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Abstract
Key message  Red alga, Gracilariopsis chorda, contains seven carbonic anhydrases that can be grouped into α-, β- and 
γ-classes.
Abstract  Carbonic anhydrases (CAHs) are metalloenzymes that catalyze the reversible hydration of CO2. These enzymes 
are present in all living organisms and play roles in various cellular processes, including photosynthesis. In this study, we 
identified seven CAH genes (GcCAHs) from the genome sequence of the red alga Gracilariopsis chorda and characterized 
them at the molecular, cellular and biochemical levels. Based on sequence analysis, these seven isoforms were categorized 
into four α-class, one β-class, and two γ-class isoforms. RNA sequencing revealed that of the seven CAHs isoforms, six genes 
were expressed in G. chorda in light at room temperature. In silico analysis revealed that these seven isoforms localized to 
multiple subcellular locations such as the ER, mitochondria and cytosol. When expressed as green fluorescent protein fusions 
in protoplasts of Arabidopsis thaliana leaf cells, these seven isoforms showed multiple localization patterns. The four α-class 
GcCAHs with an N-terminal hydrophobic leader sequence localized to the ER and two of them were further targeted to the 
vacuole. GcCAHβ1 with no noticeable signal sequence localized to the cytosol. The two γ-class GcCAHs also localized to 
the cytosol, despite the presence of a predicted presequence. Based on these results, we propose that the red alga G. chorda 
also employs multiple CAH isoforms for various cellular processes such as photosynthesis.
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Introduction

Carbonic anhydrases (CAH, EC 4.2.2.1) are a family of 
enzymes that catalyze the interconversion of carbon diox-
ide and water into bicarbonate and a proton according to the 
following reaction:

Since the active site of carbonic anhydrases contains a 
zinc ion, these proteins are also referred to as metalloen-
zymes (Coleman et al. 1967; Lindskog et al. 1997). Five 
distinct classes (α-, β-, γ-, δ-, and ξ-class) of carbonic anhy-
drases are found throughout nature (DiMario et al. 2018). 
The α-class CAHs are the most abundant and commonly 
found in vertebrates, bacteria, algae, and green plants, 
whereas β-class CAHs are found in bacteria, algae, and land 
plants. The γ-class CAHs are mainly found in land plants. 
The two remaining classes, the δ- and ξ-class, are less well 
studied and have been identified in marine diatoms to date 
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(Zimmerman et  al. 2010; MacAuley et  al. 2009; Ferry 
et al. 2010; DiMario et al. 2018). Although all CAHs have 
a common catalytic function, these five classes of CAHs 
differ significantly from each other in terms of amino acid 
sequence, structure, and activity due to their divergent evo-
lutionary origins (DiMario et al. 2017). For instance, the 
α-class CAHs also have esterase activity (Jacob et al. 1967; 
Di Fiore et al. 2015).

Under the same enzymatic activity of the hydration of 
CO2, the exact physiological roles of CAHs are depend-
ent on the individual organism. For example, in bacteria, 
CAHs are involved in the production of many metabolites, 
including nucleotides and amino acids (Smith et al. 2000; 
Supuran et al. 2017). In humans, CAHs maintain the acid 
base balance or pH balance between blood and plasma or the 
release of CO2 in the lung (Arthurs et al. 2008). In plants 
and algae, CAHs play a crucial role in photosynthesis. In 
algae, CAHs are involved in a specific mechanism, called 
CCM (CO2-concentrating mechanism), which captures CO2 
in the cytosol and releases it into carboxysomes or pyra-
noids to facilitate photosynthesis (Atkinson et al. 2016; Gee 
et al. 2017). In plants, CAHs have recently gained increas-
ing attention because of the possibility of using them to 
increase the photosynthetic efficiency of crop plants (Parisi 
et al. 2004; Wang et al. 2012). Because CAHs are one of the 
CCM components in algae and C4 plants, CAHs and bicar-
bonate transporters were introduced into C3 plants for the 
purpose of setting up the CCM mechanism (Atkinson et al. 
2016). In addition, CAHs play an important role in amino 
acid production and in monitoring cellular CO2 levels in 
plants (DiMario et al. 2017).

The physiological roles of CAHs are closely related to 
their subcellular localization. Therefore, information on 
the localization of CAHs is crucial for a full understanding 
of the physiological roles of multiple CAH isoforms in an 
organism. CAHs are found in various subcellular compart-
ments. For example, in Arabidopsis thaliana, α-, β-, and 
γ-class CAHs are localized to the chloroplast, cytosol and 
mitochondria, respectively, where they play specific roles 
(Moroney et al. 2001; Fabre et al. 2007). The localization 
of multiple CAHs has been well characterized in Chla-
mydomonas reinhardtii: CAH1 and CAH2 to the periplasm, 
CAH3 to the thylakoid lumen, CAH4 and CAH5 to the 
mitochondria, CAH6 to the chloroplast stroma, CAH8 to 
the PM/periplasm, CAH9 to the cytoplasm, and the γ-class 
isoforms CAG1, CAG2, and CAG3 to mitochondria (Cardol 
et al. 2005; Fabre et al. 1996; Fujiwara et al. 1990; Karlsson 
et al. 1995; Mitra et al. 2004; Moroney et al. 2001, 2011; 
Ynalvez et al. 2008). In other organisms, CAHs are also 
found in other cellular organelles such as the ER and vacuole 
(Gee et al. 2017; DiMario et al. 2018). These CAHs show 
preferential localization patterns depending on their classes. 
Although there are a few exceptions, α-, β-, γ-class CAHs 

generally localize to the chloroplasts, cytosol, and mitochon-
dria, respectively (DiMario et al. 2017).

In this study, we investigated CAH genes in the genome 
sequence of Gracilariopsis chorda to determine their expres-
sion and subcellular localization in a heterologous system, 
Arabidopsis thaliana. G. chorda is an economically impor-
tant agar-producing multicellular marine red algal species 
(Rhodophyta, Florideophyceae). In an attempt to elucidate 
the biology of this organism, whole genome sequencing is 
currently underway (Lee et al. 2018a). Based on the draft 
genome data, we identified genes encoding CAHs in this 
study. Then we examined the expression of these genes in 
G. chorda. We also examined the subcellular localization 
of these genes in a heterologous system, Arabidopsis thali-
ana. We provided evidence that of the seven GcCAHs, six 
isoforms were well expressed in G. chorda in light at room 
temperature and that the seven GcCAH isoforms localized 
to various organelles such as the ER, vacuole, and cytosol 
in Arabidopsis.

Materials and methods

Phylogenetic analysis of GcCAHs

Homologs of the seven GcCAHs were collected by BLAST 
(e value ≤ e−05) analysis of the UniProt database (http://
www.unipr​ot.org). These homologous genes were aligned 
using MAFFT 7.313 with default settings (Katoh and Toh 
2008). Each alignment was used to infer phylogenetic rela-
tionships based on the maximum likelihood (ML) method 
using IQ-Tree v1.3.0 with the automatic model selection 
option (-m TEST). Branch support values were obtained 
with the ultrafast bootstrap method implemented in IQ-Tree, 
with 1000 replications (Minh et al. 2013; Flouri et al. 2015; 
Nguyen et al. 2015).

Identification and expression analysis of CAHs 
in Gracilariopsis chorda

G. chorda was collected from a coastal farm in Jangheung, 
Jeonnam, Korea (34°28′18" N 126°56′28" E) on 2 February, 
2013. Seven CAH genes were identified by BLAST analysis 
of G. chorda genome data (Lee et al. 2018a) and domain 
searches (CD-search; Marchler-Bauer et al. 2016). Gene 
expression analysis was performed using RNA sequencing 
(RNA-seq) data generated from G. chorda under seven cul-
ture conditions (Lee et al. 2018a): (1) cleaned vegetative 
thallus [light (2 h) and room temperature (RT; 20 °C)]; (2) 
female thallus [light and RT]; (3) vegetative thallus [light 
and high temperature (30 °C, 2 h)]; (4) vegetative thallus 
[light and half salinity condition (DW: seawater = 1:1)]; 
(5) vegetative thallus [dark (2 h) and RT]; (6) vegetative 

http://www.uniprot.org
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thallus [light (30 min) after dark treatment (7 h)]; (7) veg-
etative thallus [light and low temperature (4 °C, 7 days)]. 
The expression levels of GcCAHs were investigated using 
the ‘Salmon’ program (Patro et al. 2017) and represented as 
TPM (transcripts per million) values.

Prediction of organellar targeting signals

Subcellular localization of seven GcCAH isoforms was pre-
dicted by in silico analysis. TargetP (http://www.cbs.dtu.dk/
servi​ces/Targe​tP/), PSORT (https​://psort​.hgc.jp/), and PRE-
DOTAR (https​://urgi.versa​illes​.inra.fr/Tools​/Predo​tar) were 
used to predict the subcellular localizations of the GcCAHs 
isoforms of G. chorda. SignalP was used to predict the 
leader sequence cleavage site (Emanuelsson et al. 2000). To 
corroborate these predictions, Protscale/ExPASy, a method 
specific for ER-targeted proteins, was used to analyze the 
hydrophobicity of GcCAHα1, GcCAHα2, GcCAHα3, and 
GcCAHα4.

Plant growth conditions

Arabidopsis thaliana (Columbia-0 ecotype) was grown in a 
growth chamber at 22–23 °C with a 16 h light/8 h dark cycle 
on Gamborg B5 agar plates. Leaf tissues were harvested 
from 2- to 3-week-old plants for protoplast preparation (Ahn 
et al. 2017).

Plasmid construction

The DNA fragments encoding seven GcCAHs isoforms were 
isolated by PCR with GcCAH isoform-specific forward and 
reverse primers using genomic DNA as template. The primer 
sequences are shown in Supplemental Table S2. The PCR 
products were ligated into the 326-sGFP vector containing 
sGFP (Kim et al. 2013). To fuse a small epitope HA (hemag-
glutinin) tag at the C-terminus of 4 α-class GcCAHs, PCR 
products were digested with Xba1 and BamH1 and ligated 
into HA-containing 326-vector (Lee et al. 2018b) which was 
also digested with Xba1 and BamH1.

PEG‑mediated transformation of Arabidopsis 
protoplasts

Plasmid DNA was purified using a Qiagen MIDI kit (Qia-
gen). Plasmid DNA was transformed into Arabidopsis pro-
toplasts via PEG-mediated transformation (Lee et al. 2011a, 
b). Briefly, leaf tissues from 2- to 3-week-old Arabidopsis 
plants were incubated in enzyme solution containing cel-
lulase and macerozyme with gentle agitation for 24 h. The 
protoplast solution was passed through a 100 µm mesh to 
remove debris. Harvested protoplasts were loaded onto 
21% sucrose solution, followed by centrifugation at 98×g 

for 10 min. Intact protoplasts were isolated from the top and 
interface, and used for PEG-mediated transformation using 
10 µg plasmid DNA.

Subcellular localization of GcCAHs:sGFP fusion 
proteins in Arabidopsis protoplasts

Images of GFP fluorescence and red chlorophyll autofluo-
rescence were acquired by fluorescence microscopy (Lee 
et al. 2011a, b; Park et al. 2016). Images were obtained using 
a cooled CCD camera and a Zeiss Axioplan fluorescence 
microscope at 40 × magnification. The filter sets used were 
XF116 (excitation, 474AF20; dichroic, 500DRLP; emis-
sion, 510AF23) and XF137 (excitation, 540AF30; dichroic, 
570DRLP; emission, 585ALP) (Omega, Inc. Brattleboro, 
VT) for GFP and chlorophyll autofluorescence, respectively.

Western blot analysis

To prepare total protein extracts, transformed protoplasts 
were re-suspended in extraction buffer (50 mM Tris–HCl, 
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 
1 × protease inhibitor cocktail) and lysed by brief sonica-
tion. The cell lysates were centrifuged at 3000×g at 4 °C for 
10 min to remove cellular debris. Protein extracts were sepa-
rated by SDS/PAGE and subjected to western blot analysis. 
Mouse monoclonal anti-GFP antibody was used (at a dilu-
tion at 1:1000, Clontech, Cat. #632381) as primary antibody 
and anti-mouse IgG (at a dilution at 1:5000) was used as 
a secondary antibody. For HA-fused α-class GcCAHs, rat 
monoclonal anti-HA (Roche, Cat. #11867423001) antibody 
was used as a primary antibody and secondary anti-rat IgG 
was used to detect the primary antibody. Rabbit polyclonal 
anti-BiP antibody (Bioapp, Korea) was used to detect BiP. 
Protein bands were visualized using enhanced chemilumi-
nescence (ECL kit; Amersham Pharmacia Biotech), and 
images were obtained using a LAS 4000 image capture sys-
tem (Fujifilm, Japan).

TCA precipitation of secreted proteins

Proteins were prepared from protoplast incubation medium 
using TCA (trichloro acetic acid) (Koontz 2014). Briefly, a 
0.1 volume of 100% TCA (100 µL) was added to the pro-
toplast incubation medium after the precipitation of proto-
plasts and incubated at 4 °C for 60 min. The pellet fraction 
was collected after centrifugation at 14,000×g for 10 min 
and washed with ether:ethanol (1:1) solution. The pellet 
was collected after centrifugation at 14,000×g for 5 min and 
dried at room temperature. The dried pellet was dissolved 
in 0.1 N NaOH. Proteins were denatured using 6 × loading 
buffer [30% (V/V) glycerol, 0.25% (W/V), 0.25% (W/V) 
xylene cyanol FF], followed by boiling for 5 min for SDS/

http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
https://psort.hgc.jp/
https://urgi.versailles.inra.fr/Tools/Predotar
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PAGE analysis. Mouse monoclonal GFP antibody was used 
(at a dilution at 1:1000, Clontech, Cat. #632381) for western 
blot analysis.

Mitochondrial staining by MitoTracker red

For mitochondria detection, transformed protoplasts were 
stained with 200  nM MitoTracker red (CM-H2XROS; 
Molecular Probes, Invitrogen). Prior to image capturing, the 
cells were incubated in the dark for 1 h. Images were cap-
tured under a fluorescence microscope with the FL-closed 
option using a cooled CCD camera and a Zeiss Axioplan 
fluorescence microscope at 40 × magnification.

Results

Phylogenetic analysis of G. chorda CAHs

We identified seven genes encoding CAHs (GcCAHs) from 
the genome sequence of G. chorda based on amino acid 
sequence homology by BLAST using UniProt (http://www.
unipr​ot.org). These seven isoforms could be grouped into 
three classes, with four, one, and two isoforms belonging 
to the α-, β-, γ-classes, respectively (Table 1). To better 
understand the relationship of these seven isoforms, we 
performed phylogenetic analysis of these proteins, includ-
ing homologs in other organisms. Four α-class isoforms, 
GRC0025GENE2732 (GcCAHα1), GRC0050GENE4227 
(GcCAHα2), GRC0127GENE6767 (GcCAHα3), and GRC-
0173GENE7950 (GcCAHα4), showed a close relationship 
with land plants, with high bootstrap supports (83–96%) 
(Fig. 1a–d; Supplemental Figure S1A–D). One β-class iso-
form, GRC0011GENE1278 (GcCAHβ1), showed a high 
degree of homology to bacterial CAHs (i.e., Mycobacterium 
tuberculosis) that this isoform is regarded to be of bacterial 

origin (Fig. 1e; Supplemental Figure S1E). In addition, G. 
chorda contains a very limited number of β-class CAHs, 
which are usually present in the cytosol in other algae and 
land plants. The two other isoforms, GRC0109GENE6253 
(GcCAHγ1) and GRC0223GENE8865 (GcCAHγ2), share 
a close relationship with the mitochondria-localized CAHs 
from Arabidopsis (Fig. 1f, g and Supplemental Figure S1F 
and S1G). These results indicate that these α- and γ-class 
CAH isoforms in G. chorda share common ancestors with 
those of land plants.

CAHs expression in Gracilariopsis chorda

To gain insight into the physiological roles of these CAHs 
in G. chorda, we examined the expression of CAHs based 
on RNA-seq data (Lee et al. 2018a) from G. chorda grown 
under seven different conditions, where the light, dark, and 
temperature were the parameters (details in “Materials and 
methods”). All CAHs except GcCAHα4 were expressed in 
G. chorda, although their expression levels varied depending 
on the isoform; these CAHs showed the highest expression 
levels in the light at room temperature 20 °C (conditions 1 
and 2) and reduced expression levels in the dark and at very 
high or very low temperatures (conditions 3, 5, 6, and 7) 
(Fig. 2; Supplemental Table S1a). These results indicate that 
light and temperature are crucial factors for the expression 
of GcCAHs. Moreover, the light-dependent expression of 
these genes suggests that they play a critical role in photo-
synthesis. In addition, depending on the growth conditions, 
these seven genes showed different expression patterns. We 
assessed the significance of the differences in the expression 
patterns depending on the growth conditions by statistical 
analysis. The Wilcoxon signed rank test using R statistical 
software was used for statistical analysis. We compared TPM 
(transcript per million) values of the seven GcCAHs genes 
between condition 1 (standard) and the others. This statistic 
test is suitable for the comparison of two groups with small 
sampling sizes (i.e., TPM values of 7 genes). For example, 
we compared seven TPM values of CAH genes between con-
dition 1 and condition 3, but these two expression patterns 
did not show any significant difference (p value: 0.1094), 
although the seven genes showed different levels of TPM 
values. Similarly, under other conditions, there are no sig-
nificant differences (p values > 0.05). In conclusion, there 
was no significant difference in the expression patterns of 
seven CAH genes between culture conditions (Supplemental 
Table S1b).

In silico analysis reveals multiple subcellular 
localizations of GcCAHs in the cell

The physiological roles of CAHs strongly depend on their 
subcellular localization (Morony et al. 2001, 2011). Thus, 

Table 1   Classification of Gracilariopsis chorda CAHs

The classification of CAH of G. chorda was based on amino acid 
sequence homology to CAHs in other organisms. Homologs of seven 
GcCAH isoforms were collected by BLASTp using the UniProt data-
base. These homologs were aligned and used to prepare phylogenetic 
trees. The GcCAHs were classified into three classes, α-, β-, and 
γ-classes, based on maximum homology

Accession number Category Given name

GRC0025GENE2732 Alpha class GcCAHα1
GRC0050GENE4227 Alpha class GcCAHα2
GRC0127GENE6767 Alpha class GcCAHα3
GRC0173GENE7950 Alpha class GcCAHα4
GRC0011GENE1278 Beta class GcCAHβ1
GRC0109GENE6253 Gamma class GcCAHɤ1
GRC0223GENE8865 Gamma class GcCAHɤ2

http://www.uniprot.org
http://www.uniprot.org
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to broaden our understanding of the roles of CAHs in G. 
chorda, we examined their subcellular localizations. In green 
algae (i.e., Chlamydomonas reinhardtii), CAHs are found 

in many different subcellular regions, such as the chloro-
plast, mitochondria, cytosol, and apoplast (Morony et al. 
2001, 2011; Fujiwara et al. 1990). We analyzed the putative 

Fig. 1   Phylogenetic analysis 
of GcCAHs in Gracilariopsis 
chorda. a–g Phylogenetic trees 
for the seven GcCAHs were 
generated using the maximum 
likelihood (ML) method to 
investigate the maximum 
homology among several spe-
cies. GcCAHs were classified 
based on homology among 
CAHs in different species. 
These GcCAHs were named 
according to classification based 
on amino acid homology

[Red algae] Gracilariopsis (GcCAHα1) 

[Green algae] Dunaliella 
[Plants] Arabidopsis, Nicotiana

[Animal] Bos, Canis, Chionodraco, 
Danio, Equus, Homo, Mus, Ovis

[Bacteria] Klebsiella, Neisseria, Pectobaterium
[Green algae] Chlamydomonas 
[Cyanobacteria] Nostoc 

100
80

94

68 81

89
[Red algae] Gracilariopsis (GcCAHα2)

[Green algae] Dunaliella 
[Plants] Arabidopsis, Nicotiana

[Animal] Caenorhabditis, Danio, Equus, 
Gorilla, Homo, Macaca, Mus, Pan, Rattus

[Bacteria] Klebsiella, Neisseria, Pectobaterium
[Cyanobacteria] Nostoc
[Green algae] Chlamydomonas

100
66

96

50 83

83

[Red algae] Gracilariopsis (GcCAHα3) 

[Green algae] Dunaliella 
[Plants] Arabidopsis, Nicotiana

[Animal] Bos, Canis, Caenorhabditis, Tribolodon
Chionodraco, Danio, Equus, Homo, Mus, Ovis

[Bacteria] Klebsiella, Neisseria, Pectobaterium
[Cyanobacteria] Nostoc
[Green algae] Chlamydomonas 

100
70

96

81

91
[Red algae] Gracilariopsis (GcCAHα4)

[Green algae] Dunaliella
[Plants] Arabidopsis, Nicotiana

[Animal] Bos, Equus, Gallus, Homo, Monodelphis,
Macaca, Mus, Pongo, Rattus, Sus, Tribolodon

[Bacteria] Klebsiella, Neisseria, Pectobaterium
[Cyanobacteria] Nostoc100

90

93

83
96

[Red algae] Gracilariopsis (GcCAHβ1) 

[Plant] Arabidopsis, Flaveria,
Hordeum, Nicotiana

[Bacteria] Candida, Emericella,
Haemophilus, Mycobacterium

[Bacteria] Helicobacter
[Bacteria] Escherichia, Pseudomonas
[Cyanobacteria] Synechocystis, Synechococcus

83

65

89
100

[Red algae] Gracilariopsis (GcCAHɤ1)

[Plants] Arabidopsis
[Amoebozoa] Dictyostelium

[Bacteria] Bacillus, Escherichia, Pseudomonas
[Archaea] Methanocaldococcus

53

61

85

[Bacteria] Shigella, Escherichia

[Bacteria] Bacillus, Shigella,
Escherichia, Pseudomonas,
[Archaea] Methanocaldococcus

[Red algae] Gracilariopsis (GcCAHɤ2)

[Plants] Arabidopsis
[Amoebozoa] Dictyostelium
[Plants] Arabidopsis

100

78

66

86

63
87

A B

C D

E F

G

GcCAHα2
GcCAHα3 

GcCAHα1

GcCAHα4

GcCAHγ1
GcCAHβ1

GcCAHγ2

Tr
an

sc
rip

t p
er

 m
ill

io
n 

(T
P

M
)

100

40

20

140

80

120

160

180

60

0
[Condition 1]

Vegetative
20oC

[Condition 2]
Female 

20oC

[Condition 3]
Vegetative

 30oC

[Condition 4]
Vegetative

15 psu, 20oC

[Condition 5]
Vegetative
Dark, 20oC

[Condition 6]
Vegetative

Light>Dark, 20oC

[Condition 7]
Vegetative
Light, 4oC
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localizations of these proteins using prediction tools such as 
PSORT, PREDOTAR, TargetP, and ChloroP. These analy-
ses indicated that GcCAHα1, GcCAHα2, GcCAHα3, and 
GcCAHα4 have an N-terminal extension with a high degree 
of hydrophobicity (Table 2; Supplemental Figure S2) (Lee 
et al. 2011a, b) that could serve as a leader sequence for ER 
targeting, whereas GcCAHγ1 and GcCAHγ2 were predicted 
to contain a presequence for targeting to mitochondria. By 
contrast, GcCAHβ1 was predicted to lack any known orga-
nellar targeting signals and was therefore thought to localize 
to the cytosol. These results suggest that GcCAHs have three 
different subcellular locations in G. chorda.

GcCAHs localize to the ER, vacuole, and cytosol 
in the heterologous system, protoplasts 
of Arabidopsis

We examined the subcellular localizations of CAHs in a 
heterologous system, Arabidopsis, because a method for 
transforming DNA constructs into G. chorda are not cur-
rently available. To examine the localization of GcCAHs, 
we generated C-terminal GFP fusion constructs and intro-
duced them into protoplasts from Arabidopsis leaf tissues 

(Kim et al. 2013; Lee et al. 2011a, b). First, we examined 
the expression of these fusion constructs in Arabidopsis 
protoplasts by western blot analysis using an anti-GFP 
antibody. All seven GFP-fused GcCAH constructs were 
readily expressed in the Arabidopsis protoplasts with the 
expected molecular weight (Fig. 3a). Next, we examined 
the in vivo localization of these fusion proteins by examin-
ing green fluorescent signals under a fluorescence micro-
scope. Signals from the four α-class GcCAHs (GcCAHα1, 
GcCAHα2, GcCAHα3, and GcCAHα4) showed a network 
pattern, indicating that they localize to the ER (Fig. 3b). 
Of these four ER-localized proteins, GcCAHα2:sGFP and 
GcCAHα4:sGFP showed a vacuolar pattern at later time 
points, indicating that they slowly traffic to the vacuole from 
the ER (Fig. 3b).

To confirm the network pattern of GcCAHα1, GcCAHα2, 
GcCAHα3, and GcCAHα4, we co-transformed these con-
structs into Arabidopsis protoplasts together with an ER 
marker construct, BiP:mCherry, and examined their locali-
zation patterns. These four GcCAHαs showed a high degree 
of co-localization with BiP:mCherry (Fig. 3c), confirming 
their ER localization. These results are consistent with those 
of bioinformatics prediction, as they have a hydrophobic 
leader sequence at the N-termini.

ER-targeted proteins can be secreted out of the cell to the 
apoplast (Sohn et al. 2003). Indeed, many CAHs are known 
to be secreted into the periplasmic region or the apoplast in 
algae and plants (Morony et al. 2001, 2011; Fujiwara et al. 
1990). To test this idea, we prepared protein extracts from 
protoplast incubation medium and analyzed them by western 
blotting using an anti-GFP antibody. A negligible amount of 
protein was detected in the protoplast incubation medium 
only for GcCAHα3 and GcCAHβ1 (Fig. 3d). However, we 
failed to detect BiP, an ER protein, in the medium, confirm-
ing that cellular proteins did not leak during protein prepara-
tion. We included Sec-GFP as a positive secretory protein 
control (Liu et al. 2000). As reported previously, most Sec-
GFP was detected in the incubation medium, indicating that 
Sec-GFP had been efficiently secreted from the protoplasts. 
Together, these results suggest that the ER-localized GcCAH 
proteins are ER-resident proteins in Arabidopsis.

Next, we examined the localization of GcCAHβ1, 
a β-class isoform. In contrast to the α-class GcCAHs, 
GcCAHβ1 showed a diffuse cytosolic localization pattern 
(Fig. 4), indicating that it localizes to the cytosol. Indeed, in 
silico analysis predicted that it does not contain any target-
ing signal. Similarly, many β-class CAHs in algae and plants 
localize to the cytosol (Hiltonen et al. 1998; DiMario et al. 
2016, 2017).

Finally, we examined the localization patterns of 
the two γ-class GcCAHs. Both GcCAHγ1:sGFP and 
GcCAHγ2:sGFP also showed a diffuse cytosolic localiza-
tion pattern, along with a few punctate structures. However, 

Table 2   In silico prediction of the subcellular localizations of 
GcCAHs

The subcellular localizations of GcCAHs were predicted using sev-
eral prediction tools, including PSORT, TargetP, ChloroP, and PRE-
DOTAR. The leader sequence and cleavage site were predicted by 
SignalP

Protein Prediction tool Predicted localization

GcCAHα1 PSORT Extracellular/cell wall
TargetP and ChloroP SP
PREDOTAR​ ER

GcCAHα2 PSORT Vacuole/cell wall
TargetP and ChloroP SP
PREDOTAR​ ER

GcCAHα3 PSORT ER
TargetP and ChloroP SP
PREDOTAR​ ER

GcCAHα4 PSORT Extracellular/cell wall/vacuole
TargetP and ChloroP SP
PREDOTAR​ ER

GcCAHβ1 PSORT Cytoplasm
TargetP and ChloroP Cytoplasm
PREDOTAR​ Elsewhere

GcCAHɤ1 PSORT Mitochondria
TargetP and ChloroP Mitochondria
PREDOTAR​ Mitochondria

GcCAHɤ2 PSORT Mitochondria
TargetP and ChloroP Mitochondria
PREDOTAR​ Mitochondria
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the punctate stains did not overlap with MitoTracker red-
stained mitochondria, indicating that these proteins are not 
imported into mitochondria (Fig. 5). These results are in 
contrast to the data from in silico analysis, which predicted 
the presence of presequences in GcCAHɤ1 and GcCAHɤ2 
(Table 2). These results suggest that the presequences in 
GcCAHγ1 and GcCAHγ2 are not recognized by the mito-
chondrial import machinery in plants.

GcCAHα2:sGFP and GcCAHα4:sGFP are targeted 
to the vacuole via the Golgi apparatus

Of these four ER-localized proteins, GcCAHα2:sGFP and 
GcCAHα4:sGFP showed a vacuolar pattern at a later time 
point, indicating that they slowly traffic to the vacuole from 
the ER (Fig. 3b). In general, vacuolar proteins are initially 
targeted to the ER prior to their trafficking to the vacuole 
(Sohn et al. 2003; Hwang 2008; De Marchis et al. 2013; 
Xiang et al. 2013). Next, we examined the trafficking path-
way of GcCAHα2:sGFP and GcCAHα4:sGFP to the vacu-
ole. In Arabidopsis, proteins can traffic to the vacuole via 
Golgi-dependent or Golgi-independent routes (Park et al. 
2016; De Marchis et al. 2013; Xiang et al. 2013). We co-
transformed GcCAHα2:sGFP or GcCAHα4:sGFP into 
Arabidopsis protoplasts together with Sar1[H74L], encod-
ing a dominant negative mutant of Sar1 (Takeuchi et al. 
2000), and examined their localization patterns. Sar1 is 
a crucial factor for COPII vesicle formation at the ER for 
trafficking to the Golgi, and a dominant negative mutant 
of Sar1[H74L] blocks trafficking at the ER. These two 
GcCAHs:sGFP showed an ER network pattern in the pres-
ence of Sar1[H74L] (Fig. 6), indicating that their traffick-
ing to the vacuole was inhibited. These results suggest that 
GcCAHα2 and GcCAHα4 are transported from the ER to 
the vacuole in a Golgi-dependent manner.

ER‑localized GcCAHα1, GcCAHα2, GcCAHα3, 
and GcCAHα4 are N‑glycosylated

Proteins targeted to the ER for subsequent localization to 
endomembrane compartments or for secretion are often 
modified by N-glycosylation (Park et al. 2016; Aebi et al. 
2013). Indeed, amino acid sequence analysis showed 
that these four α-class GcCAHs possess several putative 
N-glycosylation sites, which are represented as NXS/T (N, 
asparagin; X, any amino acid residues except proline; S, 
serine; and T, threonine) (Supplemental Figure S3). Moreo-
ver, Arabidopsis CAH1 is known to be glycosylated, and 
N-glycosylation is critical for its enzymatic activity (Burén 
et al. 2011). We examined whether these four proteins are 
N-glycosylated. When a protein is glycosylated, the N-gly-
cosylated form shows a slightly higher molecular mass than 
the non-glycosylated form in SDS/PAGE (Wyszynski et al. 

2010; Kang et al. 2018). We tagged four CAHs with the 
small epitope tag, HA, at their C-termini and transformed the 
resulting constructs into protoplasts. We treated protoplasts 
with or without tunicamycin, an inhibitor of N-glycosylation 
(Park et al. 2016; Wyszynski et al. 2010) after transforma-
tion, prepared total protein extracts from protoplasts, and 
analyzed them by western blotting using anti-HA antibody. 
All four CAHs showed a slight decrease in molecular mass 
when the protoplasts were treated with tunicamycin (Fig. 7), 
indicating that all of these proteins are N-glycosylated in 
Arabidopsis protoplasts.

Discussion

In this study, we provide evidence that agar producing the 
red alga G. chorda contains seven CAH genes including four 
α-class, one β-class and two γ-class isoforms. Phylogenetic 
analysis revealed different evolutionary paths: the GcCAHαs 
and GcCAHγs share the common ancestors with land plants 
whereas the single GcCAHβ1 shares common ancestor with 
bacterial CAHs in Mycobacterium tuberculosis. Moreover, 
the β-class has only one copy in G. chorda, which is much 
lower than the number in plants and other algae (Fig. 1a–e; 
Supplemental Figure S1A–E). Chlamydomonas reinhardtii 
has two β isoforms CAH7 and CAH8 (Ynalvez et al. 2008). 
It is not clear whether this difference is related to the physi-
ological difference between the multicellular red alga G. 
chorda and the single-celled green alga C. reinhardtii. In 
fact, overall, G. chorda appears to have fewer CAH isoforms 
than green algae and land plants.

Gracilariopsis chorda is a red alga with a maximum 
growth during spring to early summer (15–20 °C) in normal 
seawater salinity (ca. 34 practical salinity unit). RNA-seq 
analysis revealed that all GcCAHs except GcCAHα4 were 
expressed at high levels in G. chorda in light, but at low 
levels in the dark (Fig. 2). The light-dependent expression 
of these genes raises the possibility that they are involved in 
photosynthesis, as in other organisms (Dionisio et al. 1990; 
Harada et al. 2005). Temperature was also a critical fac-
tor for their expression; these genes were expressed at high 
levels at room temperature (20 °C), but at low levels at high 
(30 °C) and low (4 °C) temperature condition. As G. chorda 
is a red alga that thrives in seawater, the GcCAH genes were 
highly expressed under salinity conditions (condition 4, 
Fig. 2). Overall, the expression patterns of GcCAHs varied 
depending on growth conditions, with growth in the light at 
room temperature being the most favorable condition.

The biochemical reaction carried out by CAHs is com-
mon to all CAHs. However, the physiological role of 
a particular isoform in a particular organism strongly 
depends on its subcellular localization. In silico analysis 
of these GcCAHs suggested that they might localize to 
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endomembrane compartments, mitochondria, and cytosol. 
This finding is consistent with earlier studies showing that 
multiple isoforms of CAHs are expressed and localize to 
many different subcellular organelles in algae such as C. 
reinhardtii (Morony et al. 2001, 2011; Fujiwara et al. 1990; 
Karlsson et al. 1995; Eriksson et al. 1996; Mitra et al. 2004; 
Ynalvez et al. 2008; Cardol et al. 2005).

To corroborate this finding, we used a heterologous sys-
tem (Arabidopsis protoplasts) to examine the subcellular 
localization of these proteins in vivo. Of course, the use of 
heterologous systems may provide only a limited informa-
tion on the exact locations of these proteins in G. chorda. 
Examining the subcellular localizations of GcCAHs in 
Arabidopsis protoplasts provided mixed results compared 
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with the results of in silico analysis. The localization of 
GcCAHs predicted to be targeted to the ER was confirmed 
in Arabidopsis protoplasts. However, the prediction tool has 
limited ability to further define the exact locations of these 
proteins among various endomembrane compartments. In 
Arabidopsis protoplasts, of the four ER-targeted α-class 
GcCAHs, two isoforms, GcCAHα2 and GcCAHα4, further 
trafficked to the vacuole, albeit slowly (Fig. 3b), indicating 
that they behave as vacuolar proteins in Arabidopsis. This 
notion was confirmed by the fact that co-expression of a Sar1 
dominant negative mutant, Sar1 [H74L], blocked the ER-
to-Golgi trafficking of these proteins (Takeuchi et al. 2000). 
In fact, vacuole-localized CAH has been identified in plants 
with CAM-type photosynthesis (DiMario et al. 2017). By 
contrast, the other two isoforms, GcCAHα1 and GcCAHα3, 
were present only at the ER. Consistent with this finding, all 
four ER-targeted proteins were post-translationally modified 
by N-glycosylation.

ER-localized CAHs and their function have been reported 
in other organisms. For example; in microalgae Nanno-
chloropsis oceanica, ER-localized CAH1 (α class) is an 
essential component of CCM for photosynthesis (Gee et al. 
2017; DiMario et al. 2018). Bicarbonate transporters pump 
bicarbonate (HCO3

−) into the cytoplasm and then into the 
lumen of the ER, where carbonic anhydrase CAH1 also 

accumulates. CAH1 catalyzes from HCO3
− formation of 

CO2 which diffuses into the chloroplast stroma to be fixed 
by Rubisco (Gee et al. 2017). In a similar way, perhaps the 
ER-localized proteins, GcCAHα1 and GcCAHα3, might 
be involved in photosynthesis in G. chorda. However, we 
cannot exclude the possibility that these CAHs are initially 
targeted to the ER en route to other organelles such as the 
apoplast in G. chorda, but failed to be further targeted to 
their final locations in Arabidopsis due to the differences 
in sorting signals between red algae and Arabidopsis. Apo-
plastic proteins are transported through the endomembrane 
compartments after cotranslational targeting to the ER (Jin 
et al. 2001; Kim et al. 2013). In fact, CAH1 and CAH2 in 
Chlamydomonas localize to the apoplast (Morony et al. 
2001, 2011; Fujiwara et al. 1990). Trafficking in the endo-
membrane compartments requires specific sorting or exit 
signals that cause the protein to exit the ER (Jin et al. 2001; 
Kim et al. 2013), and the exit signals of GcCAHαs might not 
be recognized by the trafficking machinery in Arabidopsis.

Another possible destination of ER-targeted GcCAHαs 
is the chloropast. Chloropast-localized AtCAHα1 in Arabi-
dopsis is initially targeted to the ER and then transported to 
chloroplasts via the Golgi apparatus (Villarejo et al. 2005; 
Faye et al. 2006). Indeed, AtCAHα1 is modified by N-gly-
cosylation, a hallmark of the ER, and the N-glycan is of 
the complex type, confirming its passage through the Golgi 
apparatus (Villarejo et al. 2005; Moroney et al. 2011). Thus, 
it is possible that some isoforms of these ER-targeted pro-
teins may be targeted to chloroplasts in G. chorda. In support 
of this idea, none of the seven CAH isoforms showed any 
transit peptide or were targeted to chloroplasts in Arabidop-
sis protoplasts. However, it is well known that photosyn-
thetic organisms contain multiple CAH isoforms in chloro-
plasts. Thus, the absence of transit peptide-containing CAHs 
in G. chorda strongly suggests that these CAHs might be 
transported to chloroplasts via a transit peptide-independent 
pathway, as observed in Arabidopsis (Villarejo et al. 2005). 
Thus, it is possible that some of these ER-targeted GcCAHαs 
is not faithfully targeted to chloroplasts in Arabidopsis (a 
heterologous system) due to the difference in the mecha-
nisms of trafficking from the endomembrane compartments 
to chloroplasts between red algae and Arabidopsis. It is cur-
rently not fully understood how AtCAHα1 is transported 
from the Golgi to chloroplasts in Arabidopsis.

Another group of GcCAHs consisting of GcCAHγ1and 
GcCAHγ2 was predicted to contain a presequence for mito-
chondrial targeting. Consistent with this prediction, most 
γ-class CAHs are tageted to mitochondria (Ferry et  al. 
2010; Alber et al. 1994). However, in contrast to the pre-
diction, these proteins were not targeted to mitochondria in 
Arabidopsis protoplasts, but instead produced a cytosolic 
pattern along with a few punctate stains. It is possible the 
plant machinery may not recognize the presequences of G. 

Fig. 3   Subcellular localization of sGFP-tagged GcCAHs in Arabi-
dopsis protoplasts. a Western blot analysis of GcCAHs:sGFP. Arabi-
dopsis protoplasts were transformed with the indicated constructs, 
and total protein extracts from transformed protoplasts were ana-
lyzed by western blotting with anti-GFP antibody. GFP alone was 
used as a positive control. RbcL (Rubisco large subunit) stained 
with Coomassie blue was used as a loading control. NT, non-trans-
formed protoplasts used as a negative control. b In vivo localization 
of GcCAHs:sGFP. GFP patterns in protoplasts observed at 24 and 
60  h after transformation. Green, red, and yellow signals represent 
GFP, chlorophyll autofluorescence, and the overlap between green 
and red signals, respectively. Scale bar 20  µm. c GcCAHα1:sGFP, 
GcCAHα2:sGFP, GcCAHα3:sGFP, and GcCAHα4:sGFP colo-
calize with BiP:mCherry. GcCAHα1:sGFP, GcCAHα2:sGFP, 
GcCAHα3:sGFP, and GcCAHα4:sGFP were co-transformed into 
protoplasts together with BiP:mCherry, an ER marker, and their 
colocalization was examined under a fluorescence microscope at 
24  h after transformation. Green, red, and yellow signals represent 
GFP, BiP:mCherry, and the overlap between green and red signals, 
respectively. Scale bar = 20 µm. d Western blot analysis of GcCAHs 
expressed in Arabidopsis protoplasts. Protoplasts transformed with 
the indicated constructs were pelleted by centrifugation at 24 h after 
transformation and used for protein preparation. To prepare proteins 
in the protoplast incubation medium, the incubation medium was 
treated with trichloroacetic acid to precipitate the proteins. Secretory 
GFP (Sec-GFP) was used as a positive control for secretory proteins. 
Proteins from protoplasts and incubation medium were analyzed by 
western blotting with anti-GFP and anti-BiP antibodies. BiP was 
used as a control for ER proteins. For western blot analysis, 200 ng 
(10% of total proteins from protoplasts) and 200 ng (50% of proteins 
from the incubation medium) were loaded. NT, non-transformed pro-
toplasts was used as a negative control. P, total proteins from proto-
plasts; M, proteins from the incubation medium. (Color figure online)

◂
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chorda. Indeed, the transit peptide of RbcS from C. rein-
hardtii failed to support protein import into chloroplasts in 
Arabidopsis (Razzak et al. 2017). Similarly, the presequence 
of GcCAHγ1 and GcCAHγ2 might not support protien 
import into mitochondria in Arabidopsis due to the differ-
ence in sequence motifs in the presequences.

The most important question about GcCAHs is their 
physiological roles in G. chorda. CAHs play a crucial role 
in photosynthesis in algae and plants. In fact, seawater 
contains relatively low levels of CO2, and organisms living 
in seawater rely on the CCM for efficient photosynthesis 
(Gee et al. 2017; DiMario et al. 2018). Thus, in G. chorda, 
these CAHs might be involved in the CCM by converting 
CO2 to HCO3

−. CO2 can easily pass through the lipid mem-
branes, whereas HCO3

− generally cannot. Thus, GcCAHs 
can help retain CO2 in the cell in the form of HCO3

−. 

Another important role of CAHs is to release CO2 from 
HCO3

− via the dehydration reaction. The Rubisco com-
plex can use only CO2 (Fujiwara et al. 1996). Thus, certain 
GcCAH isoforms may participate in photosynthesis in G. 
chorda via the dehydration reaction. Consistent with this 
idea, these genes showed strong light-dependent expres-
sion patterns. However, we currently cannot pinpoint which 
GcCAH isoforms are involved in the dehydration reaction 
of HCO3

− to provide CO2 to the Rubisco complex during 
photosynthesis. In addition to their role in photosynthesis, 
CAHs are also important for balancing cellular pH levels 
and amino acid biosynthesis (DiMario et al. 2017). Further 
studies are needed to elucidate the physiological roles of 
these GcCAHs in vivo.

Fig. 4   Cellular localization of 
GcCAH beta isoform in Arabi-
dopsis protoplasts. Localization 
of GcCAHβ1:sGFP. Proto-
plasts were transformed with 
GcCAHβ1:sGFP, and protein 
localization was examined 
under fluorescence microscope 
at 24 h after transformation. 
Scale bar 20 µm G
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Fig. 5   Localization of sGFP-
tagged GcCAH gamma 
isoforms in Arabidopsis 
protoplasts. Localization 
of GcCAHγ1:sGFP and 
GcCAHγ2:sGFP. Protoplasts 
were transformed with the 
indicated constructs. At 24 
h aftertransformation, the 
protoplasts were stained with 
MitoTracker red and incubated 
for an additional 1 h, and the 
localization of theproteins was 
examined. Scale bar 20 μm
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Fig. 6   Sar1[H74L] inhib-
its vacuolar trafficking of 
GcCAHα2 and GcCAHα4 at 
the ER. GcCAHα2:sGFP or 
GcCAHα4:sGFP was co-
transformed into protoplasts 
together with Sar1[H74L], and 
their localization was examined. 
Protoplasts were observed at 
24 h and 60 h after transforma-
tion. Scale bar = 20 µm

GFP Chlorophyll Merged
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Fig. 7   ER-localized GcCAHα1, 
GcCAHα2, GcCAHα3, and 
GcCAHα4 are N-glycosylated. 
Protoplasts transformed with 
GcCAHα1:HA, GcCAHα2:HA, 
GcCAHα3:HA, or 
GcCAHα4:HA were incubated 
in the presence (+) or absence 
(−) of tunicamycin (10 µg/mL) 
for 24 h. Protein extracts were 
analyzed by western blottin-
gusing anti-HA and anti-BiP 
antibodies. BiP and RbcL were 
used as loading controls
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