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Supporting Information Appendix S1 

Crystal structures indicate distinctly altered and charged binding pockets 

To gain molecular insights into their activity, substrate specificity (see below) and classification, 

we first attempted to crystallise each of the deep-sea /-hydrolases. MGS-M1, MGS-M2 and 

MGS-MT1 were successfully crystallised, and their structures were solved by molecular 

replacement using their closest PDB homologues (Supporting Information Figs. S3–S4). Analysis 

of these crystal structures revealed key active site characteristics that were distinct relative to 

other structurally characterised α/β hydrolases (i.e., sequence substitutions).   

 The only two significant structural homologues of MGS-M1 were the putative 

carboxylesterase Cest-2923 (PDB code 4BZW, Z-score 14.7, Benavente et al., 2013; Supporting 

Information Fig. S3) and the BES protein from Bacillus anthracis (PDB 2QM0, Z-score 8.7). Both 

of these enzymes and MGS-M1 were categorised by the 3DM database (Kourist et al., 2010) as 

“unclassified” /-hydrolases. The overall electrostatic charge on the surface of MGS-M1 

resembled those of Cest-2923 and BES (Fig. 5), with no obvious patches of concentrated charge. 

MGS-M1 also shared with these enzymes the absence of a significant cap subdomain modulating 

the size and accessibility of the substrate-binding cavity. However, MGS-M1 contained a deletion 

of 14 amino acids relative to Cest-2923 in this region (residues 141–150 in MGS-M1 and 158–181 

in Cest-2923), which resulted in alterations in the shape and accessibility of the active site. The 

active site cleft of MGS-M1 was significantly larger than that of Cest-2923; in fact, the crystal 

structure of MGS-M1 contained electron density bound in this region of the active site that we 

modelled as a polyethylene molecule (Supporting Information Fig. S4), which could mimic a 

substrate; this region in Cest-2923 was inaccessible. Residue-by-residue analysis of the active sites 

of these two enzymes showed the conformation of residues essential for catalysis, as well as the 

amino acids nearest to these core elements; however, important distinctions were observed in the 

residues lining the substrate-binding canal. In total, 11 of 16 residues in the MGS-M1 substrate-

binding cavity were conserved in Cest-2923 (Supporting Information Fig. S4); the 5 non-

conserved residues were found in the divergent cap region known to play a role in substrate 

specificity (Kourist et al., 2010). These structural properties and the larger active site of MGS-M1 

compared to Cest-2923 were consistent with the difference in preferences acyl chain length of 

pNP esters between these enzymes: Cest-2923 exhibited less than 20% activity against lengths of 

C8 and longer (Benavente et al., 2013), while MGS-M1 retained approximately 60% activity 

against a substrate of length C12 (Supporting Information Fig. S2). Interestingly, other 

characteristics of MGS-M1 and Cest-2923 are similar, including temperature profile (both 

enzymes have optimal activity at approximately 30 ºC), optimal pH (8.0 and 7.0, respectively) and 
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calculated pI (5.8 vs. 6.3, respectively). Overall, this analysis reveals that MGS-M1 contains 

unique active site architecture. 

 The crystal structure of MGS-M2 was consistent with its categorisation into esterase/lipase 

alpha/beta family V, which also includes meta-cleavage product (MCP) hydrolases. The closest 

structural homologues identified by the PDBeFold server of MGS-M2 included the MCP 

hydrolases CumD from Pseudomonas fluorescens IP01 (PDB 1IUN, Fushinobu et al., 2002), HsaD 

from Mycobacterium tuberculosis (PDB 2WUG, Lack et al., 2010) and the enol-lactonase from 

Burkholderia xenovorans LB400 (PDB 2XUA, Bains et al., 2011), with Z-scores of approximately 14 

and RMSD values of 1.8–2.0 over nearly the full length of MGS-M2 (approximately 250 of 276 

residues), indicating significant structural similarity. MGS-M2 shares the core /-hydrolase fold 

of these enzymes, along with a large cap subdomain (residues 125–195) that covers the catalytic 

centre and shapes the substrate-binding cavity (Supporting Information Figs. S3–S4). The 

similarity in structure between MGS-M2 and the MCP hydrolases could be extended to the shape 

of the active site, and the ligand 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (HOPDA) bound 

to HsaD is accommodated in the MGS-M2 active site upon superposition of the respective 

enzyme structures (Supporting Information Fig. S4). However, MGS-M2 has different 

electrostatic characteristics and residue composition: the active sites of the MCP hydrolases are 

noticeably positively charged, while that of MGS-M2 contains a mixture of positive and negative 

features (Fig. 6). As an example of a key residue substitution involved in this charge difference, 

the residue Leu117 in MGS-M2 is replaced in MCP hydrolases by an arginine (HsaD Arg192), 

which interacts with the carboxylate of HOPDA. While the similarity in overall structure 

confidently categorises MGS-M2 into family V with MCP hydrolases, the distinct features of its 

active site imply that MGS-M2 is not an MCP hydrolase, as was further confirmed by assays 

(Alcaide et al., 2013). Finally, the size of the active site of MGS-M2 is consistent with the 

experimentally determined substrate range in this study, as pNP esters as large as dodecanoate 

can be accommodated (Supporting Information Fig. S2). 

 The structure of MGS-MT1 is consistent with its classification in family IV (hormone-

sensitive lipase, HSL) because its closest structural homologues in the PDB database are HSLs 

from thermophilic archaea, including AFEST from Archaeoglobus fulgidus (PDB 1JJI; De Simone et 

al., 2001), EST2 from Alicyclobacillus acidocaldarius (PDB code 1EVQ; De Simone et al., 2000) and 

ESTE1 from a metagenomic library (PDB 2C7B; Byun et al., 2007) (Z-scores of approximately 12 

and RMSD values between 1.6 and 1.75 Å over approximately 275 of the 315 Cα atoms of the 

MGS-MT1 crystal structure). Overall, the structure of MGS-MT1 is well conserved with these 

HSL enzymes, including the involvement of the N-terminus (residues 31–65) and an internal 
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insertion (residues 226–270) forming an all α-helical cap subdomain covering the catalytic centre 

(Supporting Information Fig. S3). The MGS-MT1 active site is long, deep, negatively charged 

and open to solvent (Fig. 6); this electrostatic characteristic is in sharp contrast to the properties 

of the HSL enzymes listed above, which vary in their size, charge and accessibility to solvent. 

Furthermore, the active site composition of MGS-MT1 is distinct from that of its HSL structural 

homologues (Supporting Information Fig. S4). The size and charge of the active site are 

consistent with the ability of MGS-MT1 to hydrolyse the larger compounds tri-O-acetyl-glucal 

and α-D-glucose pentaacetate (Supporting Information Fig. S2). Overall, these comparisons 

suggest that while MGS-MT1 can be categorised as a family IV /-hydrolase, as we observed 

for the other MGS esterase crystal structures, nevertheless, MGS-MT1 contains specific amino 

acid substitutions in the active site, i.e., the aligned residues MGS-MT1 Trp224, Leu251 and 

Phe292 vs. AFEST Val190, Met215 and Leu257 (Supporting Information Fig. S4), which predict 

a different substrate specificity from that of its structural homologues.  

We also crystallised and determined the structures of the aldo-keto reductase MGS-M4 and 

the (L)-lactate dehydrogenase MGS-M5. The structure of MGS-M4 has a TIM-barrel fold 

(Dellus-Gur et al., 2013) and was very well conserved with the structures of more than 50 

NADPH-dependent aldo-keto reductases from the Pfam family PF00248 (Z-scores between 17–

21 and RMSD values between 0.8 and 1.2 Å over the full 274 residue MGS-M4 sequence) 

(Supporting Information Fig. S3). The binding of NADPH by PF00024 family enzymes involves 

atoms from 12 residues in a positively charged pocket; in MGS-M4, 11 of these 12 residues are 

conserved, and a positively charged pocket is present, suggesting that the binding of NADPH to 

this enzyme would be largely similar to that in its structural homologues. Aldo-keto reductases 

have substrate binding sites with diverse size, depth and charge, based on which different 

substrates can be accommodated. MGS-M4 contains a small (153 Å3), slightly positively charged 

binding site. One of the top structural homologues is prostaglandin F synthase, which contains a 

large, extended and positively charged substrate binding site. A comparison of the prostaglandin 

F synthase and MGS-M4 active sites showed some similarities and some differences (Supporting 

Information Fig. S4): the MGS-M4 active site is smaller and is missing some structural loops 

involved in substrate contacts, but there are numerous identical or similar residues in the active 

site; these residues are likely involved in catalysis and/or for reducing contacts with the core 

ketone moiety. 

The structure of MGS-M5 matched conclusively to more than 100 L-lactate dehydrogenase 

enzymes from various bacteria (Z-scores ranging from 16.0 to 18.6 and RMSD values between 0.8 

and 1.3 Å over approximately 300 residues of the MGS-M5 sequence) (Supporting Information 



 4

Fig. S3). A comparison of the electrostatic surface and active site composition of MGS-M5 

revealed that it closely resembled the structures of other L-lactate dehydrogenase enzymes 

(Supporting Information Fig. S4), including the four residues involved in interacting with the 

pyruvate/L-lactate ligands.   

 

Substrate fingerprint of deep-sea enzymes 

A total of 158 chemicals were used to evaluate substrate ranges and specific activities (units/mg) 

(Supporting Information Fig. S2): (i) esterase-like substrates including 15 model esters (6 p-

nitrophenols [pNPs], 3 -naphthyls and 6 triacylglycerols) and a battery of 86 structurally 

different esters (for details, see Martínez-Martínez et al., 2013); (ii) glycosidase-like substrates 

including 15 model sugars (including pNP derivatives and cellulooligosaccharides); (iii) aldo-keto 

reductase-like substrates including 41 model aldehydes and ketones; and (iv) the dehydrogenase-

like substrates including sodium pyruvate. Substrate fingerprints (Supporting Information Fig. 

S2) revealed that MGS-M3 (11), MGS-M1 (12), MGS-M2 (13), and MGS-MT1 (16) showed the 

most restricted substrate profiles, whereas MGS-K1 (21), MGS-B1 (26), MGS-HA1 (33), and 

MGS-M4 (41) showed the widest substrate profiles; the numbers in parentheses indicate the 

numbers of substrates utilised by the enzymes.  

 All ester-hydrolases from the /-hydrolase family preferred short-to-medium size pNP-

esters, triacylglycerols and alkyl and aryl esters, albeit to different extents (Supporting 

Information Fig. S2), supporting their predicted esterase function. The ability to hydrolyse 

halogenated (including those containing bromo, chloro, fluoro and iodo) alkyl and aryl esters was 

tested and only demonstrated for MGS-M2 (1 ester), MGS-B1 (5 esters), MGS-K1 (3 esters), and 

MGS-HA1 (9 esters). In contrast, MGS-M2, MGS-K1, and MGS-HA1 were only able to degrade 

bromide-containing esters. This result suggests that the high Br- concentration in DHAB-like 

environments (Daffonchio et al., 2006; Yakimov et al., 2007a, 2007b; La Cono et al., 2011; Yakimov 

et al., 2011; Smedile et al., 2012; Ferrer et al., 2012; Yakimov et al., 2013) may have selected for 

bromide-acting enzymes. All enzymes (as exemplified by MGS-M2, MGS-MT1, MGS-B1, MGS-

K1, and MGS-HA1) are able to accept tri-O-acetyl-glucal and the carbohydrate ester α-D-glucose 

pentaacetate. In addition, hydroxycinnamic-like esters, such as methyl ferulate (for MGS-HA1) 

and methyl sinapinate (for MGS-K1), were also accepted as substrates by three enzymes. These 

results suggest that at least six of the deep-sea enzymes described herein can support 

polysaccharide degradation, which is critical for ecological success in deep-sea environments 

(Werner et al., 2014). Finally, under our assay conditions, all esterases were also enantio-selective 

for 5 chiral esters (Supporting Information Fig. S2). Based on at least 2-fold relative specific 
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activities for separate enantiomers, a tentative indication of the best substrate preference and 

apparent enantiomeric ratio was found for MGS-K1 (> 300 for (S)-methyl-3-bromo-2-methyl 

propionate). 

 As shown in Supporting Information Fig. S2, the purified family 3 glycosidase protein MGS-

M3 hydrolysed 6 of the 15 pNP derivatives tested, with pNP--D-glucopyranoside being the 

preferred substrate and pNP--D-galactopyranoside the less preferred substrate (~16-fold 

difference). Derivatives of -lactose, -xylose, -cellobiose and -arabinofuranose were also good 

substrates for the enzyme. The enzyme hydrolysed all short cello-oligosaccharides tested (degree 

of polymerisation [DP] from 2 to 5), with cellobiose being preferred. Based on its substrate 

profile, this family 3 glycosidase (http://www.cazy.org; Cantarel et al., 2009) may be considered 

to be a -glucosidase.  

 The purified recombinant protein MGS-M4, a putative (as indicated by a BLASTP search) 

aldo-keto reductase, exhibited activity towards 41 aldehydes and ketones (Supporting Information 

Fig. S2). Methyl-glyoxal was the best substrate, while reduced activity was observed when ethyl-

3-oxohexanoate was used as the substrate. The enzyme efficiently reduced aromatic derivatives 

such as 4-nitrobenzaldehyde, benzaldehyde, phenylacetaldehyde, phenylglycol, 3-

pyridinecarboxaldehyde, 4-pyridinecarboxaldehyde and isatin; it was also active towards alkyl and 

alkenyl (i.e., acrolein, 2-hexenal and ethyl-2-allylacetoacetate) substrates.  

 Finally, the purified recombinant protein MGS-M5, a putative (by meaning of BLASTP 

search) L-lactate dehydrogenase, was characterised, and its dehydrogenase activity was confirmed 

using sodium pyruvate as a substrate (Supporting Information Fig. S2). 

These results suggest that the enzymes examined, which encompassed all deep-sea regions, 

can support polysaccharide component degradation, which occurs in algae and seagrass. This 

activity plays a role in ecological success in deep-sea environments (Werner et al., 2014), as many 

classes of polysaccharides within the algal lineages appear to be highly diverse in terms of their 

sugar content and conformation, degree of sulphation, esterification, molecular weight and the 

presence of volatile compounds, including ketones and aldehydes (Guschina et al., 2006; 

Kamenarska et al., 2002). Therefore, the complete assimilation of algal components by deep-sea 

microbes may require appropriate enzyme cocktails, with three major enzymes needed: ester- and 

sugar-hydrolases and aldo-keto reductases. Therefore, the present study suggests that 

polysaccharide components may be major substrates for enzymes in deep-sea regions.  
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Table S2 Hydrochemistry of selected deep-sea regions, deep-sea libraries and esterase screening 

statistics. 

 

Variable Medee Kryos  Bannock  Matapan 

Density (g/L) 1.22 1.30 1.12 1.027 

Depth (m) 3,010 3,340 3,342 4,908 

Na+ (g/Kg) 106.96 3.70 79.04 10.56 

K+ 18.07 1.13 4.03 0.46 

Ca2+ 1.21 0.03 0.56 0.42 

Mg2+ 18.07 94.77 12.32 1.41 

Cl- 171.45 184.00 156.26 21.20 

SO4
2- 32.04 30.29 10.82 2.95 

Salinity (g/Kg) 347.80 313.92 263.20 38.6 

Temp. (ºC) 14.75-15.46 16.5 14.5 14.29 

pH 6.87 6.7 6.55 8.12 

Clones screen 15,744 5,280 15,000 4,000 

Clones select 2 1 1 1 
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Table S4 Compositional similarities between the DNA fragments containing the genes of interest 

and bacterial genomes as shown by GOHTAM and TBLASTX analyses. 

Enzyme ID GOHTAM Local TBLASTX against NCBI nt database (sharing of protein coding 
genes) 
5 best hits Scores Taxonomic level 

of identification 
by MEGAN5 

MGS-M1 Eubacterium biforme (genome) 

 

Clostridium novyi NT 734.0 Bacteria 
Desulfitobacterium hafniense DCB-2 721.0 
Desulfitobacterium hafniense Y51 720.0 
Clostridium acetobutylicum ATCC 824 719.0 
Clostridium tetani E88 717.0 

MGS-M2 
MGS-M3 
MGS-M4 
MGS-M5 
 

Eubacterium biforme (genome) 

 
 

Acholeplasma laidlawii PG-8A 643.0 Bacteria 
Fusobacterium nucleatum subsp. nucleatum 
ATCC 25586 

632.0 

Thermoanaerobacter tengcongensis MB4 624.0 
Thermoanaerobacter sp. X514 617.0 
Thermoanaerobacter pseudethanolicus ATCC 
33223 

610.0 

MGS-HA1 Geobacillus sp. (genome) 

 

Geobacillus kaustophilus HTA426 3265.0 Geobacillus 
kaustophilus 

MGS-MT1 Alteromonas macleodii 
(genome) 

 

Pseudoalteromonas atlantica T6c 2851.0 Alteromonadales 
Idiomarina loihiensis L2TR 2631.0 
Shewanella amazonensis SB2B 2620.0 
Colwellia psychrerythraea 34H 2570.0 

MGS-B1 Plasmid like contig 

 

Variovorax paradoxus S110 322.0 Variovorax 
paradoxus 

MGS-K1 Aspergillus sp. 

 

Candidatus Accumulibacter phosphatis 341.0 Not identified 
Desulfitobacterium hafniensis Y51 317.0 
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Table S5 List of primers used in the study. 

 

Name Sequence 
ESTERASES 

MGS-M1Fwd 5´-GACGACGACAAGATGAATATAAGTAAGATAAC-3´ 
MGS-M1Rev 5´-GAGGAGAAGCCCGGTTATAAATCAAGTAC-3´ 
MGS-M2Fwd 5´-GACGACGACAAGGTGAGTATATTTACATATCAAG-3´ 
MGS-M2Rev 5´-GAGGAGAAGCCCGGCTAAATTTGATAATCTAGTTTC-3´ 
MGS-MT1wd 5´-GACGACGACAAGATCGGGGAACAGGCTAAAGAGG-3´ 
MGS-MT1Rev 5´-GAGGAGAAGCCCGGTTAATTCGTAAAGCCCACCAAAAAAC-3´ 
MGS-B1Fwd 5´-GACGACGACAAGATGACGCTGGATGCGCAGG-3´ 
MGS-B1Rev 5´-GAGGAGAAGCCCGGTTACTAGTTTGTTTCGGCGAAGGC-3´ 
MGS-K1Fwd 5´-TTGTATTTCCAGGGCATGAGCAATAATAAACAAACCGTAG-3´ 
MGS-K1Rev 5´-CAAGCTTCGTCATCAGGGCATAGCCGATTTATAGG-3´ 
MGS-HA1Fwd 5´-GACGACGACAAGATGTTGATTCGATTCCAGTATATTG-3´ 
MGS-HA1Rev 5´-AGGAGAAGCCCGGTTACTAGACGACCACCGCACGTTGG-3´ 

OTHER ENZYMES 
MGS-M3Fwd 5´-GACGACGACAAGATGAAAAAAATACCTCTAGAAG-3´ 
MGS-M3Rev 5´-GAGGAGAAGCCCGGTTATACATTGATATCCTC-3´ 
MGS-M4Fwd 5´- TTGTATTTCCAGGGCATGCATAGTGTAAAACTAAACAAC-3´ 
MGS-M4Rev 5´-CAAGCTTCGTCATCAGTAATCTACGTTATCAAATTCAG-3´ 
MGS-M5Rev 5´-TTGTATTTCCAGGGCATGAGAAATAGCAAAGTGGTAG-3´ 
MGS-M5Fwd 5´-

AAGCTTCGTCATCAATAGCTCATATCATCTAGGTTTTTACGT3´ 
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Table S6 X-ray diffraction statistics. 

Enzyme MGS-M1 MGS-M2 MGS-M4 MGS-M5 MGS-MT1 
PDB code 4Q3K 4Q3L 4Q3M 4Q3N 4Q3O 
Data collection      
Space group C2 P21 P64 P4122 C2 
Cell dimensions      

  a, b, c (A ̊) 
78.99, 82.71, 
77.38 

105.57, 139.13, 
111.11 

172.47, 172.47, 
113.06 

92.82, 92.82, 
203.80 

189.45, 131.40, 
112.44 

  α, β, γ (°) 90, 109.32, 90 90, 89.94, 90 90, 90, 120 90, 90, 90 90, 103.55, 90 

Resolution (Å) 30.00 – 1.57 32.00 – 3.00 25.00 – 2.55 35.00 – 1.97 19.72 – 1.74 

Number of unique 
reflections 

63876 63183 59489 31973 272067 

Rmerge 0.042 (0.485)a 0.093 (0.536)b 0.119 (0.718)c 0.048 (0.510)d 0.056 (0.392)e 

I / σI 30.19 (2.09) 17.08 (3.66) 19.05 (3.01)  45.3 (5.31) 21.3 (2.2) 

Completeness (%) 97.8 (83.0) 99.9 (100) 95.8 (99.9)  99.9 (99.9) 99.6 (100) 
Redundancy 2.8 (2.4) 4.6 (4.6) 4.4 (4.3) 6.1 (6.0) 3.0 (2.9) 
      
Refinement      

Resolution (Å) 28.30 – 1.57 31.67 – 3.01 24.58 – 2.55 34.31 – 1.97 19.72 – 1.74 

No. of reflections: 
working, test 

63864, 3341 63067, 1992 59408, 1989 31945, 1998 271732, 13720 

R-factorwork, R-factorfree 14.6, 18.6 20.0, 25.5 20.7, 26.6 14.5, 18.4 14.4, 18.5 
Average B-factors 
  Protein 
  Solvent 
  Water 

 
25.9 
52.8 
42.8 

 
58.8 
76.8 
41.3 

 
56.5 
56.3 
49.6 

 
33.9 
50.0 
70.3 

 
20.8 
39.9 
38.5 

R.m.s. deviations 
  Bond lengths (A ̊) 
  Bond angles (°) 

 
0.009 
1.221 

 
0.004 
0.711 

 
0.005 
0.757 

 
0.017 
1.489 

 
0.015 
1.483 

Ramachandran analysis 
  Most favoured (%) 
  Additionally allowed 
  Generously allowed 
  Disallowed 

 
89.1 
9.5 
1.0 
0.5* 

 
89.2 
10.3 
0.1 
0.4* 

 
89.6 
9.6 
0.8 
0 

 
89.6 
9.6 
0.8 
0 

 
90.1 
8.7 
0.5 
0.7* 

Values in parentheses refer to highest resolution shell: a1.60-1.57 Å, b3.05-3.00, c2.59-2.55, d2.00-1.97, 
e1.83-1.74 
*Residues in disallowed regions correspond to MGS-M1 Ser113 (catalytic), MGS-M2 Ser97 (catalytic), 
MGS-MT1 Ile245. 
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Fig. S2 Substrate profiles of the enzymes with a set of structurally diverse substrates. The specific 
activities were calculated in triplicate as described in the Experimental procedures, using the 
standard assay conditions (see also summary conditions in Table 1). Mean values (in log scale) are 
given. The standard deviation (SD) is not shown due to the logarithmic scale, but it is ≤ 0.23%. 
Note: using standard conditions for MGS-M3, no activity was detected using pNP-α-glucose, 
pNP-α-maltooligosaccharides (C2 to C6), pNP-α-galactose, pNP-β-galactose, pNP-α-xylose, pNP-
β-arabinopyranose, pNP-α-rhamnose, pNP-α-mannose, pNP-β-mannose, pNP-α-fucose, pNP-β-
glucuronide, carboxymethyl cellulose, laminarin, lichenan and crystalline cellulose. 
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