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Abstract: Brown seaweeds are significant primary producers in marine vegetated habitats and are used as 

renewable feedstock for various industries. Mannitol-1-phosphatases (M1Pases) are involved in the 

biosynthesis of mannitol in brown seaweeds. This study reports the characterization of redox-sensitive 

M1Pases in Ectocarpus sp. that are specific to mannitol-1P. The biochemical pathways involved in the 

metabolism of brown seaweeds and their potential industrial applications are discussed. This investigation's 

findings could also lead to the development of novel biomolecules and contribute to our understanding of 

brown seaweed physiology under diverse environmental conditions and temporal stages.  
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Introduction 

 Brown seaweeds are significant primary producers in marine vegetated habitats and are used as renewable 

feedstock for various industries due to the diverse and peculiar polysaccharide and carbohydrate content in 

their cell walls. Mannitol is a sugar alcohol synthesized through the mannitol cycle in brown seaweeds, which 

serves as an osmolyte, compatible solute, and carbon reserve under stress conditions. Mannitol-1-phosphatases 

(M1Pases) are enzymes involved in the biosynthesis of mannitol in brown seaweeds. In contrast to other 

M1Pases that can act on other phosphorylated sugars, the study reports the biochemical characterization of a 

second M1Pase in Ectocarpus sp. that is specific to mannitol-1P. Further, this second M1Pase is redox-

sensitive, meaning it is active only in the presence of a reducing agent. This study provides insights into the 

biochemical pathways involved in the metabolism of brown seaweeds and their potential industrial 

applications. The investigation's findings could also lead to the development of novel biomolecules and 

contribute to our understanding of brown seaweed physiology under diverse environmental conditions and 

temporal stages. 

2. Materials and Methods 

2.1. Mannitol Production by Ectocarpus sp. M1Pases in Escherichia coli 

Recombinant E. coli cells expressing native full-length EsM1Pase1 and EsM1Pase2 were obtained as 

described by Groisillier et al. [24]. To improve the expression in E. coli, the gene coding for EsM1Pase1 

(Esi0080_0016; UniProt accession number CBJ27643) was codonoptimized (GeneArt Gene Synthesis, Life 
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Technologies, Rockford, IL, USA), amplified with the forward primer 50-

GGGGGGGGATCCGCGATGAAGCGGACCATACAGG-30 (BamHI site in italic) and the reverse primer 50-

CCCCCCGAATTCTTATTCCCACACCGTCTTCCTGTCC-30 (EcoRI site in italic), and cloned into the 

vector pFO4 to construct the plasmid pESM1Pase1opt. The sequence of this plasmid was verified by 

sequencing before the bacterial transformation. 

Mannitol production in the E. coli BL21 (DE3) cells transformed with a plasmid containing full-length native 

EsM1Pase1, full-length E. coli codon-optimized ESM1Pase1, or EsM1Pase2, was assessed in triplicates for 

each gene. Pre-cultures of recombinant E. coli were grown in five mL of M9 medium supplemented with 10 

g/L of glucose and 0.1 g/L ampicillin overnight at 37 ◦C and 200 rpm, and a subsequent experiment was 

conducted as described by Madsen et al. [32]. Briefly, these pre-cultures were used the next day to start new 

cultures at OD600 0.1 and were incubated until OD600 was 0.5. The cultures were then split in twice 5 mL for 

each clone, IPTG (1 mM final concentration) was added in one of the two tubes, and the culture proceeded 20 

h at 25 ◦C and 200 rpm. After this incubation, cells were harvested by centrifugation at 3500× g for 10 min 

and supernatant frozen at −20 ◦C. Mannitol in the extracellular media was quantified using the D-Mannitol/L-

Arabitol assay kit (K-MANOL, Megazyme) following the manufacturer’s instructions. 

2.2. Production and Purification of EsM1Pase1short 

The presence of a chloroplast transit peptide of 39 aa at the N terminus of EsM1Pase1 was predicted using 

HECTAR v1.3 [33], and the N-terminal boundary was refined by hydrophobic cluster analysis (HCA) [34]. 

Based on this, the EsM1Pase1short gene corresponding to aa 40 to 405 was amplified with the forward primer 

50GGGGGGGGATCCACCGCAGCACATGTTAGCGCAG-30 (BamHI restriction site in italic) and the 

reverse primer 50-CCCCCCGAATTCTTATTCCCACACGGTTTTGCGATCCA-30 

(EcoRI restriction site in italic). This PCR fragment was cloned into the vector pFO4 (adding a six histidine 

tag at the N-terminus of the recombinant protein) to produce the plasmid pEsM1Pase1short. The integrity of 

the sequence was verified by sequencing. 

E. coli strain BL21 (DE3) (Novagen(R)) was transformed with pEsM1Pase1short. To induce the production 

of the recombinant protein, a double induction medium was used. For this, transformed E. coli were grown in 

500 mL of LB containing 0.5% glucose and 100 mg/mL ampicillin at 37 ◦C and were shaken at 180 rpm until 

OD600 reached 1.2–1.5. 

Protein expression was then induced by adding 500 mL of LB, previously stored at 4 ◦C, 50 mL of lactose 

12% (w/v), 20 mL of HEPES 1 M, and IPTG at 0.1 mM final concentration. The cultures were further 

incubated for 20 h at 20 ◦C and 180 rpm. 

The EsM1Pase1short protein was purified using a previously described method [23]. 

The procedure included a Ni2+ affinity chromatography step, and a size exclusion chromatography separation, 

after which some fractions were analysed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) using 12% Criterion precast Bis-Tris gels (BioRad, Hercules, CA, USA). Protein concentration was 

measured at 280 nm using a Nanodrop 

2000 Spectrophotometer (Thermofisher, Waltham, MA, USA). A molar extinction coefficient of 28,670 M−1 

cm−1, and a molecular weight of 41 kDa, both calculated for the EsM1Pase1short protein sequence at 

https://web.expasy.org/protparam (accessed on 14 September 2018), were considered to determine the 

concentration of the purified enzyme in the fractions of interest. 

2.3. Biochemical Characterization of EsM1Pase1short 

If not stated otherwise, all assays were carried out in technical triplicate at 30 ◦C in an 

https://web.expasy.org/protparam
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80 µL reaction assay. All compounds used were ordered from Sigma-Aldrich (St. Louis, MO, 

USA). EsM1Pase1short enzymatic activity was determined, as reported previously [24], with some 

modifications. The standard reaction mixtures contained 1 mM mannitol-1P, 100 mM M Tris-HCl (pH 7.5), 5 

mM MgCl2, and 3 mM final concentration of reducing agent (DTT). Reactions were initiated by adding about 

1 µg of purified recombinant EsM1Pase1short. Free phosphate concentrations were determined using the 

Malachite 

Green Phosphate Assay Kit following the manufacturer’s instructions (BioAssay Systems, Hayward, CA, 

USA). To assess the phosphatase substrate’s specificity, six sugar- and polyol-phosphoesters were tested at 1 

mM final concentration: mannitol-1-P, mannose-6P, fructose-1P, fructose-6P, glucose-1P, and glucose-6P. The 

dependence of enzyme activities on the pH and temperature was determined by considering the pH range from 

5.5 to 9.5 in 0.1 M Tris-HCl buffer and the temperature from 10 ◦C to 50 ◦C. The influence of NaCl on enzyme 

activity was tested in the presence of final concentrations ranging from 0 to 1 M. Kinetic parameters were 

determined after the measurement of specific activities in the presence of different concentrations of mannitol-

1-P (from 0.0625 to 1.25 mM). The EsM1Pase1short activity was calculated as reported previously [35]. 

2.4. Retrieval of Sequences, Prediction of Peptide Signal, Determination of Potential Subcellular 

Localization, and Phylogenetic Analysis 

All brown algal sequences were retrieved from the OneKP project (transcriptomic resource; 

https://sites.google.com/a/ualberta.ca/onekp/home-page, accessed on 15 June 2018) [36], except for 

Ectocarpus sp., Saccharina japonica, and Cladosiphon okamarinus for which sequences were retrieved from 

corresponding genomes. All sequences are given in Supplementary File S1. HECTAR v1.3 [33] and ASAFind 

v1.1.5 (https://rocaplab. ocean.washington.edu/tools/asafind/, accessed on 20 September 2018) [37] were used 

to predict the signal peptide, the potential localization to plastids, mitochondria, endoplasmic reticulum, and 

cytoplasm. The sequences were aligned with Muscle, and phylogenetic analysis was performed with Mega 

6.0, as previously described [38]. 

3. Results and Discussion 

3.1. EsM1Pase1 Is a Bona Fide M1Pase 

We have previously reported attempts to purify recombinant native full-length EsM1Pase1, as well as that of 

a native truncated form in which the entire N-terminal extension (255 nt, 85 aa) was removed [24]. Despite 

considering the different expression plasmids, host cells, and induction conditions, no soluble protein was 

produced in sufficient quantity. 

Wild-type E. coli was not able to produce mannitol and did not contain any M1Pase gene. To assess if 

EsM1Pase1 corresponded to a genuine M1Pase, E. coli cells were transformed with plasmids containing full-

length native or full-length codon-optimized EsM1Pase1. E. coli containing a plasmid with the gene coding 

for EsM1Pase2 was used as a positive control [24]. Recombinant E. coli cells were tested for their capability 

to produce mannitol in a minimal medium containing glucose. Figure 1 showed that both native and codon-

optimized EsM1Pase1 

were functionally expressed in E. coli, as they triggered the production of mannitol only in the presence of 

IPTG. Similar levels of mannitol were measured in the culture medium for the three proteins tested and ranged 

between 0.276 ± 0.026 and 0.319 ± 0.014 g/L. These results supported the prediction that EsM1Pase1 was an 

effective M1Pase and paved the way for the subsequent biochemical characterization of the recombinant 

codon-optimized EsM1Pase1. 

https://sites.google.com/a/ualberta.ca/onekp/home-page
https://sites.google.com/a/ualberta.ca/onekp/home-page
https://rocaplab.ocean.washington.edu/tools/asafind/
https://rocaplab.ocean.washington.edu/tools/asafind/
https://rocaplab.ocean.washington.edu/tools/asafind/
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3.2. Biochemical Characterization of EsM1Pase1short Recombinant Proteins 

To improve recombinant expression and further the purification of EsM1Pase1, a truncated version of the 

codon-optimized gene, named EsM1Paseshort, was cloned in the plasmid pFO4. The deleted sequence 

corresponded to the first 117 nucleotides of the gene and was coded for a potential plastid signal peptide of 39 

aa. After the cloning and transformation of E. coli, the production of soluble recombinant proteins was 

obtained under double induction by lactose and IPTG in the LB medium. Recombinant His-tagged 

EsM1Pase1short proteins were purified to homogeneity by a two-step protocol based on Ni2+-affinity 

chromatography (Figure 2A) and gel filtration (Figure 2B). The presence of the EsM1Pase1short protein 

(theoretical mass of 41 kDa) in collected fractions was confirmed by SDS-Page and Western-Blot using anti-

histidine tag antibodies (Figure 2C,D, respectively) and by measuring M1P phosphatase activity (data not 

shown). The gel filtration profile showed two peaks. The first corresponded to inactive EsM1Pase1short 

aggregates, and the second to the active form of the enzyme of interest. The estimation of the molecular mass 

of proteins (around 40 kDa) contained in the second peak indicated that EsM1Pase1short was functional as a 

monomeric form in solution. In algae, only two other quaternary structures of M1Pase have been determined 

so far, i.e., for the enzyme of the red alga Caloglossa continua [28], active as a monomer, and for the 

EsM1Pase2 from Ectocarpus sp. that is active as a tetramer [24]. The two HAD-type M1Pases from S. 

japonica (SjaM1Pases) have also been purified to homogeneity [27], but no information related to the 

quaternary structure was given. 

 
Figure 1. Mannitol production after cultures of recombinant E. coli expressing EsM1Pase genes. Mannitol 

concentration in the media of E. coli cultures transformed with EsM1Pase1 or EsM1Pase2 genes under the 

control of T7 promoter was determined in the presence and absence of IPTG. No mannitol was detected in the 

absence of induction by IPTG. Data presented are means ± S.D. from culture of three independent clones for 

each gene tested. opti—full-length codon-optimized sequence for expression in E. coli. 
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Figure 2. Purification of the recombinant His-tagged EsM1Pase1short. Proteins were purified first by Ni2+ 

affinity chromatography (A), and then were resolved by gel filtration onto a Superdex 200 HiLoadTM column 

(B). Red circles correspond to fractions from affinity purification (eight to 12), and from gel filtration (51 to 

91), deposited for SDS-PAGE (C), and Western-Blot (D) analysis. 

Preliminary activity tests using purified EsM1Pase1short (fractions 83 to 91 of Figure 2B) were performed in 

the presence of 1 mM mannitol-1P, 100 mM Tris-HCl pH 7.5, and 5 mM MgCl2 (final concentration) as 

described previously for EsM1Pase2 [35], but no M1Pase activity was detected. Interestingly, during our 

previous study on recombinant EsM1Pase2, we observed very low stability in this protein, illustrated by a loss 

of activity less than 20 h after purification. In addition, recent results have shown the redox sensitivity of a 

mammalian HAD-type phosphoglycolate phosphatase: its activity was inhibited by oxidation but could be re-

activated by reduction [39]. In this context, the enzymatic activity of EsM1Pase1short 

was assayed in the presence of the reductant dithiothreitol (DTT) at 3 mM final concentration. Under these 

reducing conditions, the enzyme was found to be active. In Groisillier et al. [24], the kinetic analyses of 

EsM1Pase2 were performed just after purification because the enzyme was not stable in the conditions tested. 

Based on the positive effect of DTT on recombinant EsM1Pase1short, EsM2Pase activity was also tested in 

the presence of 3 mM DTT. The presence of the reductant in the assay mixture was permitted to maintain the 

enzymatic activity of the EsM1Pase2 tetramer for at least five days after purification (data not shown). 

Interestingly, none of the purified native and recombinant M1Pases biochemically characterized so far have 

been shown to be redox sensitive [27–31]. 

Based on these results, all the following analyses for EsM1Pase1short were achieved in the presence of 3 mM 

DTT. The specificity of EsM1Pase1short was determined by assaying activity in the presence of different 

potential substrates at 1 mM final concentration. As no activity was detected with other substrates, this enzyme 

was found to be specific to mannitol-1P (Table 1), as was also observed for EsM1Pase2 [24]. Such narrow 

substrate specificity has been previously observed for M1Pases characterized in the brown algae Dictyota 

dichotoma and Spatoglossum pacificum [29] and in the red alga Caloglossa continua [28]. In contrast, in the 



Michel, G. (2023) 

 

24 
International Journal of Interdisciplinary Research in Medical and health sciences | 

https://sadipub.com/Journals/index.php/ijirmhs 

 

brown alga S. japonica, significant phosphatase activity for both SjaM1Pases was detected in the presence of 

other substrates, such as glucose-1P, glucose-6P, and fructose-6P. Furthermore, the highest activity of 

SjaM1Pase2 was measured with glucose-1P (Table 1) [27], as was also observed for the M1Pase of the red 

alga Dixoniellagrisea [40]. However, this latter result should be taken with caution because activities were 

measured on algal crude extracts and not with (partially) purified proteins. 

Table 1. Comparison of substrate specificity of biochemically characterized brown algal M1Pases. 

Results are expressed in percentage of activity using the activity measured in the presence of mannitol1P as 

100%, except for SjaM1Pase2. 

 Mannitol-1-P Glucose-1-P Glucose-6-P Fructose-6-P Fructose-1-P Mannose-6-

P 

S. japonica 

(SjaM1Pase1) 1 
100 27.5 21.3 8.7 n.d. n.d. 

S. japonica 

(SjaM1Pase2) 1 
89.8 100 69.6 34.8 n.d. n.d. 

Ectocarpus sp. 

(EsM1Pase1short) 2 
100 0 0 0 0 0 

Ectocarpus sp. 

(EsM1Pase2) 3 
100 0 0 0 0 0 

 n.d.—not determined; 1, Chi et al., 2018b [27]; 2, this study; 3, Groisillier et al., 2014 [24]. 

The purified EsM1Pase1short protein exhibited a typical Michaelis–Menten kinetic when 

assayed with an M1P concentration ranging from 0.0625 mM to 1.25 mM. Apparent Km 

and Vm were determined from the Lineweaver–Burk plots (Figure S1). For a better 

comparison between EsM1Pase1short and EsM1Pase2, the Km and Vm of the latter 

enzyme were determined in the presence of 3 mM DTT (Table 2, Figure S2). Following 

the addition of the redox agent, the Vm value of EsM1Pase2 was multiplied by 2.7, the 

Km doubled, and the Kcat of the protein increased from 0.02 to 0.05 s−1. However, 

EsM1Pase1short is much more active than EsM1Pase2. Indeed, the specific activity and 

Kcat of EsM1Pase1short are 15 and 16 times higher than those of EsM1Pase2, 

respectively. As indicated in Table 2, similar biochemical properties were observed when 

comparing the kinetic constants of SjaM1Pase1 and SjaM1Pase2 on mannitol-1P. In S. 

japonica, it was suggested, based on gene expression analysis, that SjaM1Pase1 was the 

main M1Pase responsible for the production of mannitol, 

whereas SjaM1Pase2 might support mannitol synthesis under changes in environmental 

conditions [27]. Interestingly, in Ectocarpus sp., the gene coding for EsM1Pase2 was not 

found to be differentially expressed under short-term abiotic stress conditions, while 

EsM1Pase1 was downregulated under oxidative and hyposaline conditions [41]. 

Table 2. Comparison of kinetic properties of biochemically characterized brown algal 

M1Pases. Km corresponded to the Michaelis constant and Kcat to the catalytic constant 

of the enzymes studied in both brown algae. 

 
1 , Chi et al., 2018b [27]; 2, this study; 3, Groisillier et al., 2014 [24]. 
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 Specific Activity 

(µmol mg Protein−1 min−1) 

Km 

(mM) 

Kcat 

(s−1) pH 

Optimum 

Temperature 

(◦C) 

S. japonica 

(SjaM1Pase1) 1 
144.93 0.83 128.02 8.5 50 

S. japonica 

(SjaM1Pase2) 1 
6.60 0.02 8.14 8.5 30 

Ectocarpus sp. 

(EsM1Pase1short) 2 
1.19 0.43 0.8 7.0 30 

Ectocarpus sp. 

(EsM1Pase2) 
0.08 2 (0.03) 3 1.3 2 (0.67) 3 0.05 2 (0.02) 3 7.0 3 30 3 

The optimum pH for EsM1Pase1short activity was 7.0, with 61% and 83% of the maximum activity remaining 

at pH 6.5 and pH 8.0 in the 0.1 M Tris-HCl buffer, respectively (Figure 3A). This is in agreement with pH 

values found in different brown and red algae, except for 

S. japonica, whose optimum pH was 8.5 for both SjaM1Pases. The highest enzyme activity was observed at 

30 ◦C in Tris-HCl, pH 7.0. The enzyme was still active between 4 and 12 ◦C (about 30% of activity), while the 

activity dropped to less than 8% at 50 ◦C (Figure 3B). For comparison, the optimum temperature was also 30 
◦C for EsM1Pase2 [24] and for SjaM1Pase2 but was found to be 50 ◦C for SjaM1Pase1 [27]. The activity of 

recombinant EsM1Pase1short significantly decreased with the increasing NaCl concentration (Figure 3C). 

About 30% of the initial activity was measured in the presence of 1 M NaCl, while this was only 15% for 

EsM1Pase2 [24] and 60% for both S japonica enzymes [27]. This suggests that SjaM1Pases may be more 

tolerant to high NaCl concentrations than their counterparts in Ectocarpus sp. 

 
Figure 3. Influence of pH (A), temperature (B) and NaCl concentration (C) on the mannitol-1phosphate 

hydrolysis activity of recombinant EsM1Pase1short. 

3.3. Evolution and Potential Localization of M1Pases in Brown Algae 

The phylogenetic analysis of 38 sequences of biochemically characterized and candidate M1Pases identified 

in six orders of brown algae (Supplementary File S1) revealed that these proteins were grouped into two well-
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supported clusters (Figure 4). One contained EsM1Pase1 and SjaM1Pase1, while the other included 

EsM1Pase2 and SjaM1Pase2. This suggested that the last common ancestor before the evolution of the 

different brown algal lineages contained the two distinct M1Pases. To complete this analysis, two prediction 

tools, ASAFind and HECTAR, were used to assess the potential subcellular localization of brown algal 

M1Pases. All the sequences were found to contain a signal peptide by ASAFind and were predicted to be 

chloroplastic or to contain a signal peptide by HECTAR (Figure 4). It is worth mentioning that all the potential 

plastidial proteins were in the cluster corresponding to the M1Pase1 (Figure 4), whereas the other group 

corresponded to putative cytosolic M1Pases. These predictions suggested that mannitol production might 

occur both in the chloroplast and in the cytoplasm. In line with this observation, during the analysis of genes 

involved in the central metabolism of the unicellular stramenopile Nannochloropsis oceanica, it was predicted 

that both the M1PDH and M1Pase could be chloroplastic [42]. However, none of the three M1PDHs identified 

in the Ectocarpus sp. genome were predicted to have such a subcellular localization, but most of the brown 

algal M1PDH1 orthologs were predicted by ASAFind to contain a signal peptide or to be localized in the 

chloroplast [37]. It would, thus, be interesting to establish experimentally the localization of the mannitol 

biosynthetic genes in brown algae, especially in the Ectocarpus model, to better understand the spatio-

temporal organization of this important metabolic pathway. 
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Figure 4. Phylogenetic analysis of brown algal M1Pases and their predicted localization. The evolutionary 

history was inferred using the maximum likelihood (ML) method based on the JTT matrix-based model. The 

bootstrap values in the ML analysis are indicated next to the branches (100 replicates). The analysis involved 

38 amino acid sequences. All positions with less than 95% site coverage were eliminated. There were 312 

positions in the final dataset. The origin of the sequences is indicated by a 4- letter abbreviation at the end of 

the name of the sequences, except for Ectocarpus sp (EsM1Pase1 and EsM1Pase2), Saccharina japonica 

(SjaM1Pase1 and SjaM1Pase2), and Cladosiphon okamarinus (Cok_S_s007_3451.t1 and 

Cok_S_s015_4686.t1) sequences. * Indicates recombinant proteins which have been biochemical 

characterized after expression in E. coli. C, M, and SP indicates potential chloroplast localization, 

mitochondrion localization, and the presence of a signal peptide predicted by HECTAR [33], respectively. # 

Indicates presence of a signal peptide predicted by ASAFind [37]. 

4. Conclusions 

The characterization of the second putative M1Pase in the brown alga Ectocarpus sp. indicates that both 

EsM1Pases feature narrow substrate specificity, which is active only towards mannitol-1P, and thus, are 

probably specifically involved in mannitol biosynthesis. This is in contrast with observations made in the 

closely related brown alga S. japonica. Phylogenetic analysis and the prediction of the subcellular localization 

of two types of M1Pases suggested that they could have diverse and complementary roles in the mannitol 

metabolism of brown algae. Results presented here also point out that both EsM1Pases have a different level 

of redox sensitivity, with the reducing agent being strictly required for EsM1Pase1 to be active while 

significantly increasing EsM1Pase2 activity. To our knowledge, recombinant EsM1Pases enzymes are the 

second example of redox-sensitive HAD-type phosphatases. This suggests that such regulation mechanisms 

have been conserved in HAD hydrolases acting on distinct substrates and across different evolutionary 

lineages, paving the way for the further exploration of physiological roles and the regulation mechanisms of 

members of this superfamily of proteins. In addition, considering the importance of mannitol metabolism in 

the biology of brown algae, M1PDH, and M1Pase genes represent interesting targets for reverse genetic 

experiments using the CRISPR-Cas9-based system recently developed for Ectocarpus [43]. 

Supplementary Materials: The following supporting information can be downloaded at: https: 

//www.mdpi.com/article/10.3390/phycology3010001/s1, Figure S1: Kinetic analysis activity of 

EsM1Pase1short against mannitol-1P; Figure S2: Kinetic analysis activity of EsM1Pase2 against mannitol-1P 

in the presence of 3 mM DTT; File S1: List of brown algal M1Pase sequences used for the phylogenetic 

analysis, and for the prediction of subcellular localization and presence of peptide signal (Figure 4). 
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