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Characterization of isolated photosystem I from Halomicronema
hongdechloris, a chlorophyll f~producing cyanobacterium

Y. LI, N. VELLA, and M. CHEN"

School of Life and Environmental Science, University of Sydney, NSW 2006, Australia

Abstract

Halomicronema hongdechloris is a chlorophyll (Chl) f~producing cyanobacterium. Chl f biosynthesis is induced under
far-red light, extending its photosynthetically active radiation range to 760 nm. In this study, PSI complexes were isolated
and purified from H. hongdechloris, grown under white light (WL) and far-red light (FR), by a combination of density
gradient ultracentrifugation and chromatographic separation. WL-PSI showed similar pigment composition as that of
Synechocystis 6803, using Chl a in the reaction center. Both Chl a and f'were detected in the FR-PSI, although Chl f'was
a minor component (~8% of total Chl). The FR-PSI showed a maximal fluorescence emission peak of 750 nm at 77 K,
which is red-shifted ~20 nm compared to the 730 nm recorded from the WL-PSI. The absorption peaks of P700 for WL-

PSI and FR-PSI were 699 nm and 702 nm, respectively. The function of Chl f'in FR-PSI is discussed.

Additional key words: cyanobacteria; far-red light photoacclimation; oxygenic photosynthesis; red-shifted chlorophyll.

Introduction

Cyanobacteria, green algae and plants perform oxygenic
photosynthesis, which converts solar energy to chemical
energy resulting in the estimated creation of more than 100
billion tons of dry biomass per year (Hou ef al. 2014,
Nelson and Junge 2015). This process relies on the
cooperative interaction of two photosystems, PSI and PSII.
When light is absorbed by oxygenic photosynthetic
organisms, PSII generates a very high oxidizing power that
is sufficient to split water and produce molecular oxygen
(Barber 2008). In contrast, PSI provides the reductant to
reduce NADP* to NADPH through the linear electron
transfer chain from PSII to PSI (Fromme et al. 2001, Croce
and van Amerongen 2013, El-Khouly ef al. 2017).

Higher plant PSI exists as a monomeric form, but in
cyanobacteria, most PSI exists in a trimeric form (Jordan
et al. 2001, Ben-Shem et al. 2003, Amunts et al. 2010).
Typical PSI complexes of cyanobacteria consist of 12
different protein subunits, including 9 transmembrane
subunits (PsaA, PsaB, PsaF, Psal, Psal, PsaK, Psal, PsaM,

and PsaX) and three membrane extrinsic subunits (PsaC,
PsaD, PsaE) (Jordan et al. 2001). These proteins bind with
127 cofactors including 96 chlorophylls, 22 carotenoids,
2 phylloquinones, and 3 iron-sulfur clusters (FesSs) to
perform light capturing and electron transfer in PSI
(Jordan et al. 2001). The heterodimer of PsaA and PsaB
forms the reaction center core of PSI proteins (about
83 kDa) (Golbeck 1994, Jordan et al. 2001). The central
domains of the PsaA and PsaB subunits form interlocked
semicircles and are coordinated to the special pair of Chl a
(P700) as primary electron donor (Jordan et al. 2001,
Golub et al. 2017). PsaC, PsaD, and PsaE are three
subunits exposed to the stromal side, and together form the
docking site for iron-sulfur centers and ferredoxin (Barth
et al. 1998, Xu et al. 2003, Grotjohann and Fromme 2005,
El-Mohsnawy et al. 2010). PsaL, Psal, and PsaM are found
at the interface between the PSI monomers in the trimeric
PSI complexes, which are absent in plants (Grotjohann and
Fromme 2005). Psal forms the connection domain to link
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the PSI monomers, and the Psal and PsaM nearby also
contribute to the stability of PSI trimers (Xu et al. 1995,
Schluchter et al. 1996, Miihlenhoff et al. 1996, Grotjohann
and Fromme 2005). Recently, a new type of Psal is
reported for the formation of tetrameric and dimeric PSI in
the thermophilic cyanobacterium Chroococcidiopsis sp.
TS-821 (Li et al. 2014). Four small subunits PsaF, Psal,
PsaK, and PsaX are located at the distal side of the PSI
complexes and may be responsible for stabilizing the core
antenna system of PSI. They may also be involved in the
interaction of PSI with its external antenna systems, such
as IsiA or phycobilisomes (Grotjohann and Fromme 2005).
Typically, the P700 special pair is composed of a
hetero-dimeric form of a Chl a and a Chl @' (C13 epimer
of Chl @) (Jordan et al. 2001). Chl a is the only chlorophyll
that is a primary electron donor in PSI, with an exception
found in Acaryochloris marina (A. marina), a Chl d-
containing cyanobacterium (Miyashita et al. 1996). In
A. marina, Chl d is the dominant pigment and forms the
special pair in PSI, P740. It was defined based on its
absorption, even though the protein subunit composition
of PSI in A. marina resembles that of the known PSI
complexes from cyanobacteria (Hu ef al. 1998, Sivakumar
et al. 2003, Tomo et al. 2008). A highly purified PSI com-
plex comprises ~97 Chl d, ~2 Chl a’, ~25 B-carotenes, and
2 phylloquinone molecules per P740 (Tomo et al. 2008).
Chl fis the most red-shifted of all known Chl with
absorption at 707 nm in methanol (Chen et al. 2010) and
its biosynthesis is reversibly induced by far-red light (FR)
(Akutsu et al. 2011, Chen et al. 2012). Consequently,
Chl f~containing organisms are able to extend their
photosynthetically active absorption range further into the

Materials and methods

Algal culture and thylakoid membrane preparation:
H. hongdechloris cells were cultured in modified K+ES
seawater media at 32°C under illumination using either
730 nm light-emitting diodes (FR) or white fluorescent
light (WL) at the light intensity of 15-20 pE (Li et al.
2014). Synechocystis 6803 was cultured in BG-11 fresh
water media under WL illumination at light intensity of
60-100 pnE.

Cells were harvested at their late log phase by centri-
fugation and rinsed twice in a buffer containing 20 mM
MES-NaOH (pH 6.5), 10 mM CaCl,, 10 mM MgCl,,
0.5 M mannitol, and 1 mM phenylmethylsulfonyl fluoride
(buffer A). Harvested cells were resuspended in the buffer
A and broken by a bead-beater with 0.1 mm silica beads
using eight cycles of 30 s with 5-min intervals in an ice
box. Unbroken cells and debris were removed by centri-
fuging at 1,000 x g for 10 min. The supernatant was centri-
fuged at 30,000 x g for 30 min to collect the thylakoid
membrane fragments. The thylakoid membrane pellets
were rinsed with the buffer A several times until no visible
blue phycobiliproteins remained in the supernatant. The
thylakoid membranes free of phycobiliproteins were
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infrared wavelength region up to 760 nm (Chen and
Blankenship 2011, Li et al. 2013, Li et al. 2015). Chl f'was
proposed to function as an accessory pigment for light
harvesting and energy transfer based on its FR-inducible
biosynthesis (Akutsu et al. 2011, Chen ef al. 2012).

H. hongdechloris synthesizes Chl f under FR culture
conditions, with Chl f comprising up to 15% of total Chl
(Chen et al. 2012, Li et al. 2014). Chl a remains the
predominant Chl even under different light conditions (Li
et al. 2014). H. hongdechloris has also developed a novel
complementary chromatic adaptation (CCA) strategy,
using phycobilisomes containing allophycocyanin (APC)
and phycocyanin (PC) under WL culture conditions, but
using red-shifted APC only under FR culture conditions
(Li et al. 2016). This novel CCA strategy agrees well with
the far-red light photoacclimation (FaRLiP) phenomenon
reported in other Chl f~producing cyanobacteria (Gan and
Bryant 2015). Several cyanobacteria have been identified
that can grow photoautotrophically in FR conditions and
synthesize Chl f, including H. hongdechloris (Akutsu et al.
2011, Chen et al. 2012, Li et al. 2014, Airs et al. 2014, Gan
et al. 2014, Gan and Bryant 2015, Ohkubo and Miyashita
2017). Those strains are broadly distributed in different
taxonomic sections of cyanobacteria (Gan and Bryant
2015, Li et al. 2015). However, the location and function
of Chl f'in the photosynthetic apparatus (light-harvesting
complexes and/or reaction centers) remains unknown.

In this study, we purified the PSI complex from
H. hongdechloris and compared the differences between
WL-PSI containing only Chl a from WL-grown cultures
and the FR-PSI containing Chl a and f from FR-grown
cultures. The function of Chl fin isolated PSI is discussed.

resuspended in the buffer A at Chl a concentration of
0.8-1.0 mg ml™.

Isolation and purification of PSI: The isolated thylakoid
membranes were solubilized using a detergent mixture of
0.8% (w/v) p-dodecyl maltoside (DoDM) and 0.2%
n-octyl-B-D-glucopyranoside (OG) for 1 h in the dark at
4°C. The non-solubilized thylakoid membrane debris was
pelleted by centrifugation at 30,000 % g for 30 min at 4°C.
The solubilized protein complexes were separated on a
6-step sucrose gradient [5, 10, 15, 20, 25, and 30% (w/v)]
containing 0.02% DoDM and buffer A at 150,000 x g for
at least 16 h at 4°C (SW 40Ti, Beckman). The Chl-binding
bands were collected by a syringe.

The collected PSl-enriched green band from the
sucrose gradient was subsequently purified on an anion
exchange column (Mono Q™ 5/50 GL, GE Healthcare
Life Sciences) in the buffer A containing 0.02% DoDM
and eluted using the salt gradient of 5-200 mM MgSO, at
a flow rate of 0.8 ml min!. The major green fractions were
collected and further purified using BioSep SEC 52000
(300 mm x 4.6 mm, Phenomenex) in the buffer A
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containing 0.02% DoDM at a flow rate of 0.2 ml min".

Spectral analysis: Absorption spectral analyses were
performed using a Shimadzu UV-VIS 2550 spectrophoto-
meter at room temperature. Steady-state fluorescence
spectral analysis was performed at 77 K using a Varian
Cary Eclipse fluorescence spectrophotometer with the aid
of a cryostat attachment (Oxford Instruments). The
samples were adjusted to a maximum absorbance of <0.1
for fluorescence measurements in the buffer A containing
65% (v/v) glycerol. The fluorescence spectra were
recorded at an average of 50 repeated readings and
smoothed by the Savitzky—Golay method with window of
10 using Origin software (version 9.0).

Pigment composition: Pigments were extracted from the
isolated Chl-binding protein complexes by adding
2-butanol and 4.0 M NacCl to the pigments in a ratio of
Vsample: Vutanol: VNact = 2:3:1. The green-colored butanol
phase was collected and 20 pul was immediately injected
into high performance liquid chromatography (HPLC) for
pigment analysis. HPLC analysis was conducted using a
reverse phase C12 column (Synergi 4u MAX-RP 804,
150 mm X 4.60 mm, Phenomenex) at a flow rate of 1 ml
min!. The column was equilibrated using solvent A (85%
methanol containing 50 mM ammonia acetate) and then
run with a linear gradient of solvent A to solvent B (100%
methanol) for 8 min, followed by 100% solvent B for
30 min. Eluted pigments were detected with a photodiode
array detector (SPD-M10Avp, Shimadzu) at a range of
370—800 nm. The ratio of isolated pigments was calculated
based on HPLC chromatogram peak area at their published
extinction coefficients wavelength. The molar extinction
coefficients (g) of different pigments in methanol used in
this paper were: € = 70.02 x 10° [L mol™! cm™'] at 665 nm
for Chl a (Li et al. 2012), Chl a’ and oxidized Chl a used
the same € as Chl a; € = 71.11 x 103 [L mol™' ¢m™] at
707 nm for Chl £ (Li et al. 2012); ¢ = 141 x 103 [L mol™!
cm'] at 453 nm for B-carotene in 100% ethanol (Goodwint
et al. 1960).

The polypeptide composition of isolated PSI: Poly-
peptide composition of the PSI complexes was resolved by
a Bolt™ 4-12% Bis-Tris PreCast gel using MES-SDS
running buffer (Thermo Fisher Scientific). Protein samples

Results

Purification of PSI: The PSl-enriched fraction was
isolated using sucrose density gradient centrifugation. The
Synechocystis 6803 grown under WL illumination was
used as a control. Two green bands were well resolved
from the H. hongdechloris samples, assigned as WL-1,
WL-2, and FR-1 and FR-2 (Fig. 14). Two green fractions
were also well resolved from Synechocystis 6803 and the
top part of the density gradients demonstrated a pinkish
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were precipitated by adding 10% (v/v) trichloroacetic acid
and kept at —20°C for at least 30 min prior to centrifugation
at 4°C. The precipitated proteins were rinsed 3 times with
pre-chilled 100% acetone, and then dried at room tempera-
ture briefly. The precipitated protein samples were
resuspended in the sample buffer containing 50 mM
Tris-HCI pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 1%
(v/v) B-mercaptoethanol, 0.02% (w/v) bromophenol blue,
and denatured by incubating in boiling water for 3 min.
Gels were visualized by [InstantBlue Protein staining
(Expedeon, USA).

Anti-PsaA (Agrisera cat. No. AS06172) and anti-PsbA
(Agrisera cat. No. AS05084) were applied for monitoring
the purities of isolated PSI complexes.

Peptide LC-MS/MS: The polypeptide bands of interest
from SDS-PAGE were excised and digested by in-gel
trypsin (12 ng ul™' in 25 mM ammonium bicarbonate)
overnight at 37°C. Tryptic peptide fragments were purified
by ZipTip C-18 tips (Millipore, Germany) and the eluted
peptide samples were diluted in 0.1% (v/v) formic acid
before loading to a Triple TOF 6600 System
(ThermoFisher) mass spectrometer for LC-MS/MS. To
avoid carry over contamination, a blank run was inserted
between the samples. The data were analyzed using
Analyst TF 1.7.1 software (Applied Biosystems) and
searched in Mascot (Matrix Science, UK) against the
National Center for Biotechnology Information (NCBI)
database and the local H. hongdechloris genome sequence
draft (unpublished, NCBI SUB897144: LAZT00000000).

P700: WL-PSI and FR-PSI complexes were resuspended
in 50 mM Tris-HCI (pH = 8.8) containing 0.05% Triton
X-100 at the final Chl concentration of ~15 pug ml.
Then, 0.33 pM N,N,N',N'-tetramethyl-p-phenylenedi-
amine (TMPD) and 0.33 pM potassium ferricyanide were
added to the PSI samples and mixed well. The absorbance
spectrum was recorded from 650-750 nm. The spectra
were then rescanned after adding 6.7 pM ascorbic acid.
The P700 spectrum was obtained by subtracting the
spectrum recorded prior and after adding ascorbic acid
(oxidized — reduced). The concentration of P700 was
estimated using a molar extinction coefficient of 70 x 103
[L mol! ¢m™] (Hiyama and Ke 1972) at its maximum
absorption peak around 700 nm.

colour due to the presence of orange Chl—protein
complexes, which are absent from H. hongdechloris
samples. Based on absorption spectral analysis and P700
measurement (Fig. 1B), dark green band 2 from the
solubilized thylakoid membranes was identified as being
enriched in PSI components. Band 1 showed an absorption
peak around 672 nm, which was blue-shifted compared to
that of band 2, where an absorption peak of 678 nm was



B
—FR
band 1 — WL
- 672 nm
:i As]
—_ (N
ﬁ 3@ AV A°
Q 9,
4
z 8
x s
Q | band 2 z
@ ©
m
< 678nm |9 P700
m
< WAVELENGTH
[nm]

DENSITY GRADIENTS

250 350 450 550 650 750
WAVELENGTH [nm]

Fig. 1. Purification of PSI complexes. Sucrose density gradients
(A) and their absorption spectra (B). P700 measurement of FR-2
band was inserted. WL, white light illumination culture
condition; FR, 730 nm LED illumination culture conditions;
6803 represent Synechocystis 6803 as a control.

observed (Fig. 1B). An additional absorption component
centered at ~735 nm was observed from both FR bands
(FR-1 and FR-2) (Fig. 1B). Pigment composition analysis
indicated that Chl f is only detected from FR samples
(Fig. 1S), with 12.0 £ 0.1% for Chl fto total Chl for FR-1
and 8.4 £ 0.4% Chl f to total Chl for FR-2, which is
consistent with absorption spectra presented in Fig. 1B. In
addition, much higher pheophytin a was observed in the
band 1 fractions (WL-1 and FR-1) from H. hongdechloris,
suggesting that the band 1 is the enriched PSII fraction
(Fig. 1S).

The PSI-complex enriched band 2 was further purified
on an anion exchange column (Mono Q™ 5/50 GL) eluting
with a gradient of MgSO,4 (5-200 mM) in 50 min and the
major fraction (F-2, Fig. 24) was collected at the retention
time of ~29 min with MgSO4 concentration of ~116 mM.
After concentrating the F-2 fractions, highly purified PSI
complexes were collected at 9.7 min from SEC 52000 gel
filtration in the buffer A with 0.02% DoDM at the flow
rate of 0.2 ml min~! (Fig. 2B).

Polypeptide composition of purified PSI: The polypep-
tide composition of isolated PSI complexes was analyzed
by SDS-PAGE and Western blotting (Fig. 3). Purified PSI
complexes from Synechocystis 6803 showed a typical
peptide pattern with PsaA and PsaB peptides located above
the molecular mark of ~50 kDa and visible PsaD, PsaE,
PsaC, and PsaK located below 17 kDa, which agrees well
with previous reports (Rogner et al. 1990, Kruip et al.
1993). Purified WL-PSI complexes from WL cultured H.
hongdechloris cells showed similar peptide patterns as that
isolated from FR H. hongdechloris cells, but some diffe-
rences were noticed at the region between ~10—17 kDa. An
additional peptide at ~13 kDa from WL-PSI complexes
(band W5) was identified as Psal.2, while PsalLl was
detected from FR-PSI complexes at ~17 kDa position
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Fig. 2. PSI complexes purification. Elution profile on an anion
exchange column (Mono Q™ 5/50 GL) (A) of sucrose gradient
band 2 with flow rate of 0.8 ml min~!, and elution profile on a
HPLC gel-filtration column (SEC s2000) (B) with a flow rate of
0.2 ml min~!. Chromatographic profiles were recorded at 280 nm
(dashed line), 675 nm (solid line), and 730 nm (dotted line). WL,
white light illumination culture condition; FR, 730 nm LED
illumination culture conditions; 6803 represent Synechocystis
6803 as a control. Black lines are FR samples, grey lines are WL
samples, and light grey colored lines are Synechocystis 6803
(6803).

(band FR4) (Table 1S). The presence of the Psal. peptide
suggested that the purified PSI complexes from
H. hongdechloris might be in a trimeric form. Additional
peptide bands at ~27 kDa were observed in the PSI
complexes purified from H. hongdechloris grown under
WL and FR conditions. Western blotting using PsaA
antibody revealed two positive bands at ~50 and 27 kDa
(according to the molecular marker positions), but only
one PsaA band was identified from the control, confirming
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that the unexpected bands of W3 and FR3 resolved from
purified PSI complexes of H. hongdechloris were the
fragmented PsaA (Fig. 3). Further LC-MS/MS analysis
confirmed bands W1 and FR1 are PsaA, while W2 and
FR2 are PsaB. W3 and FR3 showed the full coverage of
the same peptides of PsaA and PsaB as detected at ~50 kDa
(Table 1S). The fragmented PsaA and PsaB located at
~27 kDa were absent in the purified PSI from Synecho-
cystis 6803, supporting the conclusion that the fragmented
PsaA and PsaB peptides at ~27 kDa are a unique feature
for PSI complexes isolated from H. hongdechloris. Anti-
PsbA (the core of the PSII peptide) was applied on
Western blots and negative responses confirmed that
isolated PSI complexes are free of PSII contaminations.
The LC-MS/MS data confirmed that different psa4 and
psaB gene-encoding products are observed in FR-PSI from
WL-PSI complexes although the isolated PSI showed that a
similar size eluted at ~9.8 min using SEC 52000 (Fig. 2B).
WL-PSI complexes contained PsaA2, PsaB2, PsaF2, and
Psal2. In contrast, the FR-PSI complexes contained
PsaAl, PsaB1, and PsaF1, together with PsalL1 and Psal2,
which are located in the gene cluster as “FaRLip”
regulation (Li ez al. 2016). Both FR- and WL-PSI share the
same gene products of PsaD, PsaE, PsaC, and PsaK.

Pigment composition and P700 determination: The
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WESTERN BLOT
(anti-PsaA)

Fig. 3. Polypeptide composition of purified PSI
complexes were resolved on a 4-12% Bolt gel and
PsaA detection by anti-PsaA. 6803-PSI is purified
PSI complexes from Synechocystis 6803; WL-PSI is
purified PSI complexes from Halomicronema
hongdechloris cells grown under white light culture
condition; FR-PSI is purified PSI complexes from H.
hongdechloris cells grown under far red light culture
condition. Peptides of interest were listed as W1-W§
and FR1-FR9, which were excised for further LC
MS/MS measurement (Table 1S).

pigment composition analysis showed that WL-PSI com-
plexes have an almost identical absorption spectrum as that
of Synechocystis 6803 PSI (6803-PSI) complexes
(Fig. 44), although an oxidized Chl a-like component (7
and 4% to Chl q, respectively) was only detected in PSI
complexes isolated from H. hongdechloris (peak X in
Fig. 4B). A shoulder centered at ~735 nm was observed
from FR-PSI complexes (Fig. 44), and further HPLC
analysis revealed that Chl f'made up ~8% of total Chl in
the FR-PSI complexes with a Chl a/Chl fratio of ~12. The
B-carotene to Chl &’ ratio was approximately 26.5 and 34.5
for WL-PSI and FR-PSI, respectively (Fig. 4B). There was
no detectable amount of pheophytin a in any purified PSI
complexes (Fig. 4B). Taken together with the results from
the SDS-PAGE, LC-MS/MS peptide analysis, and pig-
ment compositions, the purity of isolated PSI complexes
was confirmed.

The spectra of the P700 were determined by chemical
difference spectra (Fig. 5). The different spectra of the
absorption change between the oxidation and reduction
process revealed a clear negative peak at 699 nm for WL-
PSI complexes and 702 nm for FR-PSI complexes. P700
measurement confirmed that Chl « is a PSI reaction center
Chl involved with charge separation. The Chl f'absorption
peak is 707 nm in 100% methanol, therefore, it is
impossible for Chl f'to function as the special pair of Chl
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Fig. 4. Absorption spectra of purified PSI complexes (4) and their pigment composition (B). 6803-PSI is purified PSI complexes from
Synechocystis 6803; WL-PSI is purified PSI complexes from Halomicronema hongdechloris cells grown under white light culture
condition; FR-PSI is purified PSI complexes from H. hongdechloris cells grown under far red light culture condition. Solid black line
is purified FR-PSI; solid grey line is purified WL-PSI; and dashed grey line is purified 6803-PSI. The absorption spectra were
normalized at chlorophyll (Chl) a peak (678 nm) and the HPLC chromatographs were normalized at Chl a peak at about 19 min. Chl f,
Chl a, Chl a’, and B-carotene are assigned based on their retention time and online spectra. An oxidized Chl a-like component (peak X)
was only detected in PSI complexes isolated from H. hongdechloris. The ratios presented in the inserted table are calculated based on
the HPLC peak area and their coefficient numbers.
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in the isolated PSI complexes. A three nm shift was noticed
between WL-PSI and FR-PSI, which could be attributed to
the presence of Chl fin FR-PSI, although the location and
function of Chl fis uncertain to date.

In order to estimate the concentration of P700, the
molar extinction coefficient of 70 x 103 [L mol! cm™] at
701 nm for PSI particles of Anabaena variabilis (Hiyama
and Ke 1972) was used to estimate the concentration of
P700 at 699 nm and 702 nm for WL-PSI and FR-PSI
complexes from H. hongdechloris. The results indicate
that 107.7 = 3.2 Chl a/P700 was determined in WL-PSI
compared with 118.6 = 4.8 Chl a+f/P700 determined in
FR-PSI. In FR-PSI, 110.0 + 4.4 Chl a/P700 and 8.7 + 0.43
Chl f/P700 were calculated.

To explore the potential function of Chl f in isolated
FR-PSI, fluorescence spectral analyses were carried out
(Fig. 6). The emission fluorescence profiles for WL-PSI
and FR-PSI complexes were clearly distinguishable. When
PSI particles were excited at 440 nm, a major fluorescence
emission band at 730 nm was observed from WL-PSI
complexes (Fig. 64, B), which resembles other isolated Chl
a-PSI complexes in cyanobacteria (Nyhus ef al. 1992).
FR-PSI complexes showed a major fluorescence emission
peak at 750 nm using excitation wavelengths at 415 nm or
440 nm (Fig. 64,B). The noticeably different pigment
composition in FR-PSI could be attributed to the red-
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730 nm (grey solid line), and 750 nm
(black solid line).

shifted maximal fluorescence, although Chl f is only a
minor pigment (only about 8% of total Chl). The spectra
were almost identical using an excitation wavelength of
415 nm (Soret band of Chl f) and 440 nm (Soret band of
Chl a), except much reduced intensity was observed when
excited at 415 nm (Fig. 64,B). Interestingly, the relative
reduced intensities caused by excitation wavelength of
415 nm and 440 nm are negligible between WL-PSI and
FR-PSI.

The fluorescence excitation spectra using an emission
wavelength of 730 and 750 nm revealed a major peak
centered at 677 nm for both WL-PSI and FR-PSI com-
plexes (Fig. 6C,D). However, the intensities of excitation
peaks are different. In WL-PSI, the highest excitation
677 nm peak was observed using an emission wavelength
of 730 nm; while, the highest excitation 677 nm peak was
obtained by emission at 750 nm, which agrees well with
fluorescence emission spectra. There are two pigment
pools in isolated FR-PSI complexes, 677 nm from Chl a
and 712 nm from Chl f. Using an emission wavelength of
730 nm, no 712-nm peak was observed, suggesting that the
Chl f'pool at 712 nm contributes to 750 nm fluorescence
emission. In contrast, there was strong fluorescence
recorded from FR-PSI particles at 712 nm compared with
only a tiny peak resolved at 706 nm that was observed in
the spectrum for WL-PSI particles (Fig. 6C,D).
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1JB0_A 1 MTISPPEREPKVRVVVDNDEFVPTSFEKWAKPGHFDRTLARGPQTTTWIWN. FDTHTSDLEDISR 70
Psaa 1 1 MTTSPPEQRQRVRVEVDONPNPTSFEKWAKPGHFERSLARGPKTTTWIWD. FDSHTTDLEDISR 70
Psaa 2 1 MTISPPEPGRKVKVVVDSDPVNTSFERWAKPGHFERSLSKGPKTTTWIWD. FDSHTSDLEDISR 70
1JB0_A 71 KIFSARIF VVFIWLSGMYFFIGAKFSNYEAWLADPTGIKPS PIV ILNGDVGGGFHGIQIT 140
PsaA 1 71 KIFSgFﬁW FLWLSMFHGARFSNFSSWTDEIEIKPS PIF ILNADMGDGFRGIQIT 140
PsaA 2 71 KIFSALIFY VIFIWLSGMYFiIGAKFSNYEAWLSNPTGIKPS PIF ILNGDVGGGFHGIQIT 140

PsaA 1 141 SGLFQMWRGEGFTHEFQLFWTAIGALVMAALMMFAGHW
Psaa 2 141 SGLFQMWRANGITNSFELYCTAIGALVMAGLMLFAGW

1JB0_A 141 SGLFQLWRASGI TNEFQLYCTAIGGLWAGME‘BGW§I
|
(H

KLEWFQNVESM] AGLLGLGSL 210
'KLDWFRNWE SMM AGLLGLGSL 210
KLEWFQNVE SMMNIslslLAGLLGLGCL 210

1J80_A 211 AWAGIEIQII SLPINKLLDAGVARK-============ DIPLPHEFILNPSLMAELYPKVDWGFFSGVIPE 267

Psaa 1 211 GWAGETLI)

PTNKLLDAGVPLE-=-=========== DIPLPHEFILNKSLMVDLYP----SFAEGVKPF 263

PsaA 2 211 GYAGQQIEVSLPINACLDAIDAGKPLTVGGKVIDSVAAIPLPHEWILNPSLMTDIYP----SFAEGLKPF 276
.

1JB0_A 268 FTE’NWAA!’SDE‘LTFNGGLNEVTGGLWLSDTIAVLFIIA
HHH

TNWGIG"]SLKEILEAEKGP-- 335

Psad 1 264 FTLNWSAYADFLTFKGGLNPVTGGLWMTDIA:IVAIAVLEIIA !‘Y‘R’I‘NWGIGliSPRELLDDARTPm 333

PsaA 2 277 FTLNWSVYADFLTFNGGLNPQTGGLWLTDTR LALAVLEFIVAGEFYRTNWGIGES H GP-- 344
1JB0_A 335 memm- FTG-AGEKGLYEVLTTSWHAQLAINLAMMGSLSIIVA AMPPYPYLATDYPTQLSLFET 399
PsaaA 1 334 LPIFNFIGPVG;RGLDKIFETSWHANLAIHLVQFGTASLL AMPPYPYLATDYATVISLET 403
Psaa 2 344 mesmme VIG-EG:KGMYEIFTTSWHCQLSWNLAWIGSLSIL SMPPYPYIATDYPTQLSLET 408
1JB0_A 400 IGGFLVVG FGAIFMVRDYDPAMNQNNVLDR CIFLGFESFGL TMRAFG 469
PsaA 1 404 IAGE‘CIVGGANFAIPLVRDYNPBDWRT WVCQFLG: FAMYC TMRAFG 473
PsaR 2 409 IGGFLIVGAGAAAIFMVRDYDPATHINNLLDRVI AIIS! CIFLG FGL TMRAFG 478
1J80_A 470 RPQDLE‘SDTGIQLQE’VFAQWQNIJETLAPGG ------------------------- APNAAATASVAFG 514
Psaa 1 474 RPQDMFSDTGIQLQPIFAQWVQQIQTMA' PLGNVFGGLRNIDLA! APGLGGPVSHAFG 543

PsaA_2 479 RPQDMFSDTGIQLOPVFAQWVONLEAARAGG--—-------
L]

1JB0_A 515 GDVVAVGGKVAMMPIVLGTAD P THAFTI
PsaA 1 544 GGVVAIGDKIAMMPIQLGTADFLI);is IHAFTII
Psah 2 524 GDILAVVGKVAMMPITLGTADFLVisls THAET

--------------- APNAAAGVSPAEG 523

ILLKGVLFARSSRLIPDKANLGFRFPCDGPGRG 584

VLLKGVLFSRNSRLIPDKGELGFRFPCDGPGRG 613

ILLKGVLFARNSRLIPDKGELGFRFPCDGPGRG 593
*

1JB0_A 585 GTCQVSGWDHVFLGLFWMYNCISVVIFHFSWKMQSDVWGTVAPDGTVSHITGGNFAQSAITINGWLRDFL 654

Psahd 1 614 GTCQVSAWDHVFLGLFWMYNSLSIVIFHFFWKMQSDVWGTVGADGTISHITGGNFAQASITNNGWLRDFL 683

Psan 2 594 GTCQVSGWDHVFLGLFWMYNSLSIVIFHFSWKMQSDVWGSVSPDGSVSHITAGNFAQSAITINGWLRDFL 663
*

1JB0_A 655 WAQASQVIGSYGSALSAYGLLFLG IWAFS LESGRGYWQELIESIVW. PAIQPRALSI 724
Psaa 1 684 WAQASQVIGSYGSALSAYGLFFLAGHFIFGFS LESGRGYWQELIESIVW. ITTAIQPRALSI 753
Psah 2 664 WAQASQVIGSYGSALSAYGLLFLG it AFS LESGRGYWQELIESIVW. PAIQPRALSI 733

Psaa 1 754 TQGRAV LLGGIVTTWAFFLARMAAIG 784

1JB0_A 725 IQGRAV%LLGGIATTWAFELARIISVG 755
PsaA 2 734 TQGRAW! LLGGIATTWAFFLARIIAVG 764

Fig. 7. Sequence alignment for PsaA’s detected from isolated PSI complexes of Halomicronema hongdechloris. PsaA (1JB0_A) from
PSI crystal structure of Synechococcus elongates is used as reference. The residues ligating chlorophyll @’ are in white fonts on a black
background. Black squares are conservative chlorophyll-binding residues where two different amino acids were found. (+) represents
the residue binding P700. Asterisk (*) represents the ligation position for the Fe-S clusters. The grey box highlights the extended
sequence found in PsaAl. PsaAl is PsaA peptide detected from FR-PSI complex and PsaA?2 is a PsaA peptide detected in the WL-PSI

complex.
Discussion

Purification of PSI is an essential step toward characte-
rization of Chl functions in PSI. The purification of PSI
was achieved using a combination of three protein-
separation methods. The lack of pheophytin a detected
from both isolated PSI samples indicates that WL-PSI and
FR-PSI samples are free of PSII contamination, which
was further confirmed by negative Western blots using
anti-PsbA.

Two different PsalL peptides were detected in WL-PSI
and FR-PSI. LC-MS/MS analysis confirmed that they are
products of different encoded genes. The presence of PsalL
in WL-PSI and FR-PSI and their size as shown in the
sucrose density gradient, suggested that the isolated PSI
complexes from H. hongdechloris might be in their

trimeric form, which is different from the previous report
that the trimer of the PSI did not exist in FR-grown
Leptolyngbya JSC-1 (Gan et al. 2014).

PSI complexes isolated from FR-H. hongdechloris
cells contains PsaA 1, PsaB1, PsaF1, and PsalL1 and Psal2,
these five subunit encoded genes are located in the gene
cluster named as “FaRLip” (Gan et al. 2014), which are
next to the genes encoding red-shifted phycobilisomes
(Li ef al. 2016). Most subunits showed similar molecular
masses, for example PsaAl is 87 kDa and PsaA2 is 84 kDa
(Fig. 7). However, Psal.1 contains 189 Aa (~20 kDa), 30
extra Aa at both terminals of the sequence compared to
Psal.2 of 17 kDa (Fig. 2S). Psal2 was detected from
FR-PSI complexes (band FR7 in Fig. 3), however, the
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counterpart of Psall could not be detected in isolated
WL-PSI, which may be due to the small size or smaller
amount of the proteins. Psal. and Psal play important roles
in trimeric PSI construction in cyanobacteria (Grotjohann
and Fromme 2005). The switched PSI subunits including
PsalL1 and Psal2 might indicate the changed structure of
FR-PSI compared with WL-PSI, which may be in relation
to the replacement of Chl f'in FR-PSI. Further structural
investigation is needed. However, the isolated WL-PSI
and FR-PSI are similar in size based on the band positions
located in the sucrose gradients and the identical retention
time on SEC 52000 separation. The amino acids sur-
rounding the special pair of Chls are identical and most
Chl-associated ligands are conserved (highlight in a
sequence comparison in Fig. 7). Two out of three different
amino acid substitutions at Chl-binding sites of PsaA1l and
PsaA2 are His and GIn conservative substitution,
suggesting no functional changes. However, there is Ala at
the site of 328 in PsaAl, instead of His in PsaA2, which
may result in the loss of Chl-binding ability (Fig. 7). An
extension sequence in PsaAl is noticed. Further functional
investigation is required.

The isolated FR-PSI complexes contains ~107 Chl
(including 8 Chl f) per Chl a’, while WL-PSI contains

References

Airs R.L., Temperton B., Sambles C. et al.: Chlorophyll f and
chlorophyll d are produced in the cyanobacterium Chloro-
gloeopsis fritschii when cultured under natural light and near-
infrared radiation. — FEBS Lett. 588: 3770-3777, 2014.

Akutsu S., Fujinuma D., Furukawa H. et al.: Pigment analysis of
a chlorophyll f-containing cyanobacterium strain KClisolated
from Lake Biwa. — Photochem. Photobiol. 33: 35-40, 2011.

Amunts A., Toporik H., Borovikova A. et al.: Structure
determination and improved model of plant photosystem L. — J.
Biol. Chem. 285: 3478-3486, 2010.

Barber J.: Photosynthetic generation of oxygen. — Philos. T. R.
Soc. B 363: 2665-2674, 2008.

Barth P., Lagoutte B., Sétif P.: Ferredoxin reduction by photo-
system I from Synechocystis sp. PCC 6803: toward an under-
standing of the respective roles of subunits PsaD and PsaE in
ferredoxin binding. — Biochemistry 37: 16233-16241, 1998.

Ben-Shem A., Frolow F., Nelson N.: Crystal structure of plant
photosystem 1. — Nature 426: 630-635, 2003.

Chen M., Blankenship R.: Expanding the solar spectrum used by
photosynthesis. — Trends Plant Sci. 16: 427-431, 2011.

Chen M., Li Y., Birch D. et al.: A cyanobacterium that contains
chlorophyll f'— a red-absorbing photopigment. — FEBS Lett.
586: 3249-3254,2012.

Chen M., Schliep M., Willows R. et al: A red-shifted
chlorophyll. — Science 329: 1318-1319, 2010.

Croce R., van Amerongen H.: Light-harvesting in photosystem 1.
— Photosynth. Res. 116: 153-166, 2013.

El-Khouly M.E., El-Mohsnawy E., Fukuzumi S.: Solar energy
conversion: From natural to artificial photosynthesis. — J.
Photoch. Photobio. C 31: 36-83, 2017.

El-Mohsnawy E., Kopczak M.J., Schlodder E. ef al.: Structure
and function of intact photosystem I monomers from the
cyanobacterium  Thermosynechococcus — elongatus.  —

314

~92 Chl per Chl @’ (Fig. 4B). This is similar to the results
from P700 (Fig. 5). There are ~119 Chl (including 9 Chl f)
per P700 in isolated FR-PSI and 108 Chl per P700 in
isolated WL-PSI. Chl f'in FR-PSI seems to function as an
additional accessory Chl, as there are 99 Chl a per Chl a’
or 110 Chl a per P700. This is similar to the Chl a ratio in
WL-PSI, which does not contain Chl /. However, Chl f'in
FR-PSI contributes to the red-shifted emission fluores-
cence of 750 nm and influences the red-shifted reaction
center special Chl a, resulting in P702 instead of the P699
found in WL-PSIL.

In this study, we isolated and purified the PSI from
H. hongdechloris grown under FR- and WL-light
conditions. The size of the isolated PSI complexes was
identical for these two culture conditions, but some
peptides in the FR-PSI are the products of different genes,
which are associated with FR regulation and the
phenomena of “FaRLip”. Chl a is the major PSI reaction
center Chl, but a slight absorption shift is observed in FR-
PSI from WL-PSI, which may be due to protein
environmental changes or the involvement of Chl f'in FR-
PSI. The chlorophylls per each PSI were similar in FR-PSI
and WL-PSI complexes, except the additional 8 Chl f
found in the FR-PSI complexes.

Biochemistry 49: 4740-4751, 2010.

Fromme P., Jordan P., Kraul N.: Structure of photosystem I. —
BBA-Bioenergetics 1507: 5-31, 2001.

Gan F., Bryant D.A.: Adaptive and acclimative responses of
cyanobacteria to far-red light. — Environ. Microbiol. 17: 3450-
3465, 2015.

Gan F., Zhang S., Rockwell N.C. et al.: Extensive remodeling of
a cyanobacterial photosynthetic apparatus in far-red light. —
Science 345: 1312-1317, 2014.

Golbeck, J.H.: Photosystem I in cyanobacteria. — In: Bryant D.A.
(ed.): The Molecular Biology of Cyanobacteria. Pp. 319-360.
Springer, Dordrecht 1994.

Golub M., Hejazi M., Kolsch A. et al.: Solution structure of
monomeric and trimeric photosystem [ of Thermo-
synechococcus elongatus investigated by small-angle X-ray
scattering. — Photosynth. Res. 133: 163-173, 2017.

Goodwint W.: Biochemistry of pigments. — In Waterman
T.H.(ed.): The Physiology of Crustacea. Pp. 101-140.
Academic Press, New York and London 1960.

Grotjohann 1., Fromme P.: Structure of cyanobacterial
photosystem I. — Photosynth. Res. 85: 51-72, 2005.

Hiyama T., Ke B.: Difference spectra and extinction coefficients
of P 700. — BBA-Bioenergetics. 267: 160-171, 1972.

Hou H.J., Allakhverdiev S.I., Najafpour M.M. et al.: Current
challenges in photosynthesis: from natural to artificial. — Front
Plant Sci. 5: 232, 2014.

Hu Q., Miyashita H., Iwasaki . ef al.: A photosystem I reaction
center driven by chlorophyll d in oxygenic photosynthesis. — P.
Natl. Acad. Sci. USA 95: 13319-13323, 1998.

Jordan P., Fromme P., Witt H.T. ef al.: Three-dimensional
structure of cyanobacterial photosystem I at 2.5 angstrom
resolution. — Nature 411: 909-917, 2001.

Kruip J., Boekema E.J., Bald D. et al.: Isolation and structural



characterization of monomeric and trimeric photosystem I
complexes (P700. Fa/Fs and P700. Fx) from the cyano-
bacterium Synechocystis PCC 6803. — J. Biol. Chem. 268:
23353-23360, 1993.

Li M, Semchonok D.A., Bockema E.J., Bruce B.D.:
Characterization and evolution of tetrameric photosystem I
from the thermophilic cyanobacterium Chroococcidiopsis sp
TS-821. — Plant Cell 26: 1230-1245, 2014.

LiY., Cai Z.-L. Chen M.: Spectroscopic properties of chlorophyll
f-—1J. Phys. Chem. B 117: 11309-11317, 2013.

Li Y., Chen M.: Novel chlorophylls and new directions in photo-
synthesis research. — Funct. Plant Biol. 42: 493-501, 2015.

LiY. Lin Y., Garvey C.J. et al.: Characterization of red-shifted
phycobilisomes isolated from the chlorophyll f-containing
cyanobacterium Halomicronema hongdechloris. — BBA-
Bioenergetics 1857: 107-114, 2016.

Li Y., Lin Y., Loughlin P. et al.: Optimization and effects of
different culture conditions on growth of Halomicronema
hongdechloris — a filamentous cyanobacterium containing
chlorophyll 7. — Front. Plant Sci. 5: 67, 2014.

Li Y., Scales N., Blankenship R. E. et al.: Extinction coefficient
for red-shifted chlorophylls: chlorophyll d and chlorophyll f. —
BBA-Bioenergetics 1817: 1292-1298, 2012.

Miyashita H., Ikemoto H., Kurano N. et al.: Chlorophyll d as a
major pigment. — Nature 383: 402, 1996.

Miihlenhoff U., Zhao J., Bryant D.A.: Interaction between
photosystem I and flavodoxin from the cyanobacterium
Synechococcus sp. PCC 7002 as revealed by chemical cross-
linking. — Eur. J. Biochem. 235: 324-331, 1996.

Nelson N., Junge W.: Structure and energy transfer in photo-
systems of oxygenic photosynthesis. — Annu. Rev. Biochem.
84: 659-683, 2015.

Nyhus K.J., Ikeuchi M., Inoue Y. et al.: Purification and charac-

PHOTOSYSTEM I CONTAINING CHL a AND CHL f

terization of the photosystem I complex from the filamentous
cyanobacterium Anabaena variabilis ATCC 29413. — J. Biol.
Chem. 267: 12489-12495, 1992.

Ohkubo S., Miyashita H.: A niche for cyanobacteria producing
chlorophyll f within a microbial mat. — ISME J. 11: 2368-2378,
2017.

Rogner M., Nixon P.J., Diner B.A.: Purification and charac-
terization of photosystem I and photosystem II core complexes
from wild-type and phycocyanin-deficient strains of the
cyanobacterium Synechocystis PCC 6803. — J. Biol. Chem.
265: 6189-6196, 1990.

Schluchter W.M., Shen G., Zhao J., Bryant D.A.: Charac-
terization of psal and psal mutants of Synechococcus sp. strain
PCC 7002: a new model for state transitions in cyanobacteria.
— Photochem. Photobiol. 64: 53-66, 1996.

Sivakumar V., Wang R., Hastings G.: Photo-oxidation of P740,
the primary electron donor in photosystem 1 from
Acaryochloris marina. — Biophys. J. 85: 3162-3172, 2003.

Tomo T., Kato Y., Suzuki T. et al.: Characterization of highly
purified photosystem I complexes from the chlorophyll d-
dominated cyanobacterium Acaryochloris marina MBIC
11017. - J. Biol. Chem. 283: 18198-18209, 2008.

Xu Q., Hoppe D., Chitnis V.P. et al.: Mutational analysis of
photosystem I polypeptides in the cyanobacterium Synecho-
cystis sp. PCC 6803. Targeted inactivation of psal reveals the
function of psal in the structural organization of psal. — J. Biol.
Chem. 270: 16243-16250, 1995.

Xu W., Chitnis P., Valieva A. et al.: Electron transfer in cyano-
bacterial photosystem I: 1. Physiological and spectroscopic
characterization of site-directed mutants in a putative electron
transfer pathway from A0 through Al to FX. —J. Biol. Chem.
278: 27864-27875, 2003.

315




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




