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Figure S1. Genetic organization of the insert harboring est56 and BLAST search results for the predicted open reading frames (ORFs). Only ORFs encoding putative proteins 

with an amino acid sequence length ≥100 are mentioned. The ORF prediction was conducted with ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). The closest hit for 

each ORF was determined from the deduced protein sequences using BLASTP. * Partial ORFs. 
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ORF Location/Strand 
(+)

Putative product

ORF1 5725-6165 Hypothetical protein [Chloroflexi bacterium]

ORF2 140-1480 Homoserine dehydrogenase [Tepidiforma bonchosmolovskayae]

ORF3 2483-3559 Threonine synthase [Dehalococcoidia bacterium]

ORF4 5027-5476 No BLAST hit found

ORF5 1482-2486 Hypothetical protein [Chloroflexi bacterium]

ORF6 3036-3422 Pyridoxal-phosphate dependent enzyme [Streptomyces sp. SID7803]

ORF7 3675-4178 Hypothetical protein [Actinobacteria bacterium]

Insert sequence harboring est56 (6166 bp)

ORF Location/Strand 
(-)

Putative product

ORF8 5137-4505 No BLAST hit found

ORF9 4138-3803 No BLAST hit found

ORF10 1654-2 Hypothetical protein [Candidatus Accumulibacter sp. BA-91]

ORF11 5706-5266 No BLAST hit found

est56 5070-4207 Lipase/esterase [uncultured bacterium]

ORF13 3681-3328 No BLAST hit found

ORF14 1152-799 No BLAST hit found

ORF15 615-130 Unknown [Phascolarctobacterium sp. CAG:266]

ORF16 5339-4971 No BLAST hit found

ORF17 4874-4527 No BLAST hit found



 
 
Figure S2. Multiple sequence alignment of Est56 and its homologs. Partially conserved residues are in 

frames. Identical residues are shaded. Triangles underneath residues indicate the catalytic triad and 

circles represent residues involved in the oxyanion hole. The secondary structures of Est56 and its 

structural analog Est40 (Li et al. 2015) are presented as: squiggles for α helices, arrows for ! strands, by 

TT letters for turns, and " letters for 310-helices. The square bar represents regions of the cap domain. 

The reference esterases EstC23 (Jin et al. 2012), ELP45 (Lee et al. 2004), EstMY (Li et al. 2010) and 

EstE5 (Nam et al. 2009) were derived from GenBank.  

 

 

 



 

Figure S3. SDS-PAGE analysis of purification of recombinant Est56 (including His6-tag). Lane M, 

standard molecular weight marker; Lane 1, cell lysate (21.5 µg); Lane 2, purified Est56 (1.0 µg). 



 

 

Figure S4. Substrate specificity of Est56 towards p-NP esters of different chain length. The maximal 

activity (189.5 U/mg) measured with p-NP butyrate (C4) was taken as 100%.



 

Figure S5. Unrooted phylogenetic tree of family IV esterases using neighbor-joining method. Est56 (closed diamond) and characterized halotolerant (closed circles) are depicted. 
With the exception of Est56, other sequences were retrieved from GenBank, with accession numbers in parentheses. Only bootstrap values greater than 50% are shown. Scale 
represents the number of amino acid substitutions per site.  
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Table S1. Features of characterized halotolerant lipolytic enzymes (HT_LIP) 

Lipolytic 

enzyme 
Organism pI pHopt 

Topt 

(°C) 

Salinity 

Reference 
Effect on enzyme activity Effect on enzyme stability 

Salt 

range  
Maximum activity (%)a Minimum activity (%)a Incubation condition Residual activity (%)b 

7N9 Uncultured bacterium 4.59 8 0-30 0-24 % 100 % at 0 % ~ 55 % at 24 % NDd NDd [6] 
Lpc53E1 Uncultured bacterium 4.61 7 40 0-4 M  234 % at 5 M 100 % at 0 M 4 °C, 24 h ~ 100 %, over 0-5 M [7] 
EM3L4 Uncultured bacterium 4.61 7.5 35 0-4 M  NDd NDd 35 °C, 30 min > 100 %, over 0-4 M [8] 
PE10 Pelagibacterium halotolerans 4.65 7.5 45 0-4 M  ~ 160 % at 3 M 100 % at 0 M NDd NDd [9] 
EstSP Uncultured bacterium 4.65 8 40 0-5 M  155 % at 1 M ~ 10 % at 5 M 25 °C, 24 h > 70 %, over 0-5 M [10] 
ABO_1251 Alcanivorax borkumensis 4.74 NDd 35 0-3.5 M  100 % at 0 M ~ 40 % at 3.5 M NaCl/KCl NDd NDd [11] 
E69 Erythrobacter seohaensis 4.76 10.5 60 0-3 M  ~ 150 % at 0.5 M ~ 40 % at 3 M NDd NDd [12] 
MGS-K1 Uncultured bacterium 4.89 7 30 0-4 M  0.8 M NaClc NDd NDd NDd [13] 
estHIJ Bacillus halodurans 4.90 7 28 0-4 M 100% at 0 M ~ 70 % at 4 M 25 °C, 6 h ~ 100 % at 4 M [14] 
EaEST Exiguobacterium antarcticum 4.91 8 40 0-5 M  NDd NDd 25 °C, 1 h ~ 100 %, over 0-5 M [15] 
Esth Shewanella 4.93 8 30 0-5 M  100 % at 0 M ~ 50 % at 5 M 4 °C, 24 h ~ 100 %, over 0-5 M [16] 
ABO_1197 Alcanivorax borkumensis 4.93 NDd 30 0-3.5 M  100 % at 0 M ~ 30 % at 3.5 M NaCl/KCl NDd NDd [11] 
ThaEst2349 Thalassospira sp. 4.94 8.5 45 0-4 M  283 % at 3 M 40 % at 4 M 4 °C, 24 h >280 %, over 1-3 M [17] 

Est56 Uncultured bacterium 4.97 8 50 0-4 M 
~ 140 % at 1.5 M NaCl 

or 1 M KCl 
~ 40 % at 4M NaCl/KCl 10 °C, 24 h 

~ 100 %, over 0-4 M 

NaCl/KCl  
This study 

Lip3 Uncultured bacterium 4.98 8 35 0-4 M  675 % at 3 M NaCl 100 % at 0 M 4 °C, 24 h > 100 %, over 0-3 M [18] 
EstS Serratia sp. 5.05 8.5 10 0-4 M  100 % at 0 M 94 % at 4 M 4 °C, 24 h > 80 %, over 0-4 M [19] 
MGS-RG1 Uncultured bacterium 5.07 8 45 0-4 M  ~ 250 % at 3.2 M 100 % at 0 M NDd NDd [20] 
E25 Uncultured bacterium 5.16 8.5 50 0-4 M  ~ 130 % at 1 M ~ 50 % at 4 M NDd NDd [21] 
M3S202WI

203F 
Uncultured bacterium 5.17 NDd 55 0-4 M  ~ 110 % at 0.5 M ~ 60 % at 4 M 20 °C, 1 h > 70 %, over 0-4 M [22] 

YbfF Halomonas elongata 5.25 8 NDd 0-4 M 100 % at 2 M ~15 % at 0 M NDd NDd [23] 
EstSL3 Alkalibacterium sp. 5.28 9 30 0-4 M  ~ 105 % at 2 M 98 % at 4 M 37 °C, 2 h ~ 100 %, over 0-4 M [24] 



MGS-RG2 Uncultured bacterium 5.31 8 50 0-4 M  ~ 250 % at 3.6 M 100 % at 0 M NDd NDd [20] 
BlEst1 Bacillus licheniformis 5.33 7 40 0-5 M 100 % at 1 M ~ 70 % at 5 M NDd NDd [25] 
Est10 Psychrobacter pacificensis 5.35 7.5 25 0-5 M  143.2 % at 2 M ~ 80 % at 5 M 4 °C, 6.5 h > 100 %, over 0-5 M [26] 
MGS0010 Uncultured bacterium 5.4 NDd 30 0-3.5 M  ~ 250 % at 3.5 M 100 % at 0 M NDd NDd [11] 
BlEstA Bacillus licheniformis 5.54 9 30 0-3 M 165 % at 2 M 100 % at 0 M NDd NDd [27] 
EstWSD Uncultured bacterium 5.61 7 50 0-5 M  ~ 140 % at 1 M ~ 50 % at 5 M NDd NDd [28] 
EstSHJ2 Chromohalobacter canadensis 5.71 8 50 0-5 M 100 % at 2.5 M ~10 % at 0 M NDd NDd [29] 
PMGL2 Uncultured bacterium 5.72 8.5 45 0-1.75 M 165 % at 0.25 M 84 % at 1.75 M NDd NDd [30] 
MGS-M1 Uncultured bacterium 5.77 8 25 0-4 M  3.6 M NaClc NDd NDd NDd [13] 
EstKT4 Uncultured bacterium 5.81 8.5 40 0-4 M  NDd NDd 35 °C, 30 min > 50%, over 0-3.5 M [31] 
EstKT7 Uncultured bacterium 5.84 8 35 0-4 M  NDd NDd 35 °C, 30 min > 50%, over 0-3 M [31] 
LipC12 Uncultured bacterium 5.98 9 30 0-4 M  1501 % at 1.5 M 100 % at 0 M 4 °C, 24 h ~ 100 %, over 0-3.7 M [32] 
EstKT9 Uncultured bacterium 6.1 8.5 45 0-4 M  NDd NDd 35 °C, 30 min > 50%, over 0-3.5 M [31] 
lp_3505 Lactobacillus plantarum 6.12 6 5 0-25 % ~ 250 % at 5 % ~ 70 % at 25 % NDd NDd [33] 
Est9x Uncultured bacterium 6.17 8 65 0-4 M  ~ 190 % at 4 M 100 % at 0 M NDd NDd [34] 
Est12 Psychrobacter celer 6.5 7.5 35 0-4.5 M  NDd NDd 25 °C, 12 h ~ 100 %, over 0-4.5 M [35] 
EstATII Uncultured bacterium 7.11 8.5 65 0-4 M  NDd ~ 50 % at 4 M NDd NDd [36] 
Est-OKK Uncultured bacterium 7.82 9 50 0-3 M  ~ 130 % at 1.5 M ~ 100 % at 3 M RT, 4 h ~ 100 %, over 0-3 M [37] 
LipJ2 Janibacter sp. 8.25 9 80 1, 10 mM  ~ 250 % at 0.1 mM NaCl 100 % at 0 M  NDd NDd [38] 
MGS-MT1 Uncultured bacterium 8.4 8.5 50 0-4 M   NDd NDd NDd [13] 
EstLiu Zunongwangia profunda 8.42 8 30 0-4.5 M  100 % at 0 M 57 % at 4.5 M 4 °C, 12 h > 80 %, over 0-4.5 M [39] 
H9Est Uncultured bacterium 8.72 8 40 0-2.5 M  ~ 150 % at 1 M  ~ 50 % at 2.5 M  NDd NDd [40] 
H8 Uncultured bacterium 9.09 10 35 0-5 M  ~ 105 % at 4 M ~ 10 % at 5 M  0 °C, 1 h > 80 %, over 0-4.7 M [41] 
Est700 Bacillus licheniformis 9.44 8 30 0-5 M  588 % at 3.5 M 100 % at 0 M  4 °C, 1 h ~ 100 %, over 0-5 M [42] 
BmEST Bacillus mojavensis NDd 8 80 0-25 % ~ 300 % at 20 % 100 % at 0 % 80 °C, 1 h > 60 %, over 0-25 % [43] 

a The activity measured without salt (NaCl, if not mentioned) was taken as 100 % 
b The activity measured after incubating in salt-free (NaCl, unless stated otherwise) buffer was defined as 100% 
c The activity at Saltopt was set as 100 %  
d No data 



Table S2. Lipolytic enzymes (HP_Lip) derived from halophilic archaea adapting the “salt in” strategy  

Lipolytic 

enzyme 
Length (aa) pI Microorganism 

GeneBank/PDB 

Accession Nr. 
Family Halophile Growth condition (NaCl, %) 

HP_Lip_1 285 4.45 Halococcus thailandensis EMA51434.1 Halobacteriaceae Extreme 20% - 30% 
HP_Lip_2 292 4.55 Halococcus morrhuae EMA45705.1 Halobacteriaceae Extreme >12%, 23.3% 
HP_Lip_3 320 4.16 Halococcus saccharolyticus EMA45019.1 Halobacteriaceae Extreme 15% - satr, optimum 25% 
HP_Lip_4 285 4.5 Halococcus hamelinensis EMA39292.1 Halobacteriaceae Moderate 12.5% - 30%, optimum 15% 
HP_Lip_5 263 4.4 Halosimplex carlsbadense ELZ28160.1 Halobacteriaceae Extreme 20% - 30% (optimum 25%) 
HP_Lip_6 261 4.54 Halosimplex carlsbadense ELZ24957.1 Halobacteriaceae Extreme 20% - 30% (optimum 25%) 
HP_Lip_7 330 4.17 Haladaptatus sp. KZN24148.1 Halobacteriaceae Extreme NDb 

HP_Lip_8 333 4.32 Halorhabdus utahensis ACV11819.1 Halobacteriaceae Extreme 9% - 30%, optimum 27% 
HP_Lip_9 340 4.34 Halorhabdus utahensis ACV10409.1 Halobacteriaceae Extreme 9% - 30%, optimum 27% 
HP_Lip_10 258 4.57 Haloarcula marismortui AAV45777.1 Halobacteriaceae Extreme optimum 20% - 23% 
HP_Lip_11 318 4.22 Haloarcula hispanica AHB65276.1 Halobacteriaceae Moderate >12% 
HP_Lip_12 377 4.32 Haloarcula japonica WP_004591147.1 Halobacteriaceae Extreme 15% - 30%, optimum 20% 
HP_Lip_13 318 4.18 Haloarcula japonica EMA29911.1 Halobacteriaceae Extreme 15% - 30%, optimum 20% 
HP_Lip_14 318 4.19 Haloarcula vallismortis EMA07756.1 Halobacteriaceae Extreme >15%, optimum 25% 
HP_Lip_15 376 4.3 Haloarcula vallismortis WP_004515030.1 Halobacteriaceae Extreme >15%, optimum 25% 
HP_Lip_16 314 4.23 Haloprofundus marisrubri KTG11548.1 Haloferacaceae Extreme min 7% 
HP_Lip_17 260 4.35 Haloprofundus marisrubri KTG08679.1 Haloferacaceae Extreme min 7% 
HP_Lip_18 217 4.44 Halogeometricum pallidum ELZ32922.1 Haloferacaceae Moderate optimum 18.1% 
HP_Lip_19 275 4.48 Halogeometricum pallidum ELZ27142.1 Haloferacaceae Moderate optimum 18.1% 
HP_Lip_20 215 4.53 Halogeometricum borinquense ELY30686.1 Haloferacaceae Extreme min 8%, optimum 20% - 

25% HP_Lip_21 344 4.27 Natronolimnobius baerhuensis OVE85190.1 Natrialbaceae Extreme optimum 20% 
HP_Lip_22 455 4.54 Haloterrigena mahii OAQ52820.1 Natrialbaceae Extreme optimum 20.4% - 29.2% 



Table S3. Characterized halophilic enzymes (HP_Enz) from other studies  

Protein 
Length 

(aa) 
pI Organism Domain Family Halophile Growth condition (NaCl, %) Reference 

Malate dehydrogenase 303 4.2 Haloarcula marismortui Archaea Halobacteriaceae Extreme 10% - 30%, optimum 20% - 23% [44] 

Malate dehydrogenase 304 4.2 Haloarcula marismortui Archaea Halobacteriaceae Extreme 10% - 30%, optimum 20% - 23% [45] 

Catalase-peroxidase 731 4.32 Haloarcula marismortui Archaea Halobacteriaceae Extreme 10% - 30%, optimum 20% - 23% [46] 

Esterase 327 4.24 Haloarcula marismortui Archaea Halobacteriaceae Extreme 10% - 30%, optimum 20% - 23% [47] 

Nucleoside diphosphate 

kinase 
161 4.37 Halobacterium salinarum Archaea Halobacteriaceae Moderate >12%, NaCl saturation [48] 

Nucleoside diphosphate 

kinase 
164 4.42 Halobacterium salinarum Archaea Halobacteriaceae Moderate >12%, NaCl saturation [48] 

RNase H1 199 4.36 Halobacterium salinarum  Archaea Halobacteriaceae Moderate >12%, NaCl saturation [49] 

Phosphatase 431 4.35 Halobacterium salinarum Archaea Halobacteriaceae Moderate >12%, NaCl saturation [50] 

Dehydrogenase 435 4.39 Halobacterium salinarum Archaea Halobacteriaceae Moderate >12%, NaCl saturation [51] 

DNA protecting protein 182 4.3 Halobacterium salinarum Archaea Halobacteriaceae Moderate >12%, NaCl saturation [52] 

Beta-galactosidase 663 4.54 Haloferax lucentense Archaea Haloferacaceae Extreme 10.5% - 29.8% (optimum 25.1%) [53] 

DNA ligase 699 4.34 Haloferax volcanii Archaea Haloferacaceae Extreme 6% - 29%, optimum 10% - 15% [54] 

Dihydrofolate reductase 162 4.45 Haloferax volcanii Archaea Haloferacaceae Extreme 6% - 29%, optimum 10% - 15% [55] 

Glucose dehydrogenase 357 4.55 Haloferax mediterranei Archaea Haloferacaceae Moderate >12% [56] 

Alpha-amylase 504 4.11 Natronococcus sp. Archaea Natrialbaceae Moderate >12% [57] 

Esterase 316 4.38 unclutured bacterium Bacterium NDb NDb NDb [13] 
a no data 



Table S4. Purification of recombinant Est56. 

Purification step Total activity 

(U) 

Total protein 

(mg) 

Specific activity 

(U/mg) 

Purification 

(fold) 

Yield 

(%) 

Crude extract 239.8 193.7 1.24 1.0 100 

Ni-TED 108.8 1.2 90.44 73.0 45.4 

 

 



Table S5. Effect of metal ions and EDTA on Est56 activity 

Metal ions Concentration (mM) Relative activity (%) a 

Al3+  1 127.5±3.0 

Al3+  10 142.8±6.3 

Ca2+  1 126.5±10.3 

Ca2+  10 136.9±9.3 

Mg2+  1 106.1±0.9 

Mg2+  10 105.5±5.6 

Mn2+  1 113.2±2.5 

Mn2+  10 82.4±3.5 

Zn2+  1 75.4±8.2 

Zn2+  10 83.6±7.3 

Fe2+  1 82.4±6.6 

Fe2+  10 13.2±1.9 

Fe3+  1 60.9±5.0 

Fe3+  10 19.5±6.3 

Ni2+  1 13.3±4.1 

Ni2+  10 22.0±4.4 

Cu2+  1 16.7±8.7 

Cu2+  10 23.2±2.2 

EDTA 1 119.4±2.5 

EDTA 10 93.8±10.5 
a The effects of metal ions on Est56 activity were measured under standard assay conditions. Specific activity 
(93.1 U/mg) assayed without additive was taken as 100%.  
b Not detectable. 
 

 



Table S6. Effect of detergents on Est56 activity 

Detergent Concentration (v/v, %) Relative activity (%) a 

Triton X-100 0.1 156.8±3.4 

Triton X-100 1 44.6±2.8 

Triton X-100 5 18.3±3.6 

Tween 20 0.1 154.3±2.3 

Tween 20 1 53.6±3.0 

Tween 20 5 NDb 

Tween 80 0.1 112.7±1.7 

Tween 80 1 36.6±1.8 

Tween 80 5 11.4±1.6 
a The effects of detergents on Est56 activity were measured under standard assay conditions. Specific activity 
(93.1 U/mg) assayed without additive was taken as 100%.  
b Not detectable. 
 

 



Table S7. Effect of inhibitors on Est56 activity 

Inhibitor Concentration (mM) Relative activity (%) a 

DTT 1 102.2±9.3 

DTT  10 46.0±1.4 

PMSF 1 69.9±0.7 

PMSF 10 10.1±1.2 

DEPC 1 1.9±1.1 

DEPC 10 NDb 
a The effects of inhibitors on Est56 activity were measured under standard assay conditions. Specific activity (93.1 
U/mg) assayed without additive was taken as 100%.  
b Not detectable. 
 



Table S8. Amino acid composition comparison between halotolerant and halophilic enzymes 

Amino acid HT (%)a HP_Lip (%)a HP_Enz (%)a 

SIMPER analysisb 

HT vs HP_Lip 

Contribution (%)c 

HT vs HP_Enz 

Contribution (%)d 

HP_Lip vs HP_Enz 

Contribution (%)e 

Asp (D) 5.92±1.39 9.87±1.39 10.47±1.99 10.44 (1) 11.58 (1) 6.32 (5) 

Ala (A) 10.68±3.19 12.55±2.07 11.36±2.79 8.76 (2) 8.40 (3) 8.73 (1) 

Lys (K) 3.74±2.30 1.01±0.48 2.16±1.26 7.34 (3) 5.77 (5) 4.24 (14) 

Glu (E) 5.27±1.47 7.86±1.59 8.87±1.98 7.13 (4) 9.26 (2) 6.97 (3) 

Ile (I) 5.14±1.97 2.80±1.16 3.86±1.16 6.75 (5) 4.92 (8) 5.20 (9) 

Gly (G) 8.42±1.80 9.22±1.89 8.68±1.80 5.59 (6) 5.04 (7) 6.86 (4) 

Leu (L) 9.82±1.92 8.30±1.25 7.57±1.19 5.57 (7) 6.59 (4) 4.87 (10) 

Asn (N) 3.51±1.56 1.66±0.94 2.49±1.07 5.41 (8) 4.12 (13) 4.34 (12) 

Thr (T) 4.93±1.61 5.41±1.61 5.56±1.50 4.71 (9) 4.3 (12) 5.39 (6) 

Arg (R) 4.73±1.72 5.60±1.09 5.70±1.31 4.68 (10) 4.67 (11) 4.27 (13) 

Pro (P) 5.98±1.50 6.11±1.70 4.83±1.93 4.59 (11) 5.31 (6) 7.393 (2) 

Ser (S) 5.93±1.68 5.21±1.33 4.88±1.62 4.39 (12) 4.77 (10) 5.371 (7) 

Val (V) 7.52±1.64 7.90±1.13 8.07±1.71 4.2 (13) 4.83 (9) 5.27 (8) 

Gln (Q) 3.57±1.29 2.55±0.94 2.79±0.85 3.72 (14) 3.28 (17) 3.34 (17) 

Met (M) 2.88±0.83 1.54±0.73 1.86±1.00 3.72 (15) 3.36 (16) 3.26 (18) 

His (H) 2.70±1.10 3.58±0.79 2.94±1.45 3.37 (16) 3.51 (14) 4.80 (11) 

Phe (F) 3.61±1.21 3.65±0.81 3.13±1.20 3.03 (17) 3.45 (15) 3.94 (15) 

Tyr (Y) 3.34±0.98 3.24±1.05 2.91±0.87 2.9 (18) 2.73 (18) 3.47 (16) 

Trp (W) 1.54±0.76 1.40±0.63 1.46±0.99 2.02 (19) 2.46 (19) 2.99 (19) 

Cys (C) 0.76±0.65 0.72±0.51 0.41±0.47 1.68 (20) 1.65 (20) 1.99 (20) 

a Data shown are averages with the standard deviation per group. 
b SIMPER analysis the contribution of each amino acid to the dissimilarity between groups, with permutations 9999. Data shown 
are contributions (%) with the rank in the brackets. 
c SIMPER-revealed average dissimilarity was 19.38. 
d SIMPER-revealed average dissimilarity was 20.03. 
e SIMPER-revealed average dissimilarity was 15.31. 
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