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Abstract

Infrared and Raman spectroscopy were applied to identify restraints for the structure determination of the 20 amino acid loop
between two B-sheets of the N-terminal region of the PsbQ protein of the oxygen evolving complex of photosystem II from Spinacia
oleracea by restraint-based homology modeling. One of the initial models has shown a stable fold of the loop in a 20 ns molecular dynam-
ics simulation that is in accordance with spectroscopic data. Cleavage of the first 12 amino acids leads to a permanent drift in the root
means square deviation of the protein backbone and induces major structural changes.

© 2006 Elsevier Inc. All rights reserved.
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In oxygenic photosynthesis sunlight is converted into
chemical energy. This takes place in the thylakoid mem-
brane of green plants, algae, and cyanobacteria, in which
PSII is the complex that performs light-driven oxidation
of water, with reduction of the plastoquinone pool and
release of molecular oxygen. PSII is a multi-component
protein complex that comprises more than 25 subunits,
most of which are embedded in the thylakoid membrane
[1]. Water splitting, which gives rise to molecular oxygen,
is performed in a cluster of four Mn*" ions located on
the lumenal side of PSII and Ca®' and Cl™ ions are
required for optimal activity of this water—oxidase com-
plex. The function of Ca*" and Cl~ is modulated by the
presence of three extrinsic proteins at the lumenal surface
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[2], which are named PsbO, PsbP, and PsbQ in higher
plants and create the correct ionic environment during
water oxidation. Recently the structure of the recombinant
PsbQ protein of PSII from Spinacia oleracea was solved by
X-ray at a resolution of 1.49 A [3] However, despite the
high resolution, the loop in the N-terminal region from res-
idue 14 to 33 showed significant disorder in the crystal
structure and no structure for this region could be assigned.
This natural flexibility, at least when PsbQ is free in solu-
tion, leaves MD simulations as the only reasonable alterna-
tive to study the behavior of this loop. In this paper, we
combine MD analysis with data gained from vibrational
spectroscopy to present a structural model for the complete
PsbQ protein of PSII from Spinacia oleracea.

Materials and methods

Protein preparation. Recombinant PsbQ protein was overexpressed in
Escherichia coli BL21(DE3)pLysS transformed by JR2592 vector (B96
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cells) [4]. The PsbQ was concentrated using Centricon 10 (Millipore) to a
concentration of 6 mg/ml. To test the purity of the sample, 12% SDS—
PAGE was used. Mass of the protein (17 kDa) was determined by nano-
ESI-TOF-MS (Mainer, Applied Biosystems).

FTIR spectroscopy. Infrared spectra were recorded with a Bruker IFS-
66/S FTIR spectrometer using a standard source, a KBr beamsplitter, and
an MCT detector. Generally, 4000 scans were collected with 4 cm™!
spectral resolution and a Happ-Genzel apodization function. The pre-
pared samples were measured at room temperature in a CaF, BioCell™
(BioTools®) with 10 um path length. Spectral contribution of the buffer
was corrected following the standard algorithm [5].

Raman spectroscopy. Raman spectra were recorded in a standard 90°
geometry on a multichannel instrument-based on a 600 mm single spec-
trograph with 1200 grooves/mm grating (Jobin-Yvon), a holographic
notch-plus filter (Kaiser Optical Systems), and a liquid nitrogen cooled
CCD detection system (Princeton Instruments) having 1024 pixels along
dispersion axis. The effective spectral slit width was set to ~4cm™'.
Spectra were averaged from 300 exposures of 120 s each to produce the
traces of highest quality. Samples in 10 pl capillary micro-cell were excited
with 514.5 nm/100 mW line of an argon ion laser (Coherent Innova 300)
and kept in 4°C during the experiment. The spectra were treated
according to [6], subsequently the final spectra were smoothed using
9-point Savitsky—Golay algorithm and normalized to the 1450 cm ™' 3CH,
band as an internal standard.

Molecular modeling. The recently solved high resolution X-ray struc-
ture of the recombinant PsbQ protein of PSII from Spinacia oleracea (pdb:
1VYK, 1.49 A) was used as a template for homology modeling. The only
difference between our structure and 1VYK is the 20 missing residues from
14 to 33 near the N-terminus. Thirty three-dimensional models comprising
all non-hydrogen atoms were generated by the MODELLER?7 package
and refined by a short simulation annealing protocol [7]. The final pro-
posed model was solvated in simple point charge water and four chloride
counter-ions were added. The system was equilibrated for 250 ps with
positional restraints applied on the protein atoms to allow the solvent to
relax. The produced MD simulations, without any restraints, were 20 ns
long and were run with GROMACS version 3.2 [8,9] using the gmx force
field, with a 5fs time step (dummy hydrogens are used). SETTLE (for

water) and LINCS were used to constrain covalent bond lengths, and
long-range electrostatic interactions were computed with the Particle-
Mesh Ewald method. The temperature was kept at 300 K by separately
coupling the protein and solvent to an external temperature bath
(r = 0.1 ps) [10]. The pressure was kept constant at 1 bar by weak coupling
(t=1.0 ps) to a pressure bath. The protein proved to be stable during
simulation. In a second simulation the starting structure was truncated,
the first 12 amino acids were deleted to examine the influence of the B-
sheet structure at the N-terminal region on the loop flexibility. The con-
ditions of this second run were chosen exactly the same as with the first.
For further information about molecular modeling in combination with
vibrational spectroscopy, see ref. [11,12].

Results and discussion

A three-dimensional model of the complete structure of
the recombinant PsbQ protein of PSII from Spinacia oler-
acea including all non-hydrogen atoms was generated and
refined by long MD simulations in water (20 ns) (Fig. 1).
Homology models for further MD simulations were select-
ed by the following criteria: Modeller objective function
lower than 800, a g-factor above 0, and not more than 1
aminoacid in the forbidden region of the Ramachandran
diagram. By that 7 models were selected for MD. Five
out of the seven selected models lead to changes in the sec-
ondary and tertiary structure of the helix bundle during the
MD run that significantly deviated from the crystal struc-
ture. Taking into account the high resolution of the crystal
structure a correct fold of the N-terminal loop should not
change the overall protein structure, which was true for
the finally selected structure. One could admit that a crystal
might not necessarily represent a solution structure, how-
ever in this particular case for PsbQ, Raman and FTIR

Fig. 1. PsbQ after 20 ns of MD at 300 K. (A) Four Pro residues (residues 9-12) fulfilling the spatial features of the secondary structure conformation
denoted as polyproline type II in connection with Pro42, Pro44, and Pro45 form an open gate for residues Asp24 and Ala25 without directly interacting
with these residues by hydrogen bonding. (B) The conserved loop residue Asp24 shows a location on the same side of the protein as three out of the four
lysyl residues which are probably orientated to the lumenal facing intrinsic proteins of PSII.
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spectroscopy nicely show that the percentage of the exper-
imentally determined secondary structure in solution
(Table 1) matches very well the one of the crystal (pdb:
1VYK) and so the MD model for PsbQ in solution should
not be far from its X-ray structure. Both models that did
not change the overall secondary structure content signifi-
cantly lead to the same fold of the loop, but one of them
did not show yet equilibrium determined by RMSD during
20 ns, so in fact, MD gave a single model. The stereochem-
istry of the final proposed model is favorable as indicated
by a good quality of stereochemistry and by torsion angles
® and W (94.5% residues in the most favorable regions).
The overall g-factor shows a value of 0.09. The g-factor
should be above —0.5 and values below —1.0 may need
investigation. A constant RMSD value and the stable radi-
us of gyration show that the system reached an equilibrium
state (data not shown). Whereas the RMSD in equilibrium
oscilates around a value of 1.8 A from the initial minimized
structure for the structure from residue 40 to 149, which in
fact is a value that shows a normal dynamic behavior; the
N-terminal loop shows values slightly above 6 A, indicat-
ing the heavy refolding within the first 7 ns of the MD
run. The root mean fluctuation in equilibrium state

Table 1

Secondary structure content (in percentage) of PsbQ estimated from amide
I and II bands of FTIR spectroscopy by least square analysis with
reference set of 19 protein spectra according to ref. [16], amide I band of
Raman spectroscopy by least square analysis with reference set of 15
protein spectra according to ref. [6], and MD modeling

Structure type FTIR Raman Circular MD
dichroism [4] modeling

a-Helix 63+ 10 65+4 64+9 63

B-Sheet 5+8 4+4 7+4 7

B-Turn 12+4 8+2 — 7

Bend 6t4 — — 5

Other 16+6 19+2 2947 18

Given standard deviations were calculated by one-out tests of the refer-
ence sets. Additionally, our results are compared with previous results
from circular dichroism [4].
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Fig. 2. Root mean square fluctuation of PsbQ during the last 10 ns of MD
simulation at 300 K.

between 10 and 20 ns shows nicely the larger movement/
fluctuation in the loop (Fig. 2). Previously reported estima-
tion of secondary structure content from FTIR and circu-
lar dichroism spectroscopy [4] showed a slight discrepancy,
therefore a different and more complex type of FTIR spec-
trum analysis comprising amide I and II bands (Fig. 3) was
applied together with measurements of Raman spectrum
(Fig. 4) and subsequent analysis in the amide I band
region. The excellent agreement of all spectroscopic results
with the secondary structure types of the model according
to the Kabsch-Sander algorithm is shown in Table 1.
Moreover, Raman spectroscopy can provide structural
insights of the protein in solution. All of them fit well with
the recently X-ray-solved structure of PsbQ and one deli-
cate detail can well document quality of the model—the
Raman band at 1553 cm™! corresponds to 100° of the tor-
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Fig. 3. FTIR spectrum of PsbQ in the region of amide I and amide II

bands. The dash-dot line represents 2nd derivative (smoothed by Savitski—
Golay function at 9 points, i.e., ca. 15cm™") of the spectrum.
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Fig. 4. Raman spectrum of PsbQ. The assignments of the bands were
provided according to ref. [12], whereas v corresponds to stretching and ¢
to bending vibrations.
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sion angle |¢*| of the single Trp residue [13] which is also
in perfect agreement with the model. The final proposed
model consists of 4 helices and a parallel B-sheet anchoring
the loop near the N-terminus. The helices and the parallel
sheet originate from the template structure 1VYK. The
loop between Leul3 and Thr34 (Fig. 1) missing in the crys-
tal structure enlarges the B-sheet by adding one small
strand formed by two amino acids as calculated by molec-
ular modeling with consequent MD in agreement with sec-
ondary structure estimation by vibrational spectroscopy.
Within the loop we can find Arg27, a charged residue fully
conserved in the PsbQ sequence subfamily of higher plants.
Arg27 in the time course of 20 ns has three main interac-
tions with the rest of the protein. H-bond analysis shows
that Arg27 has regular H-bonds with Thr46, Glu47, and
Glu2l. Hereby we can examine that 2/3 of the occurring
H-bonds are within the loop with Glu2l, and 1/3 with
the helical residues Thr46 and Glu47. As a result of these
weak interactions with the rest of the protein, the loop
between Leul3 and Thr34 has a random coil structure with
a distinct stable fold; however, its flexibility is much higher
than that of ordered secondary structures, which seems to
be the reason why it cannot be resolved by X-ray diffrac-
tion. A key motif in the N-terminal region is the polypro-
line type II pattern formed by residues 9-12. Together
with Pro42, Pro44, and Pro45 the polyproline type II pat-
tern forms a gate for the returning loop that does not show
any hydrogen bonding with the prolines and is held in posi-
tion by steric hindrance only (Fig. 1A). The root mean
square fluctuation graph in Fig. 2 shows a first minimum
with the lowest RMSF values at the position of Arg3 and
Ile5. This minimum is due to the hydrogen bonding that
stabilizes these aminoacids and the surrounding ones,
which is true also for the large minimum at Phe38. The sec-
ond large minimum is at the position of GIn25 and Ala26,
which are exactly the amino acids in the gate. The proline
residues keep the gate open and prevent both residues ste-
rically from moving to the sides and thus fix them in posi-
tion. Three out of the four lysyl residues (Lys 90, 96, 101,
and 102) which could not be modified with NHS-Biotin
when the PsbQ protein is associated with PSII, as reported
by [14], are probably oriented to the lumenal facing intrin-
sic proteins of PSII and are in the same side of the protein
as the conserved loop residue Asp24 (Fig. 1B). The proba-
ble binding site could be formed by this lysyl-rich region of
the helix bundle and the N-terminal loop region around
Asp24 and thus would contain a large positively charged
region and a small negatively charged one. Lys96 is on
the opposite side to the other three lysyl residues and the
conserved loop residue Asp24. However, its distance to
the loop residues Thr20 and Glu21 varies in the molecular
simulation from 6 to 12A and 7 to 13 A, respectively
(Fig. 5). We hypothesize that after binding to PSII the loop
loses its high flexibility and bends in the direction of Lys96
with Thr20 and Glu21 interacting with this residue and so
burying it under the accessible surface (Fig. 5). Thus, Lys96
could probably behave as a molecular hook holding Glu21

Fig. 5. Lys96, one of the four lysyl residues which are probably orientated
to the lumenal facing intrinsic proteins of PSII, lies on the opposite side as
are the other three lysyl residues and the conserved loop residue Asp24, in
a distance from 6 to 12 A and 7 to 13 A to the loop residues Thr20 and
Glu2l, respectively.

by a salt bridge. In that case it would not be possible to
modify the residue with NHS-Biotin when the PsbQ pro-
tein is associated with PSII.

As known, a specific prolyl endopeptidase for PsbQ,
active only at low ionic strength, cleaves the peptide bond
between residues Prol2 and Leul3 in the spinach PsbQ
protein [15]. The loss of affinity by PsbQ for PSII when this
peptide fragment is absent has given grounds to propose it
as the interacting region of PsbQ. The cleavage site involv-
ing residues Pro12-Leul3 is exposed to the solvent and pre-
sumably easily accessible to the specific prolyl
endopeptidase of PsbQ. On the contrary, the first ten resi-
dues at the N-terminus are rather occluded in the structure
of PsbQ, and because of that they possibly interact weakly
with PSII. The MD simulation of the truncated construct
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Fig. 6. RMSD of C, of the truncated construct during the 20 ns MD run

at 300 K. The RMSD value is continuously drifting, indicating irreversible
conformational changes due to the cleavage.
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shows a steadily growing RMSD, 2.0 A for C, during the
time frame of 20 ns, indicating a larger motion in the loop
region that has not yet reached its equilibrium (Fig. 6).
Thus, we can state that the cleavage of the Prol2-Leul3
bond leads to a profound instability of the large, flexible,
and extended loop comprising residues 14-34. The new
N-terminal region of degraded PsbQ might behave as a ful-
ly free arm. Hence, not only the loss of the peptide frag-
ment comprising the first 12 residues of PsbQ but also
the unconstrained structure of the new N-terminal region
including Asp24 may produce the non-recognition of PsbQ
by PSII.
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