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 3 

ABSTRACT 39 

Polyethylene terephthalate (PET) is one of the most widely used synthetic plastics in the 40 

packaging industry, and consequently has become one of the main components of plastic waste 41 

found in the environment. However, several microorganisms have been described to encode 42 

enzymes that catalyze the depolymerization of PET. While most known PET hydrolases are 43 

thermophilic and require reaction temperatures between 60°C to 70°C for an efficient hydrolysis 44 

of PET, a partial hydrolysis of amorphous PET at lower temperatures by the polyester hydrolase 45 

IsPETase from the mesophilic bacterium Ideonella sakaiensis has also been reported. We show 46 

that polyester hydrolases from the Antarctic bacteria Moraxella sp. strain TA144 (Mors1) and 47 

Oleispira antarctica RB-8 (OaCut) were able to hydrolyze the aliphatic polyester 48 

polycaprolactone as well as the aromatic polyester PET at a reaction temperature of 25ºC. Mors1 49 

caused a weight loss of amorphous PET films and thus constitutes a PET-degrading 50 

psychrophilic enzyme. Comparative modelling of Mors1 showed that the amino acid 51 

composition of its active site resembled both thermophilic and mesophilic PET hydrolases. 52 

Lastly, bioinformatic analysis of Antarctic metagenomic samples demonstrated that members of 53 

the Moraxellaceae family carry candidate genes coding for further potential psychrophilic PET 54 

hydrolases. 55 

 56 

IMPORTANCE 57 

A myriad of consumer products contains polyethylene terephthalate (PET), a plastic that has 58 

accumulated as waste in the environment due to its long-term stability and poor waste 59 

management. One promising solution is the enzymatic biodegradation of PET, with most known 60 
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 4 

enzymes only catalyzing this process at high temperatures. Here, we bioinformatically identified 61 

and biochemically characterized an enzyme from an Antarctic organism that degrades PET at 62 

25ºC with similar efficiency than the few PET-degrading enzymes active at moderate 63 

temperatures. Reasoning that Antarctica harbors other PET-degrading enzymes, we analyzed 64 

available data from Antarctic metagenomic samples and successfully identified other potential 65 

enzymes. Our findings contribute to increasing the repertoire of known PET-degrading enzymes 66 

that are currently being considered as biocatalysts for the biological recycling of plastic waste. 67 

68 
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 5 

INTRODUCTION 69 

Plastics are long-chain synthetic polymers mainly derived from petroleum-based monomers that 70 

are widely employed in modern-day applications, such as fibers for clothing and containers for 71 

liquids and foods (1). The low cost, malleability and durability of these polymers has led to the 72 

production of ~8,300 million tons of synthetic polymer resins and fibers between 1950 and 2015 73 

(2). The global market for polyethylene terephthalate (PET) is growing and expected to reach 38 74 

billion USD by 2023 (3). 75 

PET waste mismanagement and its resistance to degradation has resulted in a serious threat for 76 

the environment (2). Although strategies for waste management and recycling of PET exist, such 77 

as thermo-mechanical (i.e. recirculation of plastic waste to produce lower-quality materials) and 78 

chemical recycling (i.e. degradation via chemical ester bond cleavage), only a fraction of PET 79 

waste is presently recycled (4). 80 

In this context, the discovery of microbial PET-degrading enzymes (5, 6) has emerged as a 81 

promising biological approach for plastic recycling (7, 8). These polyester hydrolases are 82 

typically cutinases (EC 3.1.1.74) (8) that share a conserved α/β-hydrolase fold and a catalytic 83 

triad of amino acids (9). Most enzymes described to date have been derived from thermophilic 84 

bacteria and fungi (5, 10) with an optimum activity near the glass transition temperature of PET 85 

(~65ºC) where the polymer chains become more flexible and prone to enzymatic hydrolysis (11–86 

13). 87 

IsPETase, a PET hydrolase from the mesophilic bacterium Ideonella sakaiensis 201-F6 has been 88 

described to degrade PET with higher efficiency at lower temperatures (20°C to 40ºC) than 89 

thermophilic cutinases (14). However, the extent of PET degradation by IsPETase in this 90 
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 6 

temperature range remained limited compared to hydrolysis by its thermophilic counterparts at 91 

their optimum temperature (~65ºC) (15). 92 

IsPETase has been further studied by several groups, describing that the molecular basis of its 93 

activity at moderate temperatures is due to an improved substrate binding at its shallow active 94 

site cleft due to the presence of unique residues that enhance PET binding and control active site 95 

flexibility (16–19). Importantly, rational design of its active site (17, 20, 21) and its 96 

thermostability (22, 23) guided by bioinformatic analysis of currently known PET hydrolases has 97 

resulted in up to 300-fold higher activities than the wild-type enzyme. 98 

Most research has been primarily focused on the identification and characterization of 99 

thermophilic cutinases, limited information on other PET hydrolases active at moderate 100 

temperatures has been available. A polyester hydrolase from the marine bacterium Pseudomonas 101 

aestusnigri (24) has also been reported to exhibit limited hydrolytic activity on amorphous PET 102 

at 30°C, and variants obtained by rational mutagenesis were also able to release low amounts of 103 

MHET from bottle-grade PET. Recent bioinformatic analysis of proteome and metagenome 104 

databases has identified 853 potential polyester hydrolases from marine and terrestrial 105 

environments including 6 Antarctic enzymes. Among these, an enzyme from Oleispira 106 

antarctica RB-8 hydrolyzed the aliphatic polyester polycaprolactone (PCL) at room temperature 107 

(25). 108 

Psychrophilic microorganisms are interesting candidates as a source of novel enzymes adapted to 109 

catalytic activity at low temperatures (26). Hypothesizing that cold-adapted enzymes from such 110 

organisms could degrade PET at similar temperatures than IsPETase and exhibit differences in 111 

residue composition of the active site when compared to thermophilic enzymes, we 112 

biochemically characterize two polyester hydrolases from Oleispira antarctica RB-8 (OaCut), a 113 
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 7 

psychrophilic oil-degrading bacterium isolated from Antarctic coastal seawater (27) that has 114 

already been reported as a PCL hydrolase (25), and a Moraxella sp. strain TA144 (Mors1), a 115 

bacterium isolated from Antarctic seawater with an optimum growth temperature of 25ºC (28). 116 

 117 

RESULTS 118 

Mors1 and OaCut are polyester hydrolases active at moderate temperatures 119 

We analyzed the ability of two hydrolases from Antarctic-inhabiting bacteria, Mors1 and OaCut, 120 

to degrade PCL and PET at moderate temperatures. To detect polyester hydrolysis activity of 121 

OaCut and Mors1, plate clearing assays were performed with PCL. Overnight incubation at 25ºC 122 

resulted in the formation of clearing zones around E. coli colonies overexpressing Mors1 and 123 

OaCut in plates containing PCL (Figure 1 A-B). These enzymes were then recombinantly 124 

expressed and purified (Figure S1) for enzyme activity and stability analyses. 125 

The PCL-hydrolyzing activity of the two enzymes was compared by measuring the decrease in 126 

turbidity of a PCL nanoparticle suspension. Mors1 completely clarified the suspension after a 127 

reaction time of 3 min while OaCut decreased the turbidity by only 28% in this time (Figure 1C). 128 

Analysis of Mors1 by nano differential scanning fluorimetry (nanoDSF) indicated an apparent 129 

melting temperature (Tm) of 52.0ºC and an onset temperature for denaturation of 31.0ºC. OaCut 130 

showed an apparent melting temperature Tm of 40.4ºC and an onset temperature for denaturation 131 

of 34.8ºC (Table 1 and Figure S2). These values were similar to the Tm of the mesophilic 132 

IsPETase (22) and other previously characterized psychrophilic enzymes from O. antarctica RB-133 

8, such as the esterase OLEAN_C09750 with a reported Tm of 45ºC (29). 134 

Using an enzyme concentration of 4.0 µg/ml (0.13 µM) and a PCL nanoparticle concentration of 135 

0.07 mg/ml, the optimum reaction temperature for PCL hydrolysis by Mors1 was determined as 136 
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 8 

25°C (Figure 1D). Mors1 also showed a thermal inactivation temperature (T50) of 48.7 ± 0.1ºC 137 

and lost 95% of its PCL-hydrolyzing activity at 50ºC (Figure 1E). 138 

A screening of different reaction buffers showed that the highest PCL-hydrolyzing activity was 139 

obtained with sodium phosphate and potassium phosphate buffers at pH 8.0. A further increase 140 

of the activity by 20% was observed in the presence of 200 mM NaCl in the reaction mixture 141 

(Figure S3). These results confirm previous reports on the effects of buffer composition and salts 142 

on the activity of psychrophilic enzymes (29) and polyester hydrolases (30). 143 

 144 

Kinetic parameters of PCL hydrolysis by Mors1 are similar to IsPETase 145 

When we compared the kinetic parameters for PCL hydrolysis of Mors1 with IsPETase and 146 

polyester-degrading thermophilic enzymes from Thermomonospora curvata, we observed that 147 

both Mors1 and IsPETase showed a high PCL-hydrolyzing activity (Table 2). 148 

Determination of the kinetic parameters for Mors1 and IsPETase (Figure S4) demonstrated that 149 

their apparent hydrolysis rates (𝑘𝜏) and adsorption equilibrium constants (𝐾𝐴) were in a similar 150 

range, with IsPETase showing 8.5% higher apparent hydrolysis rate and a 38% higher adsorption 151 

equilibrium constant for PCL (Table 2). Remarkably, both enzymes showed 13- to 16-fold 152 

higher apparent hydrolysis rates and equal or higher adsorption equilibrium constants at 25 ºC 153 

than their thermophilic counterparts near the melting temperature of PCL (60°C) (31, 32). 154 

 155 

Mors1 hydrolyzes amorphous PET films at moderate temperatures 156 

We further compared the ability of Mors1 and IsPETase to hydrolyze amorphous PET films at 157 

25°C. After a reaction time of 24 h with 400 nM (11 µg/ml) Mors1 and with 100 nM (2.7 µg/ml) 158 

IsPETase in 1 M potassium phosphate buffer pH 8.0, we observed a 0.59% and 0.46% weight 159 
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 9 

loss of the films for Mors1 and IsPETase, respectively (Figure 2A). These protein concentration 160 

and buffer molarity conditions were found to be optimal for the PET hydrolase activity of Mors1 161 

(Figure S5), the latter being required as the terephthalic acid released during the hydrolysis 162 

reaction would considerably lower the pH and alter the enzyme activity otherwise (30). While 163 

both enzymes released similar amounts of terephthalic acid (TPA) and mono(2-hydroxyethyl) 164 

terephthalate (MHET), MHET was the main aromatic hydrolysis product of Mors1 at pH 8.0 165 

whereas IsPETase produced mainly TPA (Figure S6). Lower concentrations of Mors1 or higher 166 

concentrations of IsPETase resulted in a decreased weight loss of the PET films. Similar assays 167 

with OaCut showed a lower weight loss of 0.4% compared to Mors1 (1.98%) after a reaction 168 

time of 6 days at 25°C (Figure 2B). 169 

Upon longer reaction times up to 10 days, Mors1 degraded 2.5% of the PET films (Figure 2C). 170 

The surface of the transparent PET films treated with Mors1 for 10 days became opaque 171 

indicating an erosion of the surface (Figure 2D). Analysis by scanning electron microscopy 172 

indeed showed the occurrence of pits and grooves on the surface (Figure 2E and 2F). Similar 173 

effects have previously been observed with other PET-hydrolyzing enzymes (15). 174 

 175 

The active site of Mors1 presents features from mesophilic and thermophilic PET-176 

hydrolyzing cutinases 177 

Once we established that Mors1 can hydrolyze amorphous PET films at moderate temperatures, 178 

we compared the amino acid residue composition of its active site with the mesophilic IsPETase 179 

and with thermophilic PET hydrolases. We generated a comparative model of Mors1 using 180 

Rosetta3 (33) (Figure S7 and Table S1) and also performed a multiple sequence alignment 181 

(MSA) of Mors1 against IsPETase (UniProtKB: A0A0K8P6T7), OaCut (UniProtKB: R4YL88), 182 
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 10 

Thermobifida fusca cutinase (TfCut2, GenBank: PZN61876.1) and the metagenomic leaf-branch 183 

compost cutinase (LCC, UniProtKB: G9BY57). 184 

Inspection of the MSA (Figure 3A) and the comparative model of Mors1 (Figure 3B) showed 185 

that Mors1 exhibits features of both mesophilic and thermophilic PET hydrolases. While all 186 

enzymes showed a strict conservation of the catalytic triad (S189, D234, H264 in Mors1) and of 187 

a Tyr residue (Y121 in Mors1) important for the activity of these enzymes (Figure 3C)(17), 188 

Mors1 contains an additional disulfide bond (C231-C266 in Mors1, DB2 in Figure 3B) located 189 

near the Asp and His residues of the catalytic triad, which is also present in IsPETase (C203-190 

C239 in IsPETase, Figure 3A) and in other Type IIa and IIb enzymes, that has been shown to be 191 

critical for its hydrolytic activity (17, 18). 192 

The model of Mors1 also revealed a potential third disulfide bridge (C60-C109, DB1 in Figure 193 

3B) absent in IsPETase, which may constitute an adaptation to low temperatures. Fluorescence 194 

labelling of free cysteine thiol groups of Mors1 (34) and comparison against a control protein 195 

having only one free cysteine suggest that only a small fraction of Mors1 proteins are partially 196 

reduced (Figure S8), thus suggesting that Mors1 could indeed harbor three disulfide bonds. Alas, 197 

we were unable to purify single or double mutants of these cysteine residues for further analysis. 198 

While both Mors1 and IsPETase also shared the conservation of a Trp residue (W188 in Mors1 199 

and W159 in IsPETase), which is substituted by His in thermophilic counterparts, Mors1 carried 200 

a Phe residue (F265) that is conserved among PET hydrolases of thermophilic microorganisms 201 

and is replaced by Ser in IsPETase (Figure 3A, C and D). Both of these residues have recently 202 

been the target for protein engineering of IsPETase, leading to a double mutant of this enzyme 203 

with improved activity by the addition of His and Phe residues typically found in thermophilic 204 

cutinases (21). Furthermore, residues Y214 and Y242 present in Mors1 and in other homologous 205 
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 11 

sequences from psychrophilic organisms corresponded to Trp in all other enzymes, and to His in 206 

thermophilic cutinases and Ser in IsPETase, respectively (Figure 3A, C and D). Residue Y242 is 207 

highly relevant as structural data has indicated that its substitution by Ser (S214) in IsPETase 208 

enables the wobbling of its W185 (Y214 in Mors1) that is important for catalysis (16–19). 209 

In previous reports, the ability of IsPETase to degrade PET at moderate temperature has been 210 

partly explained by its higher active site flexibility when compared to the thermophilic cutinases 211 

(18). Thus, we explored the structural flexibility of Mors1 by molecular dynamics (MD) 212 

simulations (Figure 3E). The analysis of several 100 ns MD trajectories of Mors1 showed an 213 

overall increase in RMSF mostly in loop regions throughout the whole protein when compared to 214 

IsPETase. Of particular interest are three regions that conform the active site and its 215 

surroundings: 1) the β6-β7 loop (residues 212-222) where Y214 from subsite I is located, whose 216 

equivalent residue in IsPETase (the wobbling W185) is crucial for stabilization of the substrate 217 

via π–π interactions; 2) helix α4 and the loops β7-α4 and β8-α4 (residues 231-251) in Mors1, 218 

where the catalytic aspartate is located (D234); and 3) an extended loop (17) composed by 219 

residues 260-269, where the catalytic histidine is located (H264), and the beginning of helix α5 220 

(residues 269-277). 221 

 222 

Identification of polyester hydrolases from Antarctic marine environments 223 

To identify further potential polyester hydrolases from Antarctic marine environments, we 224 

assembled two marine metagenomes from Chile Bay (Greenwich Island) in Antarctica (NCBI: 225 

Bioproject no. PRJNA421008) (35) using SPAdes (36): One was corresponding to a condition of 226 

low productivity, based on the concentration of chlorophyll a (Low Chla), and the second was 227 

corresponding to a condition of high productivity during a phytoplankton bloom recorded in the 228 
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 12 

austral summer of 2014 in Chile Bay (High Chla). Once we obtained all predicted proteins from 229 

these metagenomes using Prodigal (37), we used the full-length amino acid sequence of Mors1 230 

(UniProtKB P19833) as reference to identify homologs from these predicted Antarctic 231 

metagenome proteins using BLASTP (38). 232 

This analysis led to the identification of 6 enzymes having 71-90% sequence identity and 56-233 

97% sequence coverage in both metagenomes (Table S2 and Figure 4). When analyzing the 234 

source contigs, we observed that the proteins with lower sequence coverage (mtgnm1, mtgnm3) 235 

were truncated not by the presence of terminal codons, but because the contig was terminated 236 

before a protein termination signal could be identified. Moreover, bioinformatic analysis using 237 

SignalP (39) identified a signal peptide in 4 of these enzymes (mtgnm1, mtgnm3, mtgnm4, 238 

mtgnm6), in consistency to what is observed for all characterized PET hydrolases to date. 239 

Regarding the taxonomic affiliation of these enzymes, BLAST analysis against the RefSeq 240 

protein database showed that they had high sequence identity (>82%) with proteins of the genus 241 

Psychrobacter of the Moraxellaceae family (Table S3). The difference in the taxonomic 242 

assignment of these enzymes to the genus Psychrobacter and not to the genus Moraxella could 243 

be explained by a possibly erroneous sequence annotation of Mors1, which was taxonomically 244 

classified using biochemical tests and not genome phylogeny analysis. 245 

When evaluating the relative abundance of the taxa that potentially carry these sequences in the 246 

Antarctic metagenomes, we determined that the Moraxellaceae family represented ~40% of the 247 

total reads assigned as 16S rRNA genes in the Low Chla metagenome. Meanwhile, in the High 248 

Chla metagenome, the reads assigned to the Moraxellaceae family represented only ~3% of the 249 

total. These values were in good agreement with those reported previously (40), where 250 

Pseudomonadales (to which Moraxella and Psychrobacter genera belong) was the dominant 251 
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 13 

marine order in a low Chla metagenome, and then Alteromonadales order dominated in a high 252 

Chla metagenome obtained during the phytoplankton bloom recorded in Chile Bay in 2014. 253 

Using Bowtie2 (41), we determined that the Mors1 homologs recruit only 0.0005% and 0.0001% 254 

of the total number of reads from the Low and High Chla metagenomes, respectively. This low 255 

abundance, compared to the relative abundance of 16S rRNA genes of the Moraxellaceae family 256 

members, indicates that not all members of this family are carriers of these candidate enzymes. 257 

 258 

DISCUSSION 259 

We characterized two psychrophilic polyester hydrolases, Mors1 and OaCut from the Antarctic 260 

bacteria Moraxella sp. TA144, and Oleispira antarctica RB-8, respectively, demonstrating their 261 

ability to hydrolyze both aliphatic and aromatic polyester at moderate temperatures. Both 262 

enzymes hydrolyzed the aliphatic polyester PCL and the aromatic polyester PET, with Mors1 263 

showing a higher activity. While the degradation of PCL by OaCut has been reported previously, 264 

an hydrolysis of PET has not been observed in a plate clearing assay (25). 265 

The hydrolysis of PCL at 30ºC by a lipase from Moraxella sp. TA144 (MorEst) has also been 266 

reported (42). A weight loss of 18% after 3 days of reaction was achieved in a mixture 267 

containing 10 mg/ml of powdered PCL with 25 mg of enzyme and a further addition of 12 mg of 268 

MorEst 24 and 48 h later. MorEst also hydrolyzed bis(2-hydroxyethyl) terephthalate and a PET 269 

dimer, but a commercial PET sample was not hydrolyzed. Since the sequence of the enzyme was 270 

not communicated, the identity of MorEst with Mors1 could not be determined. 271 

It has been previously demonstrated that polyester hydrolases, for example the metagenomic 272 

leaf-branch compost cutinase LCC or Tcur1278 and Tcur0390 from the thermophilic 273 

actinomycete Thermomonospora curvata efficiently degraded PCL at a reaction temperature of 274 
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 14 

about 50ºC (13, 32). IsPETase has been described not to be able to degrade aliphatic polyesters 275 

such as polybutylene succinate and polylactic acid (21). In contrast, we found that IsPETase 276 

showed kinetic parameters similar to Mors1 hydrolyzing the aliphatic polyester PCL at pH 8.0 at 277 

a reaction temperature of 25°C. Mors1 showed a considerable higher PET-degrading activity 278 

than OaCut. Mors1 caused a weight loss of amorphous PET films and released PET hydrolysis 279 

products at optimum reaction conditions in the same range as the mesophilic IsPETase, 280 

demonstrating the ability of Antarctic psychrophilic enzymes to degrade PET. It is worth noting 281 

that the activity of IsPETase can be further increased by about 3-fold at pH 9.0 (14). 282 

A classification of PET hydrolases based on their amino acid residue conservation in subsites I 283 

and II within the active site of these enzymes (17) enabled to categorize OaCut as a Type IIa 284 

enzyme due to its residue composition (L105, L106, W176, F256, F259 in subsite II). In 285 

contrast, Mors1 presented differences in both subsites (D153, Y214 in subsite I; V122, S123, 286 

W188, F265, S268 in subsite II), which impedes its unambiguous classification under any of the 287 

Type I, IIa or IIb categories. These results suggest that the composition of the active site of these 288 

polyester hydrolases is more diverse than previously considered. 289 

Computational analysis of the sequence and structure of Mors1 suggested that its ability to 290 

hydrolyze PCL and amorphous PET at moderate temperatures is due to features that this enzyme 291 

shares with both thermophilic PET hydrolases and the mesophilic IsPETase. The presence of a 292 

disulfide bond near the active site, absent in thermophiles but equivalent to the one found in 293 

Type II enzymes (17) was a prominent indicator that Mors1 could also show polyester-294 

hydrolyzing activity at moderate temperatures. In IsPETase, this disulfide bond compensates the 295 

increased structural flexibility of its active site while keeping the integrity of the catalytic triad. 296 

An opening of the disulfide bond decreased the Vmax for the hydrolysis of p-nitrophenyl acetate 297 
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by almost 28% (18) and its replacement by alanine causing a Tm drop of 13.2ºC (17). Our MD 298 

simulations provided evidence that Mors1 also possesses a highly flexible active site, which 299 

could explain its activity at 25ºC. Our analysis suggested the presence of a further disulfide bond 300 

(C60-C109) in Mors1, which could also correspond to the stabilization strategy of psychrophilic 301 

and psychrotropic organisms to counterbalance the additional flexibility on the structure of their 302 

enzymes
34

. 303 

The increased flexibility of  regions that contain both catalytic and substrate binding residues 304 

could be indicative of enthalpic-entropic tradeoffs to enable PET hydrolysis at moderate 305 

temperatures, as it has been shown for other cold-active enzymes (43). However, further docking 306 

experiments followed by MD simulations are required to analyze such tradeoffs in the active site 307 

of Mors1. 308 

Reasoning that there could be more enzymes from Antarctic microorganisms catalyzing the 309 

hydrolysis of polyesters at moderate temperatures, and taking into account recent bioinformatic 310 

analysis of proteome and metagenome databases that identified 6 Antarctic enzymes among 853 311 

potential PET hydrolases from marine and terrestrial environments (25), we performed a 312 

metagenomic analysis of Antarctic marine environments. The results provided evidence for the 313 

presence of further potential polyester hydrolases homologous to Mors1 with likely similar 314 

activities in Antarctic coastal waters, specifically in members of the family Moraxellaceae. 315 

Among 6 new enzymes identified with moderate to high identity to Mors1, we observed a 316 

localized sequence variability in regions near the active site residues, which suggested potential 317 

differences in their polyester-hydrolyzing activity. No homologous Antarctic enzymes were 318 

detected outside this family, which could be due to a specific niche inhabited by some members 319 

of the Moraxellaceae family. The low abundance of the enzyme sequences in Antarctic 320 
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metagenomes compared to the relative abundance of the Moraxellaceae family members in the 321 

bacterial marine community suggests a possible niche function of members of this family in 322 

using these hydrolases. 323 

Although IsPETase and Mors1 catalyzed the hydrolysis of amorphous PET at moderate 324 

temperatures, their hydrolysis rates remained low when compared to thermophilic cutinases at 325 

higher temperatures. Due to the stiffness of the PET polymer below its glass transition 326 

temperature above 60°C, an extensive degradation of PET cannot be expected at 25°C (44). 327 

However, in applications requiring a limited hydrolysis of PET at moderate temperatures, for 328 

example in laundry detergents for synthetic textiles (45), the Antarctic psychrophilic polyester 329 

hydrolases have the potential to become valuable industrial biocatalysts in the future. 330 

Determining the existence of metabolic pathways to assimilate PET degradation products in 331 

Antarctic microorganism communities (46) could give further clues as to whether there is an 332 

evolutionary adaptation of microorganisms to consume PET in the environment or if the ability 333 

of the described enzymes to hydrolyze PET is rather due to their unusual broad substrate 334 

specificity. 335 

Our results established that Mors1 and OaCut are polyester hydrolases able to hydrolyze both 336 

aliphatic and aromatic polyesters at moderate temperatures. Sequence comparison analysis 337 

showed that the active site of Mors1 contained features of both the mesophilic IsPETase and 338 

thermophilic enzymes. Metagenomic analysis of Antarctic seawater samples enabled the 339 

identification of potential further PET hydrolases of the Moraxellaceae family, their abundance 340 

in the marine community, and sequence variations. Altogether, our results describe an Antarctic 341 

psychrophilic enzyme that degrades amorphous PET at moderate temperatures, furthering our 342 
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understanding of the sequence variations that have allowed the emergence of this catalytic 343 

activity in nature. 344 

 345 

MATERIALS AND METHODS 346 

Bioinformatic identification of OaCut and Mors1 347 

A BLAST (38) search against the UniProt Knowledgebase (UniProtKB (47)) was performed 348 

using the amino acid sequence of IsPETase (UniProtKB A0A0K8P6T7) as a query, identifying 349 

the sequences of OaCut (UniprotKB R4YKL9, 53% sequence identity) and Mors1 (UniProtKB 350 

P19833, 45% sequence identity). N-terminal signal peptides and disordered regions were 351 

removed using SignalP (39) and PrDOS (48), respectively. 352 

Protein expression and purification 353 

Codon-optimized genes encoding truncated Mors1 (residues 59-319) and OaCut (residues 47-354 

310) were synthesized (Genscript, Piscataway, NJ, USA), cloned into a pET28a vector (EMD 355 

Biosciences, Madison, WI, USA) as NdeI/BamHI fragments and transformed into Escherichia 356 

coli BL21(DE3). The bacteria were grown in kanamycin-supplemented Terrific Broth medium 357 

(Thermo Fisher Scientific, Waltham, MA, USA). Upon reaching OD600 = 0.6, protein expression 358 

was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and the bacterial culture 359 

was further grown for 16 h at 14ºC. Cells were harvested by centrifugation and then lysed by 360 

sonication in buffer containing 50 mM sodium phosphate pH 8.0, 200 mM NaCl and 8 M urea. A 361 

cleared lysate was collected by centrifugation and loaded onto a Ni-Sepharose resin (HisTrap FF 362 

crude, GE Healthcare Life Sciences, Pittsburgh, PA, USA). To remove urea, His-tagged protein 363 

was dialyzed overnight at 4ºC and then loaded onto a HiLoad Superdex 200 prep grade size-364 

exclusion chromatography column (GE Healthcare Life Sciences) using an ÄKTA pure FPLC 365 
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(GE Healthcare Life Sciences). The purity of the preparations was confirmed by sodium dodecyl 366 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure S1). Protein concentration was 367 

determined by the Bradford assay (49) (ROTI Quant, Carl Roth GmbH + Co. KG, Karlsruhe, 368 

Germany). 369 

PCL plate clearing assays 370 

Polycaprolactone (PCL) nanoparticle suspension was prepared as previously described (32, 50, 371 

51). Plate clearing assays were performed to preliminary ascertain if OaCut and Mors1 degrade 372 

PCL (51). For the preparation of PCL agar plates, nanoparticle suspensions of PCL were added 373 

to autoclaved LB-agar (6% v/v) at 60ºC supplemented with 0.5 mM IPTG and 37 μg/ml 374 

kanamycin. Recombinant E. coli cells harboring the pET28a-OaCut and pET28a-Mors1 plasmids 375 

were inoculated onto the plates and incubated at room temperature up to 4 days. The formation 376 

of a clearing zone around colonies was used as indication of PCL-hydrolyzing activity (25). 377 

Thermal stability of OaCut and Mors1 378 

The apparent melting temperature (Tm) of OaCut and Mors1 was determined using nano-379 

differential scanning fluorimetry (nanoDSF, Prometheus NT.48, Nanotemper Technologies, 380 

Munich, Germany). A thin glass capillary was filled with purified Mors1 and OaCut at a 381 

concentration of 150 µg/ml in 20 mM HEPES pH 7.5, 70 mM NaCl, and heated from 20°C to 382 

95ºC with a slope of 1°C/min (Figure S2). The intrinsic fluorescence emission of tryptophan 383 

residues was measured at 330 and 350 nm, and the first derivative of the ratio of fluorescence at 384 

330 and 350 nm was calculated to obtain the apparent Tm.  385 

Determination of optimum reaction temperature and buffer conditions for PCL hydrolysis 386 

by Mors1  387 
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To determine optimum reaction temperature and buffer conditions for the hydrolysis of PCL 388 

by Mors1, the hydrolysis rates were determined by monitoring the decrease in turbidity of a PCL 389 

nanoparticle suspensions as previously described (32, 52). The reaction mixtures contained 390 

buffer and purified Mors1 (4.0 µg/ml) in a total volume of 200 µl. The reaction was started by 391 

the addition of 0.07 mg/ml PCL nanoparticle suspension. Initial hydrolysis rates were determined 392 

from the linear part of the graphs of decreasing OD600 over time. Experiments were performed in 393 

triplicates. To determine the optimum reaction temperature for the hydrolysis of PCL by Mors1, 394 

initial hydrolysis rates were measured at reaction temperatures between 5°C and 35°C in 20 mM 395 

HEPES pH 7.5 every 6 seconds using a Cary 60 UV-Vis spectrophotometer (Agilent 396 

Technologies, Santa Clara, CA, USA). To determine the optimum NaCl concentration for the 397 

hydrolysis of PCL by Mors1, hydrolysis rates were measured in 20 mM HEPES pH 7.5 buffer 398 

supplemented with NaCl in concentrations of 100, 200, and 500 mM. PCL hydrolysis rates were 399 

determined after 1, 3 and 24 h of incubation at 25ºC. The enzyme activity determined after 1 h of 400 

incubation in 20 mM HEPES pH 7.5 buffer was set to 100%. 401 

The half-inactivation temperature of Mors1 (T50), i.e., the temperature at which the enzyme 402 

activity was reduced by 50% in relation to its activity at 25°C was determined by incubating 3.0 403 

μg/ml Mors1 for 15 min in 125 mM sodium phosphate buffer pH 8.0 containing 200 mM NaCl 404 

at temperatures from 20°C to 80ºC. The residual activity was determined at 25°C by measuring 405 

the hydrolysis rates of PCL nanoparticles. The data were fitted to a sigmoidal Boltzmann 406 

regression curve and the T50 value was obtained by determination of the inflection point. 407 

The effect of five buffers (sodium phosphate, Bis-Tris, HEPES, Tris and potassium phosphate) at 408 

pH 7.0 and 8.0 (Tris also at pH 9.0) on the hydrolysis of PCL nanoparticles by Mors1 was 409 

compared by reacting 4.0 µg/ml Mors1 with 0.07 mg/ml PCL nanoparticles in 125 mM of the 410 
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corresponding buffer supplemented with 200 mM NaCl for 1, 3, and 72 h at 25º C. Hydrolysis 411 

rates determined after 1 h in 20 mM HEPES pH 7.5, The enzyme activity determined at 200 mM 412 

NaCl was set to 100%. 413 

Kinetic parameters of PCL hydrolysis by Mors1 414 

To determine the kinetic parameters of the PCL hydrolysis reaction catalyzed by Mors1 and 415 

IsPETase, assays were performed at 25°C in a reaction mixture containing 125 mM sodium 416 

phosphate pH 8.0, 200 mM NaCl and 0.07 mg/ml PCL nanoparticles with varying enzyme 417 

concentrations from 0.6 to 22.0 µg/ml. Optimal buffer conditions for these assays (Figure S3) 418 

were determined as described above. Assays were performed in triplicates using 96-well 419 

microplates, measuring the change in turbidity at OD600 in 10 sec intervals for a total reaction 420 

time of 10 min with a Synergy HTX multi-mode microplate reader (Biotek Instruments Inc, 421 

Winooski, VT, USA). The kinetic parameters were determined with a pseudo-first order kinetic 422 

equation (32, 52) (Figure S4). 423 

Hydrolysis of amorphous PET films by Mors1, OaCut, and IsPETase 424 

Amorphous PET films with a size of 0.5 cm × 3 cm (~45 mg) (250 µm thickness; product 425 

number ES301445, Goodfellow, Hamburg, Germany) were incubated with 1 M potassium 426 

phosphate pH 8.0, 200 mM NaCl and 400 nM of Mors1, 400 nM of OaCut and 100 nM of 427 

IsPETase at 25ºC for 24 h with shaking. The PET films were collected, washed with water, 428 

aqueous SDS (0.5%) and ethanol, dried at 50ºC overnight and weighted to determine the weight 429 

loss gravimetrically. Hydrolysis reactions were also performed for 6, 7 and 10 days with 400 nM 430 

Mors1 and for 6 days with 400 nM OaCut. 431 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 O
ct

ob
er

 2
02

1 
by

 1
46

.1
55

.1
57

.1
14

.



 21 

The soluble PET hydrolysis products mono(2-hydroxyethyl) terephthalate (MHET) and 432 

terephthalic acid (TPA), present in the supernatants of 24 h reactions of the PET films with the 433 

enzymes, were analyzed by HPLC using a C18 column (Eurosper II 100-5; 150 x 2 mm with pre-434 

column, Knauer Wissenschaftliche Geräte GmbH, Berlin, Germany) at a flow rate of 0.3 mL/min 435 

on an Agilent 1100 Series HPLC instrument (Agilent Technologies, La Jolla, CA, USA). The 436 

mobile phase consisted of acetonitrile with 0.1% formic acid (A) and 0.1% formic acid (B). A 437 

gradient was performed as follows: 95% B (0.0 min), 80% B (0.1 min), 76% B (3.0 min), 60% B 438 

(3.1 min), 0% (8.0 min), hold for 2 min and back to 95% B (analysis time 12.0 min). The 439 

injection volume of the sample was 2 µL and the separated products were detected by their 440 

absorbance at 241 nm. TPA (Sigma Aldrich, St. Louis, MO, USA) and MHET was used as 441 

standard. MHET was synthetized as described elsewhere by the hydrolysis of bis(hydroxyethyl) 442 

terephthalate (BHET) (Sigma Aldrich, St. Louis, MO, USA) with KOH (53). Trimesic acid 443 

(TMA) (Sigma Aldrich, St. Louis, MO, USA) was used as internal standard. The amount of PET 444 

film per microliter of the reaction volume (0.025 mg PET/µl reaction) was identical as described 445 

for the analysis of IsPETase (14). 446 

Scanning electron microscopy of PET films 447 

PET films fixed on glass substrates were analyzed on a scanning electron microscope (EVO 448 

LS10, Carl Zeiss GmbH, Germany) with a LAB6 cathode (Kimball Physics, New Hampshire, 449 

USA) and a secondary electron detector. PET films were sputter-coated using a BAL-TEC model 450 

SCD 050 (Leica Biosystems, Wetzlar, Germany) with 25 nm gold prior to imaging. Images were 451 

captured at an acceleration voltage of 7kK and a probe current of 5pA. 452 

Comparative modelling of Mors1 453 
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A comparative model for Mors1 was generated by first selecting high-sequence identity structure 454 

templates through a BLAST search against the Protein Data Bank(54). The solved crystal 455 

structures of IsPETase (PDB 6EQE)(21), the cutinases from Thermobifida cellulosilytica (PDB 456 

5LUI)(55) and Thermobifida fusca (PDB 4CG2)(56) and a polyester hydrolase of Pseudomonas 457 

aestusnigri (PDB 6SBN)(24) were selected. 458 

Chain A of each structure was extracted and used as template alongside a RosettaScripts XML 459 

modelling protocol(57) to generate a total of 1,000 models, where explicit information about the 460 

position of the two conserved disulfide bonds and an additional bond were obtained according to 461 

the cysteine residues present in the sequence. The lowest-energy model with the lowest RMSD 462 

against the template structures was selected and its stereochemical quality was assessed using 463 

Verify3D(58), PROVE(59), PROCHECK(60) and WHATCHECK(61). Further refinement of 464 

this structure was conducted using two custom relax protocols(62) with and without restraints on 465 

the active site, generating 5,000 additional models that underwent a similar energetical and 466 

structural quality assessment for selection of a final model. 467 

The five models with lowest-energy and RMSD against the template structure of IsPETase (PDB 468 

6EQE) were selected for further analysis (Table S1 and Figure S7). We did not observe 469 

significant differences in the Ramachandran plots for the models 119, 620, 650, 803 and 952. 470 

Only 2 amino acids, excluding glycine, were in the non-favored regions, similar to the structure 471 

of IsPETase who presented one residue in a non-favored region, corresponding to serine 132. 472 

With Verify3D(58), which determines the compatibility of the model with its own primary 473 

sequence based on known protein structures, we obtained positive values for all the models, with 474 

models 119 and 650 showing the best results. With PROVE, better results were obtained for 475 
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model 952 with a buried outlier protein atom total of 3.6 %. Considering WHATCHECK results, 476 

the model 199 showed less errors in comparison to the others and displayed a properly oriented 477 

catalytic triad as in the template structures. Thus, model 119 was selected, and 5,000 relaxed 478 

models were generated. No improvements were obtained, indicating a good quality of the model 479 

119. 480 

Molecular dynamics simulations 481 

Molecular dynamic (MD) simulations with Mors1 and IsPETase (PDB 6EQE) were carried out 482 

using AMBER16 along with the ff14SB force field (63). The protonation state of the residues at 483 

pH 8.0 was estimated using the H++ server (64). Then, a system was solvated with TIP3P water 484 

molecules and neutralized with counter ions in a truncated octahedral box of 1.5 nm of padding 485 

with periodic boundary conditions. The system was first minimized using a steepest descent 486 

method with position restraints on waters and ions, followed by a second minimization without 487 

any position restraints. The system was heated from 0 to 298 K for 150 ps at a constant volume 488 

using a Langevin thermostat, followed by equilibration of the solvent atoms of each system for 1 489 

ns at 298 K and constant pressure of 1 bar using a Berendsen barostat until density was stable, 490 

upon which a third and final equilibration step of the whole system for 1 ns under the same 491 

temperature and pressure conditions was performed. Production MD runs were carried out in 492 

four replicas for 100 ns each, using a timestep of 2.0 fs alongside the SHAKE (65) algorithm and 493 

the particle mesh Ewald method(66) for long-range electrostatics, with a 10 Å cutoff for short-494 

range electrostatics. Independent runs were ensured by using random seeds for initial velocities 495 

during the equilibration step. Replicas were checked for structural convergence using the overall 496 

backbone root mean-square deviation (RMSD) from the first frame. RMSD and per‐residue root 497 

mean square fluctuations (RMSF) were calculated using CPPTRAJ of AmberTools20(67). 498 
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Fluorescent dye labeling of free cysteines in Mors1 499 

The presence of free sulfhydryl groups of cysteine residues in Mors1 was determined by covalent 500 

labeling with the fluorescent dye 7-fluoro-2,1,3-benzoxadiazole-4-sulfonamide (ABD-F) (34). 501 

Both Mors1 and BSA were adjusted to equal molar concentrations and 4 µL of protein was 502 

mixed with 5 µL of 2x reaction buffer (200 mM H3BO3, 4 mM EDTA, 6% SDS, pH 8.0), 1 µL 503 

of 10x ABD-F (40 mM in DMSO) and incubated for 30 min at 37°C (Figure S8). Labeled 504 

samples were separated on an SDS-PAGE gel under non-reducing conditions and fluorescence 505 

was detected in a ChemiDoc XRS+ Gel Imaging System (Bio-Rad Laboratories, Hercules CA, 506 

USA). BSA was used as a positive control since it contains 35 cysteine residues that form 17 507 

disulfide bridges and one free cysteine which can be covalently labeled with ABD. 508 

Identification of potential PET hydrolases in Antarctic coastal metagenomes 509 

Genes encoding Mors1 homologs were identified from massive sequencing data obtained in 510 

2014 from surface marine waters of Bahía Chile, Antarctica (35), available at the NCBI 511 

Bioproject no. PRJNA421008. Metagenome readings were filtered using a quality score (Qscore) 512 

> 30 and assembled with the SPAdes v3.10.1 software using the "meta" option (36). The 513 

prediction of open reading frames (ORFs) was made from contigs greater than 500 bp with 514 

Prodigal v2.6.3 using the “meta” mode and bypassing the Shine-Dalgarno sequence (37). Lastly, 515 

potential polyester hydrolases from the predicted proteins of these metagenomes were identified 516 

via local sequence homology analysis against the protein sequence of Mors1 (UniProtKB 517 

P19833) using BLASTP (38), with hits having >50% coverage and >70% sequence identity 518 

considered valid. 519 

Abundance and taxonomic affiliation of potential metagenomic PET hydrolases  520 
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The composition of the bacteria community was evaluated through 16S miTAG analysis, which 521 

were obtained and recorded from metagenomes using METAXA2 (68) in metagenomic mode 522 

using default parameters. Recruitment of readings to the sequences of potential Mors1 homologs 523 

was carried out through the use of Bowtie2 v2.2.6 (41) in the end-to-end alignment mode and 524 

allowing 1 mismatch in a seed alignment during multiseed alignment. Then, we identified the 525 

possible taxonomic identity of the candidate metagenome sequences through BLASTP (38) 526 

against the Refseq_prot database (NCBI, January 2020). Only the best hit was reported, since the 527 

first 10 results corresponded to the same taxonomy. 528 

Data availability 529 

The results from comparative modelling of Mors1 using Rosetta, MD simulations of IsPETase 530 

and Mors1 and homologous metagenomic sequences identified from NCBI Bioproject no. 531 

PRJNA421008 are available for download at the laboratory’s simulation archive in the Open 532 

Science Framework (OSF, https://osf.io/bn6u3/). The protein sequences of IsPETase, OaCut and 533 

Mors1 are available at the UniProt KB under accession codes A0A0K8P6T7 (IsPETase), 534 

R4YL88 (OaCut) and P19833 (Mors1). 535 
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FIGURE LEGENDS 745 

 746 

Figure 1. Hydrolysis of PCL by Mors1 and OaCut. (A) Agar plate containing PCL with E. 747 

coli expressing Mors1. (B) Agar plate containing PCL with E. coli expressing OaCut. (C) 748 

Time course of PCL hydrolysis (decrease of turbidity of a PCL nanoparticle suspension) by 749 

Mors1 (blue) and OaCut (black). (D) Relative initial hydrolysis rates of PCL nanoparticles by 750 

Mors1 at different reaction temperatures; 100% = hydrolysis rate at 25°C. (E) Determination 751 

of the thermal inactivation temperature (T50 = 48.7°C) of Mors1. 752 

 753 

Figure 2. Enzymatic degradation of amorphous PET films. (A) Weight loss of PET films (in 754 

dark green) and amounts of TPA and MHET (in pink) released by Mors1 and IsPETase after a 755 

reaction time of 24h at 25°C. In grey, negative control without enzyme. (B) Weight loss of PET 756 

films after a reaction time of 6 days at 25°C with Mors1 and OaCut. NC: Negative control 757 

without enzyme. (C) Weight loss of PET films after a reaction time of 1, 7, and 10 days at 25°C 758 

with Mors1. (D) Surface changes of amorphous PET films. Control (left) and treated with Mors1 759 

for 10 days at 25°C (right). Scanning electron microscopic images of the surface of an untreated 760 

PET film (E) and a film treated with Mors1 for 10 days at 25°C (F). 761 

 762 

Figure 3. Comparison of the sequence, structure, and active site dynamics of Mors1, 763 

OaCut, IsPETase, TfCut2, and LCC. (A) Multiple sequence alignment. Residues numbered 764 

according to the full protein sequences with signal peptide. Strictly conserved residues are 765 

highlighted in green background, with yellow triangles indicating cysteine pairs that form 766 

disulfide bonds and orange stars indicating catalytic residues. A secondary structure topology 767 
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based on the structure of TfCut2 (PDB 4CG1) is shown on top of the sequence alignment. (B) 768 

Cartoon representation of the modelled structure of Mors1, showing its three disulfide bridges 769 

(DB) in yellow sticks. (C) Active site of Mors1 (blue), with catalytic residues in bold. (D) Active 770 

site of IsPETase (green), showing residues equivalent to Mors1 and catalytic residues in bold. 771 

(E) Average backbone RMSF for Mors1 and IsPETase. The secondary structure is indicated as 772 

lines in the background, with α-helices in pink and β-sheets in grey. 773 

 774 

Figure 4. Sequence variability of potential polyester hydrolases from Antarctic 775 

metagenomes. A multiple sequence alignment between Mors1 and homologous enzyme 776 

candidates with high sequence coverage from Antarctic metagenomes from Chile Bay. Blue 777 

boxes indicate columns with either strict (red background) or 75% (red characters) sequence 778 

conservation between all enzymes. Green stars indicate conserved catalytic residues, whereas 779 

blue spheres indicate active site residues. 780 

  781 
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TABLES 782 

 783 

Table 1. Onset temperature for denaturation and melting temperature (Tm) of Mors1, OaCut and 784 

IsPETase determined with nanoDSF. 785 

 786 

Table 2. Kinetic parameters of PCL hydrolysis by Mors1, IsPETase, Tcur1278 and Tcur0990. 787 

 𝑘𝜏 (10
-3

/min
-1

) 𝐾𝐴 (ml/mg) 

Mors1 1544 ± 23 152 ± 5 

IsPETase 1688 ± 81 94 ± 8 

Tcur1278 122 ± 12 41 ± 5 

Tcur0390 108 ± 6 96 ± 10 

 788 

 Onset temperature for denaturation (ºC) Tm (ºC) 

Mors1 31.0 ± 0.0 52.0 ± 0.1 

OaCut 34.8 ± 0.3 40.4 ± 0.1 

IsPETase 31.7 ± 0.3 47.1 ± 0.3 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 O
ct

ob
er

 2
02

1 
by

 1
46

.1
55

.1
57

.1
14

.



D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 O
ct

ob
er

 2
02

1 
by

 1
46

.1
55

.1
57

.1
14

.



D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 O
ct

ob
er

 2
02

1 
by

 1
46

.1
55

.1
57

.1
14

.



D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 O
ct

ob
er

 2
02

1 
by

 1
46

.1
55

.1
57

.1
14

.



D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
29

 O
ct

ob
er

 2
02

1 
by

 1
46

.1
55

.1
57

.1
14

.


