. An adequate removal of the water
pET12a (Unigene). The resulting construction was named band was performed by subtraction till a flat baseline in the
JR2592. The chosen forward primer including Nald 1900-1750 cnt region was achieved. This was equivalent
restriction site introduced a methionine residue in the first to eliminating the specific band of water at 2125 €m
N-terminal position of the recombinant PsbQ protein. JR2592 (29). Fourier deconvolution, derivative, and band decomposi-
was transferred int&. coli BL21(DE3)pLysS. The region tion of the original amide | and' Ibands were performed
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as described elsewher2X-32). The software used for the Fold recognition methods were used to look for structures
analysis was SpectraCalc (Galactic Inc., Salem, NH). The analogous to PsbQ5(). These methods give a priority

mathematical solution to the decomposition of IR amide | list of structures from their known structure protein librar-

band in a sum of Gaussian bands may not be unique, buties (formed by PDB files) where the unknown structure
when restrictions are imposed such as the maintenance oprotein is best fitted on the basis of a set of calculated
the initial band positions in an interval afl cn* and the parameters. For this prediction we only applied the threading
preservation of the bandwidth within the expected limits, the methods that do not use secondary structure information:
band decomposition result is reproducible and relia®. ( THREADER2, where sequence information is combined

The quantification procedure has an estimated ex8%o with pseudoenergies obtained from solvation and contact
(30). potentials previously derived from known protein structures
CD Spectroscopic Analyses. (51); FFAS, where sequence profiles of structurally known

proteins (PDBs) are compared with the query protein profile
0(such profiles generated for each protein family do not
involve the PStBlast algorithm) $2); and FUGUE, where
environment-specific substitution tables derived from the
HOMSTRAD database, along with structure-dependent gap
penalties, are used to construct profil&8)( The resulting

An aliquot of purified PsbQ protein was diluted in 20 mM
sodium phosphate, pH 8.0, to a protein concentration of 1.
mg/mL. CD spectra were measured in a J-720 spectropola-
rimeter in a cell with a 0.1 mm optical path length over a
wavelength range from 180 to 260 nm at a temperature of
25°C. Each CD spectrum was the average of two accumula- ; ;
tions at a scanning speed of 20 nm/midanl nmspectral accuracy of these programs for any given proble_m is the
bandwidth. To obtain structural information, the CD data so-calledz-score, which measures the difference in score
were analyzed by five different programs: CDSSTR, which PEtween the querytemplate alignment and the mean of the

implements the variable selection method by performing all query with all the pos§|ble templates in the fold I|b(ary of
possible calculations with a fixed number of proteins from €2CN Program, taking into account the standard deviation of

. . the score distribution. Thescore threshold for an accuracy
a reference seB3@); SELCON3, which incorporates a self- X
consistent method together with the singular value decom-f 9% for these methods i5> 3.5 for THREADER2z >

position algorithm (SVDA) to assign protein secondary 5 for FUGUE, andz > 8 for FFAS.
structure 84); CONTIN/LL, which implements the ridge
regression algorithm of Provencher and Glockn8b) (
incorporating the locally linearized model of Van Stokkum
et al. 36); LINCOMB, a linear combination least-squares .
method from Perczel et al37) with the reference data sets After overexpression Of. PSbQ.’ the cells were harvested,
from Yang et al. 88); and CDNN, a method for circular suspended, and then sonicated in 0.8 M Tns-H.CI,. pH 8.4', a
dichroism deconvolution by use of back-propagation neural buffer that causes _the release of th_e PSII extrinsic proteins
networks 89). Most of these methods can be used or from the lumenal side of the thylakoid membrasd)( Any

downloaded from the Internet@). The quantification of possible binding (or affinity) of the recombinant PsbQ protein

. : . _to the surface of the cellular membraneofcoli was avoided
a-helical secondary structure was also determined accordin . X .
v gby means of this buffer. The basi¢ pf the PsbQ protein

to the classical equation defined by Greenfield and Fasman
(41). g y (~9.2) was found to be advantageous for the purification

Comp_u_tational Methods for Structural Prediction and Fold gtrgg: d(g;e;. G;t'[ee:rritarl}g g;:? ﬁg{‘hgﬁTﬁaet'ﬁgeagfdtﬁe'aéﬁ;zniC_
Recogpnition. exchange High-Trap SP column gave a solution of PsbQ with
To analyze the structure of this protein by computational a purity of at least 90% (Figure 1, lane c). After filtration
methods, the PsbQ sequence $jpinacea oleraceavas  through a Superdex 200 column, the purity of the PsbQ

retrieved from SwissProt (P12301), followed by searching selution increased to over 95% (Figure 1, laneThis latter
sequence homology by BLASTp in public databas®(\) chromatography step was also used to swap the buffer A
< 1077] (http:/Aww.ncbi.nim.nih.gov/blast/}@). A tBLASTn (containing Tris) for buffer B (containing phosphate), avoid-
search in a higher plant EST database (http://www.ncbi.n- ing the presence of Tris in the IR analysis. The retention
Im.nih.gov/dbEST) was also carried out3|. Sequence  times of the recombinant PsbQ in the High-Trap SP and
alignments were performed with both CLUSTAL-A4) and  Superdex 200 columns were identical to those of the partly
T-COFFEE 45) multiple sequence alignment programs.  purified native PsbQ protein from spinach, and so was the

Secondary structure prediction was made from the collatedmobility of the PsbQ polypeptide in SDSPAGE analysis
results of the PsbQ multiple alignment. The spinach sequencegdata not shown). From SBSPAGE it was observed that
was placed first in the multiple alignment and used as a the recombinant PsbQ did not suffer any perceptible pro-
reference. The methods used for secondary structure predicteolytic degradation during either the cell growth period or
tion were PHD 46), PROF 47), and SSpro 48). The the isolation procedure. The stability of the recombinant
accuracy for each of these methods is the so-calleda PsbQ was also tested in solution. After more than 48 h at
statistical value representing the mean of a Gaussian distribu-4—8 °C, SDS-PAGE analysis again showed no degradation
tion reflecting the number of residues predicted correctly products of the recombinant PsbQ protein. The presence of
compared to known structures. This accuracy value wasa specific prolyl endopeptidase for PsbQ in thylakoid
70.6% for PHD, 76.6% for PROF, and 76.0% for SSPRO, membranes makes the isolation and purification difficult for
being automatically and weekly evaluated by the EVA server the native PsbQ55). In the method reported here, the
(49). Predicted solvent accessibility was also calculated with presence of 1 mM PMSF and 1 mM EDTA was enough to
PHD and PROF. avoid any degradation of PsbQ.

RESULTS

PsbQ Expression and Purification.



PsbQ Protein Structural Analysis Biochemistry, Vol. 42, No. 4, 2003.003

a b c d these IR bands to specific secondary structure elements is
I __ 250 kba presented in the Discussion.
—_ 150 Secondary Structure of PsbQ from CD Analyses.
- 100 Figure 3 shows the CD spectrum of the recombinant PsbQ
= 75 protein. The CD spectrum is characterized by a strong
— 50 positive band at 193 1 nm and two strong negative bands
at 209+ 1 and 219+ 1 nm. These bands are characteristics

—_ 37 of a-helical structuresH7) and suggest that-helix is the

main secondary structure in PsbQ. A quantification of the
content of thea-helical secondary conformation by the
25 Greenfield and Fasman methotl) resulted in about 63%
of a-helix. Further, the overall secondary structure of PsbhQ
was analyzed by the five CD methods cited under Materials
and Methods. The percentagesshelix, -strand, and turns
and nonordered structures were obtained for each method
: separately. Then, the mean and the standard deviation for
| — 10 each type of structure were calculated from the corresponding
% percentages given by all five methods. In this way, the
FicURe 1: Purification steps of the recombinant PsbQ. The cDNA achieved data were 63.9%8.8% fora-helix, 7.0%=x 3.7%
for the mature protein was cloned into pET12a. The recombinant for S-strand, and 29.4%t 6.8% assigned to turns and
PsbQ has a Met residue in the N-terminus. The Sp&yacryl- nonregular structures. These indicate that PsbQ is a mainly

amide gel show$a) the noninduced cells @&. coli, (b) the IPTG- _hali ; ; i
induced cells(c) post-High-Trap SP column, arfd) post-Superdex & helix protein with a significant amount of nonregular

200 column. structure.
Computational Structural Predictions on PsbQ.
Quantitatve Analyses of the PsbQ IR Amide Band. Figure 4 shows the multiple alignment of 12 PsbQ

Quantitative structural data for the isolated PsbQ prepara-sequences, with 10 sequences derived from higher plants and
tion were obtained from the conformation-sensitive infrared two from green algae. The nomenclature in the figure relates
spectral amide | and bands, arising from the peptide bond to the identification given by the SwissProt database for PsbQ
of the protein in HO and DO media, respectively, and from Spinacea oleraceéspinach sequence, PSBEPIOL),
located from 1700 to 1600 crh (29). Figure 2 shows the Zea mays(two sequences, PSEGMAIZE and PSQ2
analyses of infrared amide | anddlands of the isolated PsbQ MAIZE), Arabidopsis thaliana(two sequences, PSQ1
protein in HO (left panel) and BO (right panel). In each  ARATH and PSQ2ARATH), Onobrychisviciaefolia (PSBQ
panel, the top graph shows the original amide band and theONOVI), Chlamydomonas reinhard{iPSBQCHLRE), and
band mathematically reconstructed by addition of the main Volvox carteri(PSBQVOLCA). The PsbQ sequence from
Gaussian components. The graph in the middle of each paneD. viciaefolia showed clear disagreement with the rest of
shows the deconvolution of the original amide band (with the plant sequences in the motif AWPYV (position 73 of
bandwidth 18 cm* andk factor 2), indicating also the peaks the alignment). Indeed, we had detected a frame error in this
of the band components detected. The graph at the bottonregion of its amino acid sequence when comparing it with
of each panel shows the derivative of the original amide band.those of other proteins of the PsbQ family. A correct

The quantification of the band components and the peaktranslation of the. viciaefolia psbQDNA sequence allows
positions is presented in Table 1. A good correspondencethe detection of this error and, therefore, PSBRIOVI was
between the bands was observed yOHnd DO data. The modified by changing the original sequence LGHMF with
band at 1687 crrt in H,O corresponds with the one at 1681 the motif AWPYV (PSBQmoeDNOVI). This motif is highly
cmtin D,O, and so do the bands at 1677 with 1671, 1656 conserved in all PsbQ from higher plants. Four other PsbQ
with 1654, 1633 with 1632, and 1616 with 1615. This sequences were reconstructed from the plant EST database,
correspondence shows the isotopic displacement expectedorresponding thycopersicon esculentu(®sbQLyce-est),
when IR measurements are carried out gOD(56). This Mesembryanthemum crystallinfrsbQMeseest),Glycine
displacement is larger at higher wavenumbers: 1687 andmax(PsbQGlyc-est), andVledicago truncatul§PsbQMedi:
1677 cmt. Two new bands appear in the® spectrum. est). The multiple alignment denotes the fully conserved
The one at 1608 cri is not significant because it represents residues with an asterisk. A high sequence similarity was
less than 1% of the total area. The other one at 16433 cm observed among the higher plant PsbQ proteins, where the
is located between the major bands at 1654°c{88%) and percentage of identity with respect to spinach for the most
1632 cm! (35%) in the DO spectrum and seems to be similar sequence was 79.3%.(thaliang and 68% for the
predominant in the IR original amidédpectrum and in the  most divergent on&d. viciaefolia). On the contrary, the two
deconvolution (Figure 2, right panel). The derivative (Figure algae sequences showed a lower percentage of identity with
2, right panel, bottom graph) reveals that this peak at 1643 respect to spinach, 26.5% far. reinhardtiiand 28.6% for
cm ! is overlapped with the 1654 crhband; the decom- V. carteri This difference is more obvious for the N-terminal
position and quantification of the bands indicate that the region up to the RAKVS motif in position 53 of the
former represents 14.4% of total structure. kOkthe major alignment.
band is detected at 1656 cf accounting for 67% of the Secondary structure prediction for the multiple alignment
total amide | area. The second main band is detected at 1633s presented in Figure 4 and the percentages-bélix and
cm ! and represents 24% of the total area. Assignment of g-strand structure predicted are shown in Table 2. The
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Ficure 2: Band decomposition of the original amide | band at’€lof PsbQ protein (left panel) in 4 buffer and (right panel) in ED

buffer. The top graphs include the original spectra, the reconstructed spectra, and the five and seven main Gaussian bands that compose the
spectrum in HO and BO, respectively. The middle graphs include the deconvolved spectra (bandwidth of 1@k factor of 2) with

the peak position of each band indicated. The bottom graphs present the derivatives of the spectra. The spectra were baseline-corrected
prior to the decomposition procedure. The numerical values obtained are reflected in Table 1. Contours: experimental, solid line; reconstructed
by addition of band components, dashed line.

Table 1: Values Corresponding to Band Position and Percentage 40+
Area Obtained after Decomposition of the Amide | ah@#&nds of 5
PsbQ Protein in KD and BO at Room Temperatute £ 301
H20 DO Ng 20
band position band area band position band area % 10+
(cm™) (%) (cm™) (%) S
1687.2+ 1.1 2.74+ 0.36 1681.1 0.3 1.08+ 0.47 e
1677.3+ 0.5 4,75+ 0.73 1670.9+ 0.2 6.81+ 0.37 = 10+
1656.2+ 0.4 67.57+ 2.67 1654.10.3 38.32+0.89 - 4
16435+ 0.4  14.40+ 1.34 201
1633.1+ 1.2 23.72+3.79 1632.1- 0.6 34.66+ 1.39 190 200 210 220 230 240 250 260

1615.7+ 0.8 1.38+0.54 1615.3: 0.6 3.93+1.98

1607.8+ 0.5 0.57+ 0.22 E 3 Circular dichroi . t Psb tein in 20 mM
— iIGURE 3: Circular dichroic spectra of Ps rotein in 20 m
i o, S35, Somspond 0 the avrage of s Gferent b soxum phosphte, pH .0, at 25, The ot I epresens e
samplest the standard deviations in,D. fitting of the experimental values by the LINCOMB methaz¥r(
38). The spectra is characterized for a maximum at 193 nm and
two minima at 209 and 219 nm, with ellipticity values of 42 470,
percentages indicate that PsbQ is maialyaccounting at —22 508, and—19 504 deecn?-dmol?, respectively.
least for 50.3% of the total secondary structure of PshQ.
The alignment suggests that PsbQ contains four main(3—7%) and a more significant one (2@6%) which
a-helices in the C-terminal domain. The N-terminal domain corresponds not ta. andf structures but to other structures
is predicted to contain a minor percentage /B6trand that include mainly turns and loops (designated L). A low-

Wavelength (nm)
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Ficure 4: Multiple sequence alignment for the PsbQ family. An asterisk indicates a totally conserved amino acid and the color corresponds
to the average similarity by the blosum 62 matrix. ONOVI PsbQ sequence was modified comparing to the other proteins in the family and
translating its DNA sequence. Four sequences were reconstructed from plants EST database. The first line below the alignment shows the
secondary structure prediction by PHD, PROF, and SSpro. The letters correspond to different secondary structure elemezits; H
= strand, and L= others. The second line indicates the predicted solvent accessibility of each amino acid in the protekp(esed; b
= buried). Two different structural domains are proposee:41, with no regular secondary structure where a low complexity region is
found; 48-153, in which foura helices are predicted. The most accurate prediction is shown in black.

FFAS. On the basis of thescore of each method, the folding

Table 2: Secondary Structure Prediction by Computational Methods
templates 1vit and laep correspond to the most accurate

components mirmax percentage

predictions.
o-helix 50.3-58.4
B-sheet 2.76.7 DISCUSSION
other structures 20-126.8 . .
nonpredicted 26-88.1 Three different approaches have been carried out to

a2 Computational methods PHD, PROF, and SSpro were compared.dete_rrnlne the secondf’iry strupture of the PsbQ protein of
The most accurate prediction was used to calculate the minimum PSII: two spectroscopic techniques, FTIR and CD, and one

percentage for each secondary structure component according to Figur€omputational method. These techniques agree in their
4. The maximum percentage was obtained by basal prediction. predictions that PsbQ is a maindyhelix protein. The CD
analyses gave 64% 9% for a-helix, 7%=+ 4% for 5-strand,
complexity motif enriched in Pro and Gly, G-P(4)-L-S-G(2)- and 29.4%+ 6.8% assigned to turns plus nonregular
L-P-G, is also detected in the N-terminus of higher plants structures. The secondary structure quantification obtained
PsbQ. This kind of polyproline motif is a good candidate to by bioinformatic methods indicates that PsbQ contains about
form polyproline type Il structures (called PPII), which are 58% a-helix, 7% f-sheet, and 27% other structures (see
characterized by having a left-handed helix conformation Table 2).
(58). The amount of this type of structure in PsbQ from the  The assignment of the IR bands to specific secondary
alignment can be estimated to be B)%. structures is a key point of the discussion of FTIR d2@ (
The searching for PsbhQ analogues by those threading60). The secondary structure elements of proteins absorb at
methods (THREADER2, FFAS, and FUGUE) that are not different positions in the amide | region of the IR spectrum,
based on the secondary structure of proteins was used as ahut sometimes several structural elements can vibrate at very
additional computational methodology to predict PsbQ whole similar positions, making difficult the assignmetitis also
structure. Two methods (FFAS and FUGUE) were also usedknown that quantitative IR analysis is difficult to determine
specifically for the prediction of the C-terminal domain (from when samples are only measured is0D(56). Looking at
residue 48 to the end). Four out of these five predictions our FTIR results for the PsbQ protein, the bands at 1656
suggest that PsbQ is a foarhelices protein forming an up and 1654 cm! are the major ones both in water, 67%, and
down bundle fold (according to CATH nomenclatubs). in heavy water, 38%, respectively (Figure 2 and Table 1).
The four templates proposed are 1vlt (PDB code) from The band around 1656 crhis often attributed ast-helix
THREADER2 @-score 3.79); 1sct (for the C-terminal plus nonordered peptide structures inCH In DO, the
domain) from FFAS %-score 5.62); 1jaf from FUGUEZ nonordered component moves to 1643.5 &n60) and
score 3.91); and laep (for the C-terminal domain) from corresponds mainly to loops, which do not present a regular
FUGUE (z-score 5.12). A fifth prediction suggests that PsbQ repetitive conformation. Following this reasoning, it is
is an o/ complex with az-score of 6.09 for 1dkg from  expected that in the FTIR analyses of PsbQ the area at 1656
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cmtin H,0 (67%) was sum of the two areas at 1654 ém
(38%) and 1643 cmt (14%) in D,O. However, this was not

Balsera et al.

A previous FTIR study on the isolated PsbQ protein has
been publishedl). The authors indicated that the band at

the case here, since a difference of about 15% in area wasl645 cni! has a relative area of 31%, which is quite different

observed (Table 1). On top of this, there was a difference of
about 11% between the bands at 1633 tim H,0 (24%)
and at 1632 cmt in DO (35%). If we correlate the

from the 14% that we observe at 1643.5 ¢énin D,O.
Another discrepancy is that they directly assigitesheet
to all the signal coming from the band at 1632 ¢énand

differences detected when samples are changed from watetherefore concluded that PsbQ has 2@%heet. In their

to heavy water as solvent, it is likely that 215% of the
area at 1656 cnt in H,O moves to 1632 cnit in D;O. In
general, vibrations at 16351630 cn1! are assigned to
p-sheet structures, but some elements that belonghelix
structures can also give signal in this region of the IR
spectrum. For example, cytochroroés ana-helix protein
(composed of three majar-helices and two minor ones)
that presents an IR band at 1633 ¢rthat has been attributed
to a-helix distortion or bending provoked by hetthelix
interactions §1). Myoglobin and hemoglobin are alsshelix
proteins, which show IR spectra with a strong band at about
1638-1632 cm! that has been assigned to vibrational
motion of helical segments of their respective structué2s (
63). In these examples the overall content of tiielix

study, the IR spectrum of PsbQ protein was not recorded in
H,0 solvent but only in RO, and therefore they were unable
to analyze differences between the two solvents as done here.
However, the main reason for the disagreement about the
intensity of the 1643 cit band is likely to be due to the
deconvolution method used. The other publication performed
curve-fitting on deconvoluted spectra with a variabfactor

from 1.5 to 2.5 15, 66). Moreover, they adjust the initial
frequency of each band manually. The method performed
here is different, because only the original IR amide bands
are used for the curve-fitting and we have obtained the peak
of each band from the agreement between the deconvolution
and the derivative (as shown in Figure 2). This method has
been proven accurate and successful in the location and

secondary structure is the sum of the two band areas at 165%juantification of the components of the IR amide band for

and 1638-1632 cmt. If we consider that about 14% of the
strong band at 1656 cmiin H,O is due to nonordered
segments (band at 1643 chin D,0), one might propose
that a part of thex-helix structure component (about 15%)
has downshifted in BD. This assignment would give an
overall estimation ofx-helix structure of about 53%. The
validity of this consideration is supported by the other two
techniques (CD and bioinformatic), lending further confirma-
tion that PshQ is a protein composed predominantly of
a-helix.

With respect to the band at 1633 chnits center was
difficult to fix, as indicated by its standard deviation in water
(15% of the signal) and its broad bandwidth (25.6&m

many proteins 9—32).

The prediction of four longt-helices by the bioinformatic
methods is consistent with the general conclusion that the
major part of PsbQ hae-helix structure. This is further
supported by the prediction of the residue solvent acces-
sibility shown in Figure 4. In such a prediction, thehelices
observed present alternation of exposed (e) and buried (b)
residues. This alternation is in good agreement with four
o-helices, packed together, and presenting alternative resi-
dues that face the solvent and others that are imbedded in a
more hydrophobic protein core. As a whole, the secondary
structure and solvent accessibility predictions allow us to
propose two distinct domains in PsbQ: a first N-terminal

These parameters indicate that the broad band at 1638 cm domain rich in extended structures and a second C-terminal
does not correspond to a unique structural vibration but to a domain rich ino-helix structure. These domains are indicated
mixture of two or more structures absorbing at similar in Figure 4. In addition, the major proportion of PsbQ protein

wavenumbers. The CD analyses and the computationalfolding templates proposed by threading methodsxaneli-

predictions showed that PsbQ has a small proportion of well-
definedf-sheet: no more than 7%. From the FTIR ipQ4

the signal observed at 1633 cin(about 24%) can be
assigned tg-strands plus otheB-type extended structures
(58). An interesting3-type extended structure is the polypro-
line type Il structure (PPII)&4). In the PsbQ sequence
alignment from higher plants (Figure 4), a low-complexity
region is detected in the N-terminal domain. This region is
enriched in proline and glycine residues and is a good
candidate to form a PPII structure. The estimation of this
type of structure from the alignment indicates aboufl8%.
Given the above, we suggest that the IR band of PsbQ
observed at 16321633 cm in D,O (which represents 35%;
Table 1) corresponds to a mixture @kstrand, -type
extended chains, and vibrations coming frarhelix due to
helix distortion or bending.

The three minor bands at 1681681, 16771671, and
1615 cmt were respectively assigned to high-frequency
vibration of 3-strand (3-1%), turns (5-7%), and lateral side
chains (less than 1%80, 65). These assignments can be
added to the other quantitative data from FTIR to give about
24% totalg-strand plus othef-type extended structures and
about 7% of turns.

cal proteins with up-down bundle folds, based on CATH
classification $9). The 3D coordinate superimposition of
these templates shows that the core of these proteins belongs
to the same structural family as formed by severdielices
interacting in a very compact way. Therefore, these predic-
tions support the experimental results obtained by FTIR and
CD and have allowed us to present a new structural view of
the PsbQ protein.
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