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Abstract To understand the CO, concentration mechanism
in the phaeophyte kelp Saccharina japonica, a full-length
complementary DNA (cDNA) encoding carbonic anhydrase
(CA) was cloned from the gametophytes based on the two
screened clones from a suppressive subtracted cDNA library.
The cDNA sequence was composed of 2,804 bp in length,
including a 166-bp 5'-untranslated region (UTR), a 1,765-bp
3’-UTR, and an 873-bp open read frame. No intron separating
this gene was found after comparing its cDNA and DNA
sequences. The deduced precursor protein of S. japonica
CA consisted of 290 amino acids with a typical signal peptide
cleavage site between Gly 20 and Val 21 from the N terminus.
The mature protein contained three conserved His residues
chelated with a zinc ion constituting a catalytic active site.
This cloned CA gene from S. japonica could be grouped into
the a-type as shown by a constructed phylogenetic tree and
most identity within the conserved domains characteristic of
the «-CA. Quantitative real-time PCR results demonstrated
that the diurnal transcription of this CA gene in the gameto-
phytes cultured under the addition of CO, or HCO3™ were not
significantly different from those cultured only with filtered
air supply at any sampling time, suggesting that this CA might
not be periplasmic. After preparation of polyclonal antibody
with this recombinant CA in Escherichia coli, the gold im-
munolocalization showed that this «x-CA was associated with
the chloroplast envelopes and thylakoid membranes suggest-
ing that this «-CA could provide the chloroplasts with suffi-
cient CO, for carbon assimilation.
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Introduction

Over the past 250 years, atmospheric carbon dioxide (CO,)
levels have increased by nearly 40 % (Solomon et al. 2007),
while the ocean has absorbed about one quarter of anthropo-
genic carbon emissions (Sabine et al. 2004; Sabine and Feely
2007). Accompanying the ocean CO, uptake, seawater pH
decreases and the fundamental chemical balances of seawater
are gradually altered, both of which are commonly referred to
as ocean acidification (Turley 2005; Henderson 2006). As
photoautotrophs, marine plants need to take up CO, from
seawater for photosynthesis. For example, the light-saturated
net photosynthetic rates in the brown algae range from 100 to
1670 pumol CO,g(dry wt) 'h™" (Gao and McKinley 1994).
Therefore, the biological uptake CO, from the ocean is one of
the basic mechanisms controlling carbon distribution in the
ocean (Siegenthaler and Sarmiento 1993). The cultivation of
seaweeds such as Saccharina japonica (Aresch.) C. E. Lane,
C. Mayes, Druehl et G. W. Saunders (=Laminaria japonica
Aresch.) is thought to slow down ocean acidification.
Saccharina japonica is an economically important brown
seaweed, especially in East Asian countries such as China,
Japan, and South Korea (Tseng 2001). In the high pH envi-
ronment where this kelp lives, the dominant species of inor-
ganic C in seawater is HCO; (Axelsson et al. 2000). Since
there is a fairly high photosynthetic rate in these kelps
(Axelsson et al. 1991), an efficient HCO;  utilization mecha-
nism is expected to exist. A common strategy evolved in algae
is extracellular dehydration of the HCO3 ™, which is catalyzed
by carbonic anhydrase (CA) (Haglund et al. 1992). CA is a
zinc metalloenzyme that catalyses the interconversion of CO,
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and HCO; (Khalifah 1971). As a result, much attention has
been paid to CA in algae, especially from microalgae such as
Chlamydomonas reinhardtii (Spalding 2008; Moroney et al.
2011), but there are fewer reports regarding CA in S. japonica
and other brown seaweeds (Dring et al. 1994; Schmid et al.
1996; Moulin et al. 1999; Axelsson et al. 2000). There is only
one CA gene from Laminaria digitata and six CA genes from
Ectocarpus siliculosus in brown algae.

CAs are generally divided into three distinct classes («, f3,
and 7y) that have no sequence homology and which have
evolved independently (Hewett-Emmett and Tashian 1996),
and which are an example of convergent evolution of catalytic
function (Moroney et al. 2001). In this study, a full-length CA
encoding cDNA was cloned and characterized from
S. japonica gametophytes. The subcellular location of the gene
was studied by gold immunoelectron microscopy using a CA
polyclonal antibody and the diurnal transcription of this a-CA
gene as detected by quantitative real-time PCR (Q-RT-PCR).

Materials and methods

The Rongfu strain of Saccharina japonica was used in the
present research. Both female and male gametophyte clones
germinated from the released zoospores were isolated accord-
ing to cell sizes under a microscope and cultured separately
under vegetative growth conditions of 30 pmol
photons m % s ' s at 17+1 °C with a photoperiod of 12:12
light/dark, as described previously (Zhou and Wu 1998). The
PES medium (Starr and Zeikus 1993) was replaced once every
2 weeks.

DNA and RNA extraction

Genomic DNA was extracted separately from the freshly
harvested female and male gametophytes according to the
modified cetyltrimethyl ammonium bromide method as de-
scribed by Hu and Zhou (2001). Female and male gameto-
phyte filaments were individually harvested and frozen in
liquid nitrogen for total RNA extraction using TRIzol reagent
(Invitrogen, USA). The complementary DNA was synthesized
using the Reverse Transcribed Kit II (TaKaRa, China).

Cloning of «-CA gene from S. japonica gametophytes

Two 376-bp expressed sequence tags (ESTs) were screened
from a suppression subtractive hybridization cDNA library of
S. japonica male gametophytes subtracted from females (Shi
et al. 2005) since they had a 70 % identity to a CA gene
(GenBank accession no. AJ130777) from L. digitata. Based
on the ESTs and the conserved sequence of L. digitata CA
gene, partial sequence of open reading frame (ORF) of
S. japonica CA gene was amplified with primers J1-U and
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J1-D (Table 1). Based on the ORF partial sequence obtained, a
full-length cDNA of the S. japonica CA gene, designated as
SjCA , was cloned from the kelp gametophytes (Yu etal. 2011)
using the rapid amplification of cDNA ends technique. Final-
ly, the DNA sequence of SjCA was also cloned on the basis of
its corresponding cDNA sequence.

Southern blot and bioinformatics analysis of SjCA

Southern blot analysis was made using the genomes of the
gametophytes to gather more information about this CA gene.
Aliquots of isolated DNA (approximately 2 pg per sample)
were digested to completion at 37 °C for 4-6 h, independently,
with EcoRI and Xbal. The digested DNA samples were
fractionated on a 0.8 % agarose gel, blotted onto a positively
charged nylon membrane (Pall, USA), and hybridized with
the probe. The probe was synthesized with the SBL and SBR
primers (Table 1) and labeled with biotin-dUTP using a
North2South Biotin Random Prime Labeling Kit (Thermo,
USA). Hybridized bands were detected using a North2South
Chemiluminescent Hybridization and Detection Kit (Thermo,
USA) and signals were visualized by exposure to XBT-1 film
(Kodak, USA) (Liu et al. 2012).

The amino acid composition, molecular weight, and iso-
electric point of this putative SjCA were analyzed using
ProtParam (http://www.expasy.org/tools/protparam.html).
The structure of this CA was predicted using Phyre 2 Server
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=
index). The signal peptide and transmembrane region of SjCA
were predicted using the SignalP 4.1 Server (http://genome.
cbs.dtu.dk/services/SignalP/) and the TMHMM (http://
genome.cbs.dtu.dk/servicessTMHMMY/). A Blastp analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to obtain
homologous sequences of the CAs. The sequences were
inferred from the corresponding deduced amino acid
sequences and aligned using the ClustalX Program
(Thompson et al. 1997). A phylogenetic tree was con-
structed using the neighbor-joining (NJ) and maximum
likelihood (ML) methods in the MEGA 4.0 program
(Tamura et al. 2007).

SjCA transcription levels under different carbon resources

The gametophytes were cultivated in medium with filtered air,
filtered air+3 % CO, and 0.018 M NaHCOj; independently,
and were collected at 00:00, 08:00, 16:00, and 24:00 hours,
and the number of replicates was 3. Total RNA was extracted
using TRIzol reagent (Invitrogen, USA) with these male and
female gametophytes individually, and was used to synthesize
the oligo(dT) primed first-strand cDNA as described above.
S. japonica actin (GenBank accession no. EU293553) served
as the housekeeping gene. The primers used in Q-RT-PCR for
both the SjCA (DL and DR) and actin (SL and SR) genes are
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Table 1 List of the primers
employed in this research Primer names Sequence (restriction Annealing PCR amplified
enzyme sites underlined) temperature (°C) product (bp)
J1-U 5'-GAGATCGAGCACCTGTGG-3' 57 684
J1-D 5'-GGTAAGGGTAAATAAACGGG-3'
SBL 5'-AGACGAGCGGGTGTGGGAGAT-3’ 60 569
SBR 5'-AATGCTCTCCGAACGGTTTGG-3'
DL 5'-GGTCTTCACTACCCGTAT CTAC-3’ 59.6 -
DR 5'-CGATCCACTTCACGCCCTCAG-3'
SL 5“TCGGACGGTTTTGTGGTG-3' 59.6 -
SR 5'-CCTTCCTTGGATGTGGTAGCC-3’
LFT 5'-CTCGAGGTAGTGGACGAAGAAGATC-3' 63.7 821
NRG 5'-CCATGGTGCCGCTGGAGAGAA-3'

also shown in Table 1. The Q-RT-PCR amplification was
performed in a Bio-Rad iQ™S5 multicolor real-time PCR
detection system (USA) with the SYBR® RT-PCR Kit
(TaKaRa, China). After predenaturing at 95 °C for 15 s, the
Q-RT-PCR amplification was programmed for 40 denaturing
cycles at 95 °C for 15 s and annealing and extension at 59.6 °C
for 1 min, in a 20 pL reaction mixture containing 1 puL of each
primer (10 pM) and 2 pL first-strand cDNA as a template and
10.5 uL SYBR Script™ (TaKaRa, China). The relative gene
transcription data from triplicate reactions performed for each
incubation time are expressed as the means+standard error
using the 222" method (Livak and Schmittgen 2001). The
significance was estimated by the Student's 7-test.

Heterologous expression and preparative of SJCA polyclonal
antibody

The CA gene without signal peptide was cloned using the LFT
and NRG primers (Table 1), and ligated into the Ncol and
Xhol digested pET-28a prokaryotic expression vector. The
resulting construct pET28a-CA was transformed into
Escherichia coli BL21 competent cells. Colony PCR and
nucleotide sequencing were performed to confirm the orien-
tation and reading frame of this ligated insert.

Expression of the recombinant protein in transformed
E. coli cultures was induced by the addition of 1 mM
isopropyl-3-D-thiogalactoside (IPTG) as described in Chen
et al. (2010). Crude cell extracts were prepared by sonicating
cells suspended in phosphate-buffered saline (PBS) (0.137 M
NaCl, 2.7 mM KCl, 10 mM Na,HPOy,, and 2 mM KH,PO,) at
4 °C. Denaturing sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) was performed according to
Laemmli (1970), and protein was quantified using the Brad-
ford (1976) method. Antiserum was obtained from rabbits that
had been immunized with the recombinant protein, which was
purified from the transformed E. coli pET28a-CA/BL21. The
antibody was purified according to the method as described by
Olmsted (1981) and Ritter (1991).

Western blot

This SjCA antibody was used in Western analysis for the
detection of the CA protein. Western blot procedures were
carried out essentially as described by Chen et al. (2010). The
total protein of the transformed E. coli, with and without the
insertion of the CA gene was separated by 12 % SDS-PAGE.
After electrophoresis, the proteins were electronically trans-
ferred onto nitrocellulose membranes. The protein blot was
blocked with 5 % skim milk powder in Tris-buffered saline
Tween-20 buffer (TBST) (0.137 M NaCl, 2.7 mM KCI,
0.025 M Tris, and 0.05 % Tween 20 at pH 7.4) and incubated
with the purified antibodies in a suitable dilution for 1 h at
room temperature. Next, washed in TBST for several times
and incubated with the a secondary antibody, antirabbit IgG
labeled by horseradish peroxidase (Shanghai Youke Biotech-
nology Co., Ltd.) diluted 1:1,200 in TBST at room tempera-
ture for 1 h and washed again. The color reaction was visual-
ized with diaminobenzidine following the manufacturer's in-
structions (Tiangen Biotech Co., Ltd.). The Western blot was
performed with gradient dilutions of antibody until the hy-
bridization signals were strong but less background. Then, the
Western blot in female and male gametophytes was performed
as above.

Ultrastructure observation and immunoelectron microscopy

Since CAs play different roles in the different places and their
functions are usually associated with their locations (Karlsson
et al. 1998; Sinetova et al. 2012), we performed
immunoelectron microscopy to precisely define the subcellu-
lar localization of this CA in S. japonica. Actively growing
S. japonica male and female gametophytes, cultured in com-
plete PES medium, were collected separately. The samples
were fixed with 4 % (w/v) paraformaldehyde and 0.5 %
glutaraldehyde in distilled seawater for 3-12 h at 4 °C (He
et al. 2002), and rinsed with 0.1 M PBS at pH 7.4. The fixed
samples were then subjected to post-fixation (3 h) with 1 %
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Fig. 1 Electrophoresis and
Southern blot profiles of SjCA
from the female and male
gametophytes of Saccharina
Jjaponica. Genomic DNA from
S. japonica gametophytes was
digested separately with EcoRI
and Xbal, electrophoresed on

0.8 % agarose, blotted and
hybridized with a labeled 569-bp
PCR-amplified fragment of SjCA.
M D-2000 marker of standard
DNA (Tiangen Biotech Co., Ltd.)

osmium tetroxide in 0.1 M PBS. The postfixed samples were
dehydrated in ethanol/acetone series, and then were infiltrated
and embedded in epoxy resin ES1 as described by Ouyang
et al. (2012).

The ultrathin sections used for immunoelectron microsco-
py were collected on 200-mesh nickel grids with a noncarbon-
coated Formvar-supporting film. Nickel grids carrying ultra-
thin sections were treated with 1 % (w/v) sodium
metaperiodate in PBS (Bendayan and Zollingerm 1983) and
preincubated the sections with 50 mM glycine for 30 min
(Miller and Howell 2006) and 5 % (w/v) bovine serum

CMJI 2MJ

Digested with EcoRI

CMJI YMJI

Digested with Xbal

albumin (BSA) in PBS for 20 min (Andreu et al. 2007), and
then incubated with the purified anti-CA antibody at 4 °C for
48 h or with the primary antibody absent as a control. The
optimal working titer of the primary antibody was based on
serial dilutions of the antibody from 1:1,000 to 1:3,600 as
described by Miller and Howell (2006) and Shi et al. (2011).
After washes in PBS and another 20 min preincubation with
1 % (w/v) BSA, the grids were incubated with the secondary
antibody, antirabbit IgG conjugated to 10 nm gold particles
(Sigma, USA) at room temperature for 1 h. Following sequen-
tial washes in PBS and water and dehydration in the air, the

Fig. 2 Neighbor-joining 68 Coccomyxa subellipsoidea C-169 (EIE20136) n
N o DD e Chlam) reinhardtii (EDP00854)
phylogenetic tree inferred from Ectocarpus siliculosus (CBN79571)
the amino acid sequences Arabidopsi: iana (AEE29870) T
deduced fi th leotid Ferrimonas balearica DSM 9799 (YP_003911323) (@]
educed from the nucleotide 100/92 Bacillus pseudofirmus OF4 (YP_003425781) >
sequences of CA genes from the Methanoplanus petrolearius DSM 11571 (YP_003894130)
. - Acanth. b ii str. Neff (XP_004368305)
selected species using the. Emiliania huxleyi (ABG37688) i
neighbor-joining and maximum Nicotiana tabacum (BAA95793) 7
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Saccharina japonica LLQIHIHSP SEHMIGGSEHSAEIHWVHVKEG--======= TEDQLLVVGVLFDTTDYGS---NVEIEHLWDVLDIGE 199
Laminaria digitata = = =  ——==————=-—-———————-] MIGGSEHEAEIHWVHVKAG--- ---TDDQLLVIGVLFDTTQYGS---NVEIEHLWDVLDIGK 53

Ectocarpus siliculosus LLQFHIHSP-~--~-~--SEHVLGGAEHAAETHLVHLKQN -~~~ -=--TTDGLLVVGIMFEVSDYGQ-~--NVELEPMWNVMDLNQ 204
Chlamydomonas reinhardtii LLQFHFHAP------SEHAMDGRRYAMEAHLVHKNKS----—------ TGNLAVLGIMLEPGGLIK---NPALSTALEVAPEVP 219
Dunaliella salina PLQVHWHFFL-----SEHTVDGVHYPLEAHIVMKDNDNLG-----DSAGQLAVIGIMYKYGDADPF--ITDMQKRVSDKIASG 486
Methylotenera versatilis MKHVHFHAP------SENTIHGKSFPLEAQFVHADA-——======== KGNLAVIGVMFTEGKA-—~——~] NPALAKLWEQLPEVE 344
Vibrio fischeri ES114 LLQLHFHAP------SENLIAGHSYPLEMHLVHADK---- --DGNLAVVGVMFKEGKA-----NPELAKIWSQMPGSG 159
Neisseria gonorrhoeae LKQFHFHVP------SENQIKGRTFPMEAHFVHLDE -~~~ -NKQPL-VLAVLYEAGKT-----NGRLSSIWNVMPMTA 174
Bacillus halodurans C-125 LVQFHFHIP------SEHEMEGKNLDMELHFVHKNE---- --NDELAVLGVLMKAGEE-----NEELAKLWSKLPAEE 192
Citrobacter sp. 30_2 LKQFDFHAP------ SEHTLNGKTYPLELQLVHKNQ-—-—-=—==—-— SGDIAIVAVMFDIGEP-----NQAIQNLWESFPTME 160
Danio rerio LRQFHFHWGS SDDKGSEHTIAGTKFPCELHLVHWNTKY PNFGEAASKPDGLAVVGVFLKIGAA-----NPRLOKVLDALDDIK 167
Homo sapiens LRQFHLHWGS SDDHGSEHTVDGVKYAAELHLVHWNPKYNTFKEALKQRDGIAVIGIFLKIGHE - ———-] NGEFQIFLDALDKIK 167
Caenorhabditis briggsae LVQYHFHWGENDNEGSEHTLGGLRYPAELHLVHQG——=—==—=~ 'VEDPGKLAVVGVFLQIGKEGKALSNEERVLGQLRNPETV 160

{
* ok K fhkkkkkhkkk] & Kk Kk * * * *k k Kk Kk

Saccharina japonica IMPSN----- PVFSHYNGSLTTPPCFEGVKWIVMSDPVTMSKMQLDEFRTSVALFDDSKVDEHGNTNRPGQSLNDRKIFFVHY 290
Laminaria digitata IMPSN----- PVFSHYNGSLTTPPCFEGVKWIVMSDPVTMGKMQLDEFRTSVALFDNSKVDEMGNTNRPRQSLNNRDIFFVNY 144
Ectocarpus siliculosus LLPAT----- PSFTTYYGSLTTPPC[FEGVRWILMSEPNYMS TWQLDNYRRAVALHEGSKVSEVGATNRPIQELNGRDVLYVSP 295
Chlamydomonas reinhardtii LLPKKSKAGTRPFVHYRGSLTTPPCBEGVDWFVFMQPIKVPDSQILDFMRFVGDNKTYAT--—~~ NTRPLQLLNSRLVEYEL- 310
Dunaliella salina L-PSE--~--- LGYAGY}GSLTTPPCEBEIVKWHVFLEPRTVSVEQMEVFADVTLNSNPG-~--ATVTTNRMIQPLEGRTVYGYNG 586
Methylotenera versatilis FMPDN----~ KSYYRFYGSLTTPPCEEGVRWLLMKNPITASKEQIDAFKKAVHHS - == ===—=~~ NNRPIQALNGRV-—-—---— 423
Vibrio fischeri ES114 LLPND-----! QAYYRFNGSLTTPPCBEGVTWLVMKNPIEISSEQLAQFRELYNG-~—===—===~ NNRPTQAINARPILK--- 235
Neisseria gonorrhoeae LLPKR----- LKYYRFAGSLTTPPCFEGVSWLVLKTYDHIDQAQAEKFTRAVGSE-—-—-—-——~ NNRPVQPLNARVVIE--- 252
Bacillus halodurans C-125 LLPES----- KEGFHYNGSLTTPPCBEGVKWTVLSEPITVSQEQIDAFAEIFPD-- --NHRPVQPWNDRDVYDVIT 274
Citrobacter sp. 30_2 LLPDN----- KTYWRYRGSLTTPPCFEGVTWTILKTPVSLSAEQMDKFHY IVGPA--———————- NNRPLQPLNERKITDSYS 242
Danio rerio LLPAS----~- LDYWTYRGSLTTPPLLESVTWIVLKEPISVSPAQMAKFRSLLFSSEGETPCCMVDNYRPPQPLKGRKVRASFK 260
Homo sapiens LFPAC----- RDYWTYQGSFTTPPCEECIVWLLLKEPMTVSSDQMAKLRSLLSSAENEPPVPLVSNWRPPQPINNRVVRASFK 260
Caenorhabditis briggsae LPNNR--~-~~ RSFWRYRGSLTTPPCBEIVIWTIFTEPVTVTHDQLELFRQVQDIDKRPIKK--~--NYRPTONLNDRKIVHIVA 245

Fig. 3 Alignment of x-CA proteins from various species containing Zn-
binding sites. The accession numbers of the proteins corresponding to
Latin-names of each species are referred to in Fig. 2, but the accession
number for Chlamydomonas reinhardtii is AAC49983. Amino acids of

sections were stained with 3 % uranyl acetate-lead cit-
rate, and observed in a JEOL-1230 transmission electron
microscope at 80 kV.

The labeling density was defined as the number of gold
particles per area unit (um?) as described by Bernal (2007),
and the area was estimated using Adobe Photoshop software
(ver. 3.0). Following counting, the gold particles on chloro-
plasts and the other area calculated by subtracting the total
area of chloroplasts in each micrograph, the percentage of
particles versus the total number of particles was calculated.
The statistical analysis of subcellular distribution of the CA
protein was carried out using the independent sample test in
SPSS Statistics 17.0 program.

Results
Characterization of the CA in Saccharina japonica

The complete coding sequence of SjCA contained 2,804 bp
including a 166-bp 5'-untranslated region (UTR), a 1,765-bp
3'-UTR, and an 873-bp ORF. This gene has been submitted to
GenBank under the accession no. JF827608. DNA cloning of
this gene showed that there was no difference between the
males and females, not only in the cDNA but also the DNA
sequences. No intron separating this gene was found after
comparing its cDNA and DNA sequences. Southern blot
analysis (Fig. 1) indicated that this CA was a single gene copy
in the gametophyte genomes as digested by EcoRI and Xbal

high identity more than 70 % are indicated by asterisks. The solid arrows
show the Zn-binding sites, and the box and the empty arrow indicate the
conservative domain of «-CA proteins and the conserved Cys residue,
respectively

independently. The deduced precursor protein of S. japonica
CA consisted of 290 amino acids that possessed a typical
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Fig. 4 Diurnal transcription patterns of SjCA in Saccharina japonica
female (a) and male (b ) gametophytes grown under different carbon sources

@ Springer



886

J Appl Phycol (2014) 26:881-890

N
w
=
N

i
i

=
—
) e

i
gl |
i

e

I e

821 bp= -

.

Fig.5 Electrophoresis profiles of colony PCR amplified product (a) and
overexpression (b) of recombinant SjCA in Escherichia coli and a
Western blot using the SjCA-specific polyclonal antibody in Escherichia
coli (¢) and in Saccharina japonica female and male gametophytes (d).
Lane 1 Colony PCR amplified product with 813-bp target plus 8 nucle-
otides added for endonuclease digestion; lane 2 empty vector as a control
without insertion of SjCA; lane 3 overexpression of SjCA induced by

signal peptide cleavage site between Gly 20 and Val 21. The
mature protein, after digestion, was composed of 270 amino
acids. The molecular weight of the mature protein was
30.34 kDa and its p/ was at 5.06. There was no transmem-
brane domain in the mature CA protein though the predicted
structure consisted of five o-helices since all these helices

Fig. 6 Transmission electron
micrograph showing the
immunogold labeling in the
gametophyte cells of Saccharina
Japonica probed with the SjCA
antibody. a Ultrastructure of a
whole cell of S. japonica
gametophytes. b—d Enlarged
images corresponding to the
marked areas /, 2, and 3 in a
showing the immunogold
labeling distribution. e Shows the
immunogold labeling distribution
especially in a pyrenoid. Gold
particles were localized on the
envelopes and thylakoid
membranes of chloroplasts as
indicated by white arrows. Ch
chloroplast, Nu nucleus, Py
pyrenoid
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IPTG for 3 h; lane 4 the recombinant protein of SjCA; lane 5 empty
vector as a control without insertion of SjCA; lane 6 the total soluble
proteins from the female gametophytes; lane 7 the total soluble proteins
from the male gametophytes; M/ D-2000 marker of standard DNA
(Tiangen Biotech Co., Ltd.); M2 prestained protein ladder of standard
protein (Fermentas)

were too short. Therefore, this CA protein could not be an
intrinsic membrane protein.

The phylogenetic tree (Fig. 2) inferred from the selected 41
CA proteins illustrated that they could be grouped into three
clades, «-, 3- and 'y-CA, with high support values (all 100 at
the root of each clade by the NJ and 84, 77, and 92 by the
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ML). SjCA was clustered within the «-CA clade (Fig. 2), and
it had 88 and 53 % similarity with «-CAs of L. digitata
(CAB61337.1) and E. siliculosus (CBN76519.1), respective-
ly, according to the Blastp.

SjCA possessed 24 of the 36 amino acid residues (Fig. 3)
with side chains that project into or border the active site
cavity as reported in mammalian o-CA research by Hewett-
Emmett and Tashian (1996). It has the characteristics of x-CA
with the identical conserved domain, which was thought to be
the active sites of «-CA specific inhibitors (Huang et al.
1998), especially containing Cys 211 (Fig. 3) that could form
a disulfide bond with Cys 46 to keep the structure of SjCA
stable. The three histidine residues, i.e., His 118, His 120, and
His 137 (Fig. 3), which function as Zn ligands within the
active site of all a-CAs (Liljas and Laurberg 2000) are also
present in SjCA.

In general, taking the cluster with other «-CAs at high
bootstrap value as illustrated by the phylogenetic tree and
the identity within the conserved domains that are character-
istics of o-CA into consideration, this cloned SjCA coding for
aS. japonica CA is shown to be a a-type CA gene. This SjCA
could be imported from the outside of gametophyte cells
under the guidance of the signal peptide.

Effect of different carbon sources on the transcription of SjCA

The transcription or expression of most periplasmic CAs in
C. reinhardtii has been reported to be strongly regulated by
changed levels of CO, in the medium (Fukuzawa et al. 1990).
To understand whether this SJCA was periplasmic, we inves-
tigated the relative transcription level in gametophytes culti-
vated in PES medium with different carbon sources by Q-RT-
PCR. The results (Fig. 4) showed that there is no significant
difference (P>0.05) of SjCA transcription between the con-
trol and the gametophytes treated with CO, or NaHCO; at any
time of the day. These Q-RT-PCR results also demonstrated
that the transcription of SjCA in the female gametophytes
(Fig. 4a) differed insignificantly (P>0.05) from that in the
males (Fig. 4b). It indicated that the SjCA transcription had a
similar profile over the day in both female and male gameto-
phytes and that there was no significant effect of carbon
sources on the SjCA transcription. Therefore, it is suggested
that this SjCA does not function as a periplasmic CA.

Heterologous expression and preparative antibody of SjCA

To reveal the precise location of this SjCA in the gametophyte
filament cells by using immunoelectron microscopy, the poly-
clonal antibody of this protein was prepared. Upon cloning of
the mature SjCA protein coding sequence, construction of
pET28a-CA/BL21 and transformation into E. coli BL21, a
transformant was screened out. Electrophoresis (Fig. 5a) of
the colony PCR amplified products of the transformant E. coli

harboring pET28a-CA/BL21 illustrated that only one specific
band. Sequencing analysis of this product showed that it was
821 bp in length containing 813 bp of the mature SjCA protein
coding sequence and eight nucleotides added suitable for
endonulease restriction digestion indicating that the SjCA
gene was successfully transformed into E. coli.

A recombinant protein of SjCA4 was induced to be expressed
in E. coli by the addition of ITPG, and its molecular weight was
about 32.5 kDa (Fig. 5b) as expected to contain the 30.34 kDa
mature SJCA moiety and the fused His-tag sequence at the C
terminus. The polyclonal antibody of this SjCA was obtained
from the immunized rabbits with this purified recombinant
protein. The specificity of this SjCA antibody was verified by
Western blot (Fig. 5¢), and only one hybridization signal cor-
responding to the expected size of SjCA was present in the
transformant harboring pET28a-CA/BL21 and female and
male gametophytes (Fig. 5d), but absent in the transformed
E. coli without insertion of SjCA (Fig. 5¢). Therefore, the SjCA
was proved to be present in both the male and female
S. japonica gametophytes, and the purified anti-CA antibody
could be used in immunoelectron microscopy for subcellular
localization of this SjCA in the kelp gametophyte cells.

Subcellular localization of SjCA using immunoelectron
microscopy

The ultrathin sections of S. japonica gametophytes incubated
sequentially with the purified antibody of SjCA and the sec-
ondary antibody, antirabbit IgG conjugated gold particles,
showed that more than 92 % of immunogold particles labeled
with the anti-SjCA antibody were found decorating the kelp
chloroplasts, and the labeling appeared either as isolated or
clustered particles (Fig. 6). The immunogold control experi-
ment with the primary antibody absent did not show any
significant labeling. The labeling density in the chloroplasts
was 7.3 particles um > (n=10), which was much higher than
that in the other regions of the gametophyte cells (1.4
particles um 2). Of the labeled gold particles in the chloro-
plasts, 20.6 % were found on the chloroplast envelopes, where-
as 70.1 % were on the thylakoid membranes to face to the
stroma, but only 9.3 % were in the stroma of chloroplasts. This
subcellular distribution of the SjCA protein was significantly
different (P <0.05), but there was no difference of labeled gold
particles present between the male and female gametophytes.
This immunoelectron microscopic result indicated the pre-
cise subcellular location of this SjCA in the gametophyte cells
in addition to the prediction based on both the presence of a
plastid transit peptide at the N terminus of the SjCA and the
insignificantly changed transcription levels of this SjCA4 under
different carbon sources. Because the SjCA was not a trans-
membrane protein as mentioned above, this SjCA protein
should be an extrinsic membrane protein associated with the
chloroplast envelopes and the thylakoid membranes.
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Discussion

In this study, we have documented the cloning and character-
ization of a gene, which encodes an intracellular o-type CA
from S. japonica gametophytes. Using specific antibodies
raised against the recombinant SjCA protein, immunoelectron
micrographs illustrate that this SjCA is located on the chloro-
plast envelopes and thylakoid membranes.

CAs are zinc-metalloenzymes that catalyze the revers-
ible interconversion of CO, and HCO3 (Badger and Price
1992). The known CAs in eukaryotes are generally divided
into six families (Moroney et al. 2011), of which -, 3-, and
v-CA have been reported to be distributed widely in
microalgae and higher plants, whereas 8-, ¢-, and (-CA
are found only in some diatoms (Roberts et al. 1997),
bacteria (So et al. 2004), and marine protists (Lane and
Morel 2000; Park et al. 2007). Most x-CAs are active as
monomers of about 30 kDa with three histidines coordinat-
ing the zinc atom (Moroney et al. 2001). In contrast, the [3-
CA family is characterized as the histidine and two cysteine
residues coordinating with the zinc atom, and all the y-CAs
that are reported to be localized only in mitochondria of
C. reinhardtii (Ynalvez et al. 2008). The putative molecular
mass of 30.34 kDa (Fig. 5), conserved His 118, His 120 and
His 137 (Fig. 3) acting as Zn ligands, phylogenetic tree
(Fig. 2), and localization on chloroplasts (Fig. 6) indicate
that the cloned SjCA from S. japonica gametophytes be-
longs to «-CA rather than the (3- or y-CA families.

Chlamydomonas reinhardtii, a model organism, has 12
genes coding for CA (Moroney et al. 2011). It has been
reported that two CAs, i.e., CAH3 and CAHS6, are situated
in the chloroplasts of this model organism. The N-terminal
sequence of CAH3, an o-CA gene product, is consistent with
a lumenal localization as it has a two-part leader sequence, one
part required to enter the chloroplast and a second part
directing the protein to the thylakoid lumen. In the second
part of this leader sequence, there is a hydrophobic region
often found in proteins directed to the thylakoid lumen, which
contains a twin arginine motif followed by a conserved lumen
peptidase cleavage site, Ala—X—Ala (Karlsson et al. 1998;
Sinetova et al. 2012). However, the conserved lumen pepti-
dase cleavage site was not found in the SjCA. CAH6 encoded
by a 3-CA gene is present in the chloroplast stroma of
C. reinhardtii strain D66 instead of the thylakoid lumen like
CAH3, since it has only one leader sequence that is consistent
with a chloroplast location (Mitra et al. 2004). Regarding the
similar subcellular localization, it is expected that this SjCA
functions in the kelp chloroplasts as same as C. reinhardtii
CAHS6 even though they does not belong to a same family or
have homologous sequences.

It has been reported that Immunogold density of CAH6 is
fourfold higher in the area around the pyrenoids compared to
that in the other areas in the chloroplast stroma of
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C. reinhardtii (Mitra et al. 2004). However, this distribution
of CAH6 was not found in S. japonica. The SjCA was
scattered in instead of surrounding the pyrenoids of
S. japonica even though there was a slightly more density of
labeling (Fig. 6¢). Thus, what the CAH6 reduced CO, leakage
out of the C. reinhardtii pyrenoids was not proposed to be a
role that this SjCA played. Accordingly, with the help of SjCA,
the supply of CO,, usually diffusing very slowly in the cytosol
or stroma, is expectedly speeded up to the RuBisCo as same as
CAH6 does in C. reinhardtii (Mitra et al. 2004). The
colocalization of SjCA and RuBisCo in this kelp will surely
provide direct evidence for this suggested function.

Both the absence of a hydrophobic transmembrane helix
and the majority of immunogold particles very close to the
chloroplast envelopes and thylakoid membranes (Fig. 6) sug-
gest that the SjCA might be a peripheral protein. However, we
do not know how this SjCA is associated with the chloroplast
envelopes and thylakoid membranes. In C. reinhardtii CW92,
CAH3 is reported to be associated with PSII (Park et al. 1999).
That is to say, CAH3 is associated with thylakoid membranes
via the PSII complex. Accordingly, the association of the
SjCA with the chloroplast envelopes and thylakoid mem-
branes would likely be through some protein—protein interac-
tion, as the mature SJCA has some predicted binding sites,
such as the Arg- and Lys-enriched domain RKLAPKK at its N
terminus. In Nicotiana tabacum , Jebanathirajah and Coleman
(1998) found the chloroplast x-CA was associated with
RuBisCo at the stromal periphery of a Calvin cycle enzyme
complex in which phosphoribulokinase was more centrally
located and associated with thylakoid membranes. A number
of Lys and Arg residues were suggested to be involved in the
specific protein—protein interactions (Siiss et al. 1993;
Jebanathirajah and Coleman 1998). This association in higher
plants directs us to the future studies on this SjCA using
subcellular fractions, immunoprecipitation, yeast two-hybrid,
and Western blot analysis.

It needs to be pointed out that the present study only
focuses on the microscopic gametophytes of S. japonica. In
comparison to the gametophytes, the macroscopic sporo-
phytes of this kelp are multicellular in morphology. Supply
of CO, to the RuBisCo for photosynthetic fixation in
sporophytes could be different from that in gametophytes
since x-CA messenger RNA was shown by both real-time
PCR and Northern blot analyses to be present only in the
gametophytes of L. digitata (Moulin et al. 1999). Recent-
ly, the transcriptomic analysis of this kelp (Deng et al.
2012) and of another species, S. latissima (Heinrich et al.
2012), in the same genus, at least reveals that all three
CA genes, ie., «-, (3-, and y-CAs, are present and
expressed in this kelp. Upon cloning and subcellular lo-
calization of these CA genes like this SjCA, the mecha-
nism of CO, supply for photosynthetic fixation in this
marine macroalga will be unveiled.
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