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polycondensation: structural and catalytic  

features of cutinase 1 from Thermobifida 
cellulosilytica† 
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C. Ebert,b L. Gardossi*b and G. M. Guebitzac 

 
Cutinase 1 from Thermobifida cellulosilytica is reported for the first time as an efficient biocatalyst in poly-
condensation reactions. Under thin film conditions the covalently immobilized enzyme catalyzes the syn-

thesis of oligoesters of dimetil adipate with different polyols leading to higher Mw (~1900) and Mn (~1000) if 

compared to lipase B from Candida antarctica or cutinase from Humicola insolens. Computational analy-sis 
discloses the structural features that make this enzyme readily accessible to substrates and optimally suited 
for covalent immobilization. As lipases and other cutinase enzymes, it presents hydrophobic superfi-cial 
regions around the active site. However, molecular dynamics simulations indicate the absence of inter-facial 
activation, similarly to what already documented for lipase B from Candida antarctica. Notably, cutinase 
from Humicola insolens displays a “breathing like” conformational movement, which modifies the 
accessibility of the active site. These observations stimulate wider experimental and bioinformatics studies 
aiming at a systematic comparison of functional differences between cutinases and lipases. 

 
10 

 
 
 

 

15 

 
 
 

 

20 

 
 
 

 

25 

 
30  

Introduction 
 

The rising demand for advanced polyesters, displaying new 

functional properties, has boosted the development of new  
35 biocatalyzed routes for polymer synthesis, where enzymes 

concretely respond to the challenge of combining benign con-

ditions with high selectivity and efficient catalysis. Enzymes are 

attractive sustainable alternatives to toxic catalysts used in  
polycondensation, such as metal catalysts and tin in particu-  

40 lar.
1
 Moreover, they enable the synthesis of functional polyes-ters 

that are otherwise not easily accessible by using tradi-tional 

chemical routes because of the instability of some monomers under 

the elevated temperatures used in tradi-  
tional approaches.

2
  For example, it has been reported that  

45 itaconic acid (and its esters) were polymerized in the presence of 

different polyols leading to side-chain functionalized oligo-  
esters, where the preserved vinyl moiety is exploitable for 
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further functionalization.
3–5

  Polymeric products containing  

epoxy moieties have been also synthesized enzymatically.
6
 Al-  

though the size of polymers obtainable through biocatalysis  

might be modest,
4
 the molecular weight of oligomers can be  

enhanced by combining chemical or thermal methods. Hy- 35

drolases, and more specifically Candida antarctica lipase B  

(CaLB), are the most widely investigated enzymes
7–9

  in ring  
opening polymerization (ROP) reactions and in the polycon-  

densation of a wide array of monomers.
2,10  

While  various  immobilized-CaLB  preparations  have  been 40

studied and applied in polyesters synthesis, the potential of  

other esterases remains insufficiently explored.
8
  Besides CaLB,  

Gross and co-workers reported also the activity of cutinase from  

Humicola insolens (HiC) in the polycondensation of linear dicar-  

boxylic  acids  and  their  esters  (e.g.  adipic  acid,  diethyl 45

sebacate)
11,12

 and its application in the ring opening polymeriza-  

tions of lactones (e.g. ε-caprolactone, ω-pentadecalactone).
13,14  

More recently, the same cutinase showed an extraordinary  

hydrolytic activity towards aliphatic/aromatic polyesters.
15  

Concerning the catalytic properties of cutinase enzymes, 50

various fungal cutinases have been isolated and character-  

ized
16

 since these enzymes are involved in plant pathologies  
caused by the depolymerization of cutin, a three-dimensional  

polymer of inter-esterified hydroxyl and epoxy–hydroxy fatty  

acids with chain lengths mostly between 16 and 18 carbon 55

atoms.
17

   Interestingly,  also  pancreatic  lipase  has  been  
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1 reported to hydrolyze cutin, thereby releasing oligomers and 

monomers.
18

  
The interest of cutinases as biocatalysts arises from differ-ent 

studies addressing their applications on unnatural sub-  
5 strates and in industrial processes, which include hydrolysis of milk 

fats, petrol manufactory, as well as production of de-  
tergents, structured triglycerides, surfactants, flavor esters, chiral 

pharmaceuticals and agrochemicals.
19–22

 Recently, 

cutinase from Fusarium solani pisi showed a consistent syn-10 

thetic activity for the production of polyamides.
23,24

 Fungal 

cutinases from Penicillum citrinum,
25

 Thielavia terrestris26
 or 

Thermobifida species
27,28

 have been also applied in the hy-drolysis 

of commercial aliphatic/aromatic polyesters such as polyĲlactic 

acid) (PLA), poly(1,4-butylene adipate–co-1,4-  
15 butylene terephthalate) (PBAT), polyĲbutylene succinate) (PBS)  

and polyĲethylene terephthalate) (PET) without affecting the bulk 

properties of the polymers.
15 

 
Although there are some indications of potential applica-tions of 

cutinases in polymer chemistry, scientific literature  
20 is lacking from a systematic analysis of structural and func-tional 

properties of cutinases and a rationalization of differ-ences between 

lipase and cutinase enzymes, on the light of the fact that they share 

the specificity towards highly hydro-  
phobic substrates. Detailed studies of the crystal structure of  

25 cutinase from Fusarium solani pisi (Fsp)
29

 showed that its cat-

alytic serine is not buried into the protein core and the active site is 

accessible by solvents and substrates. In analogy with lipases, Fsp 

has mobile α-helices domains defining the active  
site entrance, but the enzyme does not undergo conforma-  

30 tional changes preventing the active site accessibility.
16,30

 No-tably, 

while the activity of most lipases is greatly improved at water–lipid 

interfaces, it is known that CaLB does not exhibit  
significant conformational modifications ascribable to inter-facial 

activation
31

 and recent bioinformatics analysis support 

35 the idea that CaLB is functionally and structurally assimilable to 

esterases.
32

 

In the present work, we introduce the cutinase 1 from 

Thermobifida cellulosilytica (Thc_cut1) as a biocatalyst able to  
catalyze the synthesis of linear polyesters with a higher effi-  

40 ciency as compared to lipase B from Candida antarctica or 

cutinase from Humicola insolens. The latters are among the few 

enzymes reported so far for the synthesis of polyesters.  
The potential of Thc_cut1 and of some engineered mutants in the 

hydrolysis of PET was recently documented
33,34

 but its  
45 synthetic activity has been never explored before. The data here 

presented indicate that the covalently immobilized Thc_cut1 

catalyzes, under solvent-less and thin film condi-  
tions,

4,5
 the synthesis of an array of linear biobased oligo-esters 

both in solvent and bulk systems, leading to improved  
50 conversions and number average molecular weight (Mn) when 

compared to CaLB and HiC employed under the same condi-tions. 

A further advantage of this cutinase is represented by its structural 

features that enable a much higher recovery of  
enzymatic activity upon covalent immobilization, which is of  

55 crucial importance for practical industrial applications.
35

 A 

preliminary computational study provides the first structural 

 
analysis of Thc_cut1 and tries to shed light on the different behavior 

of this enzyme as compared to CaLB and HiC. 
 

Results and discussion 
 
Homology model of cutinase 1 from Thermobifida 

cellulosilytica (Thc_cut1): preliminary structural analysis and 

comparison with Humicola insolens cutinase (HiC) 
 
The crystal structure of Thermobifida cellulosilytica cutinase 

(Thc_Cut1) has not been solved yet. Therefore, a model was 

constructed by homology modelling using the protein se-quence 

from the NCBI GenBank nucleotide sequence HQ147785.
33

 We use 

as a template the structure of Thermobifida fusca (PDB
36 code 

4CG1 (ref. 37)), which shares 99.23% of sequence identity with 

Thc_Cut1 and differs only for residues 19 and 137 (Arg and Ser in 

Thermobifida fusca cutinase are replaced by Ser and Thr in 

Thc_Cut1) (Fig. 1). The final 3D model of Thc_cut1 was highly 

reliable as indi-cated by a GMQE value of 0.99. The Thc_cut1 

catalytic triad is constituted by Ser131, His209 and Asp177 whereas 

Tyr61 and Met132 form the oxyanion hole. Interestingly, although 

Thc_cut1 and HiC belong to the same cutinase family (E. C. 

3.1.1.74), they are quite different as indicated by superimpo-sition 

of the crystal structure of HiC (PDB code 4OYY)
38

 with the 3-D 

model of Thc_cut1. HiC consists of a polypeptide chain of only 193 

amino acids (19.89 kDa), whereas Thc_cut1 is composed by 262 

amino acids (28.18 kDa). Moreover, the sequence alignment (Fig. 

1) shows only 9% of sequence identity. 

 
The catalytic serine (Ser105 and Ser131 for HiC and Thc_cut1 

respectively) and the residues forming the oxyanion hole (Ser28, 

Met106 and Tyr61, Met132 for HiC and Thc_cut1 respectively) 

were taken as a reference for performing the structure 

superimposition Fig. 1c). The comparison of the two enzyme 

structures (Fig. 1a and b) reveals that the two en-zymes share a α/β 

hydrolase fold but the main difference is related to the location and 

accessibility of their active sites. While Thc_cut1 has a catalytic 

triad placed in a superficial and accessible groove, the active site of 

HiC (Ser105, His188, and Asp175) is placed in a deeper cavity. 

 

 
Application of CaLB, HiC and Thc_cut1 for polycondensation 

reactions 
 
As previously reported by our group and others, covalent im-

mobilization is an important pre-requisite in enzymatic poly-

condensation.
2,4

 Obviously, a mono-molecular dispersion of the 

native enzyme would lead to the highest reaction rate and higher 

molecular weights, as largely documented in the literature.
2
 

However, contamination of reaction product with free enzyme must 

be avoided and recovery of the biocatalyst is mandatory for an 

economic process.  
In the present study, the two cutinases and CaLB were 

immobilized on epoxy activated organic polymeric resins (EC-

EP/M from Resindion S. R. L.).
4
 As reported in Table 1, more than 

99% of the two cutinases and 87% of CaLB was bound onto EC-EP 

within the first two hours. The prompt adsorp-tion and binding of 

Thc_cut1 (Fig. S1 of ESI†) is most 

 
1 

 
 

 

5 

 
 
 

 

10 

 
 
 

 

15 

 
 
 

 

20 

 
 
 

 

25 

 
 
 

 

30 

 
 
 

 

35 

 
 
 

 

40 

 
 
 

 

45 

 
 
 

 

50 

 
 
 

 

55 

 

 
2 



  

 
1 

 
 

 

5 

 
 
 

 

10 

 
 
 

 

15 
 

Fig. 1 Representation of the three-dimensional structures of HiC (a), Thc_cut1 (b) and the two cutinase structures superimposed on the bases of their 
catalytic residues (c). Catalytic serines and the residues forming the oxyanion hole of each enzyme are represented in sticks mode and are la-beled. 
Sequence alignment (d) was guided by the superimposition of residues forming the catalytic machinery. Residues are colored according to Clustal W 
color scheme. 
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probably ascribable to the occurrence of hydrophobic interac-tions 

between the hydrophobic areas of the proteins and the resin, as 

previously reported for lipases but never docu-  
25 mented for cutinases.

5
 Interestingly, less hydrophobic resins led to 

poorer results (Fig. S1 of ESI†).  
The covalently immobilized enzymes were termed iThc_cut1, 

iHiC and iCaLB and their hydrolytic activities were 

respectively of 13 ± 2, 8 ± 1 and 17 ± 2 U g−1
. The two 

 
30 immobilized cutinases retain a much higher percentage of the 

original activity, especially in the case of Thc_cut1 (37%). Indeed, 

the poor immobilization yield observed with CaLB (8%) is in line 

with different studies that have already reported and commented the 

difficulties encountered in the  
35 efficient immobilization not only of CaLB

39
 but also lipases from 

Pseudomonas sp.40
 and from Candida rugosa.41

  
A possible rational explanation of the higher immobiliza-  

tion yields of the two cutinases comes from the analysis of 

distribution of Lys residues on the surface of the three en-  
40 zymes (Fig. 2).  

The primary amino group of Lys is the main candidate for the 

formation of covalent bonds via nucleophilic attack of 

 
 

45 
Table 1  Immobilization yields and recovered activities of different hydro- 
lases immobilized on EC-EP epoxy-carrier using 10 mg of protein per g  

 of dry resin in 10 mL buffer. Immobilization was performed in 0.1 M Tris- 
 HCl buffer pH 7 at 21 °C for 24 h  
    

 Enzyme Bound enzymea (%) Recovered activityb (%) 
    

50 Thc_cut1 >99 37 

 CaLB 87 8 

 HiC >99 23 
 

a Calculated by evaluating the residual activity and protein concentration in 

the supernatant. b Percentage of enzyme activity exhibited by the 
immobilized preparation when compared to the  

55 soluble form. All results are the average of two independent immobilization procedures.
 

 

 

epoxy functionalities.
31,42

 The Lys residues are located far from the 

active sites of Thc_cut1 and HiC, and this factor is expected to 

favor the correct orientation of the enzyme upon binding and, 

conversely, the accessibility of the active site (Fig. 2). In contrast, 

two out of the nine Lys residues of CaLB are situated close to the 

active site.  
The three hydrolases were also compared in terms of hy-

drophilic–hydrophobic balance of their surface. It is largely 

recognized that the enzyme surface properties affect not only 

enzyme stability
43

 but also the efficacy of different protocols for 

enzyme immobilization.
31

 Lipases generally display a po-larization 

of the hydrophilic and hydrophobic areas, in agree-ment with the 

natural evolution of these enzymes which are able to act on 

hydrophobic substrates. The hydrophobic side of the enzyme 

corresponds to the active site, which normally points towards the 

water–lipid interface. On that respect, Fig. 3 shows that more than 

50% of the surface of the two cutinases is hydrophobic, which is 

purposeful to the approaching and recognition of the hydrophobic 

cutin, their natural substrate. HiC is considerably smaller (193 aa) 

when compared to CaLB and Thc_cut1 (317 and 262 residues re-

spectively). It is also evident that the active site of Thc_cut1 is the 

most superficial and accessible. 

 
It is important to point out that CaLB is expressed in As-

pergillus sp. and the analysis of the primary sequence of CaLB 
indicates the presence of a N-glycosylation site at Asn 74. As 

previously reported, the glycan masks an hydrophobic spot on 

CaLB surface.
39

 Consequently, the overall hydrophobicity of 

glycosylated CaLB is comparable to Thc_cut1, which is expressed 

in E. coli and is not glycosylated. This observation is also in 

agreement with the high affinity of Thc_cut1 for the hydrophobic 

EC-EP carrier (Table 1).
39 

 
All polycondensation reactions were carried out using en-

zymatic preparations with a water content below 0.1% w w−1
 in 

order to avoid competing hydrolytic reactions. The stability 
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Fig. 2 Lysine residues on the surface of the three hydrolases, highlighted in yellow sticks mode. The catalytic Ser of each enzyme is represented in 
sphere mode. 
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of the immobilized enzymes was investigated in terms of pro-tein 

detachment from the support and resulted to be less than 2%. 

Indeed, it is known that magnetic and mechanical mixing are 

responsible for damage of carriers and thin-film 
 
20 reactors have already demonstrated to preserve the integrity of EC-

EP resins while overcoming the viscosity of solvent-less 

polycondensations.
4,42,44 

 

25 Comparison of Thc_cut1, HiC and CaLB in the 
polycondensation of DMA with BDO 

 
In order to compare the behavior of the three enzymes, a model 

reaction between dimethyl adipate (DMA) and 1,4-  
butanediol  (BDO)  was  investigated.  These  monomers  are  

30 widely used in polymer synthesis and their biobased produc-  
tion gained further interest in the recent years. Polycondensa-tions 

were conducted using a thin-film solvent-free system
5 

 
at 70 °C and 100 kPa (Table 2).

11
 The investigation included also 

Novozym® 435, the enzymatic preparation most widely  
35 used in polycondensations, although it has been demon-  

strated that it causes protein contamination and it does not allow an 

efficient recycling.
4 

 

 
40 

 
 
 

 

45 

 
 
 

 

50 

 

 
Fig. 3 Comparison of the hydrophobicity of the surface of the three 
hydrolases. The openings of the active sites are highlighted within cyan 
circles. The extent of the surface hydrophobicity of the three  

55 enzymes was calculated and represented by using the color_h script of the PyMOL 
software.

 

 

 
Interestingly, the polycondensation catalyzed by iThc_cut1 led 

to the highest monomer conversion (86% calculated by 
1
H-NMR 

analysis) with reaction products reaching a Mw of 1923 Da (Fig. 

S2–S4 in ESI†). The data appears quite promis-ing when 

considered that the commercial Novozym® 435 gave 78% 

monomer conversion with Mw of 1040 Da (Fig. S5– S7 in ESI†) 

notwithstanding previous studies documented the tendency of such 

formulation to release part of the free en-zyme in the reaction 

mixture.
4 

 
Regarding the use of HiC, Hunsen et al. claimed that the 

covalently immobilized enzyme was able to catalyze the poly-

condensation of adipic acid with C4, C6 and C8 linear polyols in 

solvent-less condition at 70 °C and 10 mm Hg (about 1.3 kPa).
12

 

Our attempts to synthetize similar polyesters starting from dimethyl 

ester, although at 100 kPa, gave no observable product even when 

the free HiC enzyme was employed. Monomer conversions of 

around 10% were obtained only using adipic acid as monomer. 

 

It must be underlined that polyesters of much higher Mw were 

reported in studies employing adsorbed CaLB (e.g. Novozym® 

435) in polycondensation of structurally different monomers.
2
 

Nevertheless, in the present study our interest was mainly focused 

on esters of adipic acid and BDO as they  
are bio-based monomers available at industrial scale. Previ-ous 

studies
45,46

 indicated that these short chain monomers 

led to polyesters with Mw  in the range of 600–2200 Da. 

 

 
Table 2 Polycondensation of DMA with BDO by different hydrolases at 24 
h at 70 °C and 100 kPa , using 10% w/w of biocatalyst 
 

Enzymatic preparation Conversiona (%) Mw
b Mn

b PDb 
     

Novozym® 435 78 1040 561 1.85 

iCaLB 76 888 528 1.68 

iThc_cut1 86 1923 985 1.95 

iHiC — — — — 
 
a Calculated via 1H-NMR by comparing the ratio between the polyol 

methylene groups adjacent to –OH area (B1) and the internal methylene 

groups area of DMA (A1, assumed as constant). All reactions were 

performed in duplicates. b Calculated via GPC calibrated with low 

molecular weight polystyrene standards ranging from 250–70 000 Da. 
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Fig.  4 Evaluation  of  the  recyclability  of  the  Thc_cut1  covalent 
preparation over 10 cycles expressed as a percentage of the BDO 

15 
monomer reacted after 4 h of reaction. 

 
 

 
However, in such cases the detachment of the native enzyme  

20 was observed and its dispersion in the reaction mixture. As recently 

demonstrated, the fine and homogeneous distribu-  
tion of the biocatalyst affects the elongation of polymers much more 

than the specific activity of the biocatalyst.
5 

 
Therefore, in the case of Novozym® 435, polycondensation is  

25 catalyzed both by the immobilized iocatalyst and by the frac-tion of 

native CaLB dispersed in the reaction mixture and  
that favor the chain elongation.

4 
 

Taken these factors into account, it is noteworthy that the size of 

oligoesters here reported is of the same order of mag-  
30 nitude of products previously obtained using different formu-  

lations of CaLB for the polycondensation of similar 

monomers.
4,5,44 

 
The results obtained in the study of the biocatalyst recycla-bility 

(Fig. 4) demonstrate that by using a thin-film reaction  
35 system and solvent-less conditions the covalently immobilized 

Thc_cut1 retains most of its activity after 10 syn-thetic cycles. 

Details of time course are available in ESI,† Fig. S8. 

 
It must be underlined that our previous studies demon-  

40 strated already the recyclability of covalently immobilized CaLB 

using the same reaction conditions, whereas Novozym®  
435 undergoes a progressive detachment of the enzyme and a 

decrease of enzymatic activity.
4 

 
 

Experimental data, combined with computational infor- 1 

mation, indicate that Thc_cut1 is a promising biocatalyst for  

applications in polycondensation reactions and it is particu-  

larly suitable for being covalently immobilized on EC-EP car-  

riers. Moreover, the stability of the enzyme preparations can 5 

be of industrial interest in the view of an up scaling of the  

process.  

Polycondensation of dimethyl adipate catalyzed by iThc_cut1 

10 
using different diols  

In order to assess the substrate specificities of iThc_cut1 to-  
wards different monomers, a set of qualitative screening reac-  

tions was carried out using DMA and diols with different  

chain-lengths (C2–C12). These preliminary tests were carried 15 

out in bulk and monitored by means of 
1
H-NMR. They indi-  

cated that iThc_cut1 is able to catalyze the polycondensation  

of DMA with BDO, HDO, ODO and DDO (Table 3). The pro-  

duction of short chain oligoesters was demonstrated by ESI-  

MS. After 24 h, the longest reaction product was an 8 units 20 

oligomer obtained in the reaction between DMA and BDO  

while the most abundant products were trimers, tetramers  

and pentamers in all the performed reactions (Fig. S9 in  

ESI†).  

Further  quantitative  information  on  the  efficiency  of 25 

iThc_cut1 was obtained by studying the time-course of the  

polycondensation of DMA with C4, C6  and C8  linear diols  
using a thin-film reaction system at environmental pressure  

and in solvent-free conditions (Fig. 4).
47  

From Fig. 5 it appears that Thc_cut1 is more efficient in 30 

the polycondensation of C4 diol leading to 37% of monomer  

conversion in 24 h while the C6 and the C8 dialcohols were  
converted only by 11% and 9% respectively. However, the ob-  

served rate of conversion may be ascribed not only to differ-  

ent enzyme specificity but also to different viscosity of the re- 35 

action systems under solvent-less conditions. Indeed, while  

BDO is a liquid, the other polyols are solid at 25 °C and they  

are simply dispersed in DMA before heating at 70 °C to ob-  

tain a homogeneous phase. The possible effect of viscosity  

and mass transfer on data in Fig. 5 was confirmed by carry- 40 

ing out the polycondensation in two different organic sol-   
vents, namely toluene and tetrahydrofuran (THF). It has been 

already reported that HiC is active in several organic solvents 

 
45 45 
 

Table 3 Polyesterification of DMA with EG, PDO, BDO, HDO, ODO and DDO catalyzed by 10% w/w iThc_cut1 with a hydrolytic activity of 13 U g−1 for 24 
h 

 
 Dicarboxylic acid (A) Polyol (B) Area-CH2–OCO– (B1)a Area-CH2–CH2–OCO– (A1)a Monomer conversiona (%) 
      

50 DMA EG X 4.0 X 

  PDO X 4.0 X 

  BDO 1.79 4.0 45 

  HDO 1.49 4.0 37 

  ODO 1.36 4.0 34 

  DDO 1.04 4.0 26 

55 a Calculated via 1H-NMR by comparing the ratio between the polyol methylene groups adjacent to −OH area (B1) and the internal methylene 

 groups area of DMA (A1, assumed as constant). All reactions were performed in duplicates.  
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Fig. 5 Time-course of the solvent-free polycondensation of DMA with BDO 
(black bars), HDO (stripe bars) and ODO (white bars) catalyzed by 
immobilized Thc_cut1 having a hydrolytic activity of 7 U g−1. Monomer  

15 conversion was calculated via 1H-NMR. All reactions were performed in 
duplicates. It must be noted that these reactions were catalyzed by an 
enzyme preparation displaying a much lower activity (7 ± 2 U g−1) in order 
to allow suitable monitoring of the polycondensation reaction time course 
while maintaining the same monomer-biocatalyst ratio  
(10% w w−1). 

20 

 
while there are no respective data on Thc_cut1. The reactions were 

carried out by solubilizing the monomers in organic sol-vent at a 

concentration of 0.2 M and Table 4 reports the re-  
25 sults obtained in toluene, since no polymerization product was 

observed using THF. The polycondensation of DMA with  
C4, C6 and C8 linear polyols led to monomers conversions ranging 

from 50 to 55% after 24 h of reaction with Mw distri-butions of 

400–450 Da.  
30 It must be underlined that the activity of Thc_cut1 in the polycondensation 

of BDO and dimethyl adipate opens inter-esting perspectives for the 

enzymatic synthesis of polyesters. Gross and co-workers reported 

that cutinase from Humicola insolens accepts preferably C6 and 

C8 diols in the polymeriza-  
35 tion with adipic acid while the C4 diol is scarcely converted.

12
 

Moreover, previous studies reported also that HiC accepts 

preferably C10 and C13 diacids, while only slight activity was 

detected for substrates with a <C10 carbon chain.
11

 The same  
work also documented that CaLB catalyzes the polycondensa- 

40 tion of C3–C8 linear polyols with sebacic acid at 70 °C in bulk, 

although the study did not report information on the rate of 

 

conversion of monomers but only the increase of the Mn over 

time.
11 

 
The time course of Fig. 6 shows how Thc_cut1 converts the 

linear diols in toluene with similar efficiency, thus confirming a 

possible effect of viscosity and mass transfer in conversions 

reported in Table 3 and Fig. 5. However, some solvent effect on the 

conformation and accessibility of the en-zyme cannot be excluded. 

 
 

 

Comparison of dynamic behavior of Thc_cut1, HiC, and 

CaLB in different media 
 
In order to investigate possible solvent effects on the accessi-bility 

of Thc_cut1, a conformational analysis was carried out by running 

MD simulations for 10 ns at 343 K in explicit tolu-ene. HiC and 

CaLB were also included in the study. Fig. S10 in ESI† reports a 

comparison of the starting structures (crys-tals for HiC and CaLB, 

homology model for Thc_cut1) and the conformations obtained 

after 10 ns of MD simulation in toluene. 

 

Root Mean Square Fluctuation (RMSF) were calculated for each 

simulated protein
31

 to identify the most flexible domains (Fig. 7). 

The analysis pointed out two very mobile domains overlooking the 

catalytic Ser105 of HiC, so that after 10 ns sim-ulations in toluene 

the active site of HiC increases its accessi-bility and it assumes the 

shape of an open “chasm”. This ob-servation might suggest that HiC 

has a behavior similar to lipases, members of the same serine–
hydrolase superfamily, which are undergo dynamic opening and 

activation when ex-posed to hydrophobic phases, as a result of the 

movements of the flexible domains referred as “lid”.31 

 

As widely known, CaLB is not characterized by the interfa-cial 

activation phenomena. This is confirmed by the RMSF analysis of 

Fig. 7, which indicates the presence of a domain endowed with 

modest flexibility in the proximity of the 
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 Table 4  Polycondensation of DMA with C4, C6 and C8 linear polyols at 
 24 h catalyzed at 70 °C and 100 m kPa in toluene using 10% w/  

  w iThc_cut1 with a hydrolytic activity of 13 U g−1   

  Linear polyol Conversiona (%) Mw
b Mn

b PDb
       

  BDO 50 435 400 1.09

50  HDO 52 440 453 1.17

  ODO 55 551 465 1.19
 

a Calculated via 1H-NMR by comparing the ratio between the polyol 

methylene groups adjacent to −OH area (B1) and the internal methylene 

groups area of DMA (A1, assumed as constant). All reactions were 

performed in duplicates. b Calculated via GPC  
55 calibrated with low molecular weight polystyrene standards 250–70 000 Da.

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 6 Time-course of the polycondensation of DMA with BDO (black 
bars), HDO (stripe bars) and ODO (white bars) in toluene. The reactions 
were catalyzed by immobilized Thc_cut1 displaying lower activity (7 ± 2 U 
g−1) in order to facilitate the monitoring of the polycondensation while 
maintaining the same monomer-biocatalyst ratio (10% w w−1). Monomer 
conversion was calculated via 1H-NMR. All reactions were performed in 
duplicates. 
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Fig. 7 Representation of RMSF on the 3D structures of the three hydrolases. The thickness and “color temperature” (from blue to red) are correlated with 
the fluctuation observed during the 10 ns MD simulations in explicit toluene at 343 K. The thicker and red regions correspond to the highest RMSF values. 
The catalytic serine of each enzyme is highlighted in pink sphere mode. 
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opening of the active site corresponding to a small putative lid 

unable to close the active site.
31 

In Thc_cut1 the regions surrounding the opening of the active 

sites appear of scarce mobility, while there are termi-nal loops 

undergoing wider fluctuations. Conversely, the superficial and 

groove shaped active site of Thc_cut1 un-dergoes very limited 

conformational modifications in toluene (Fig. S10 in ESI†). 

 
In order to shed light to this lipase-like conformational behavior 

of HiC, further dynamic simulations were run in 

 
explicit water. Our previous studies illustrated how a number of 

different lipases in explicit water undergo a sort of “closure” of the 

active sites with a restriction of their accessi-bility. On the contrary, 

the conformation of HiC after 10 ns simulation in explicit water at 

343 K becomes open and the active site is fully accessible. 

Quantitative details of the amplitude of the movements of domains 

overlooking the catalytic serine can be observed in Fig. 8b, where it 

appears clear that the crystal structure of HiC is the less accessible. 

Interestingly, this structure corresponds to the crystal 
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 Fig. 8  a: Superimposition of structures of Thc_cut1 (homology model), HiC and CaLB (crystals) with conformations obtained after MD simulations  

55 

at 343 K. Legend: gray = starting 3D structure; pink = after 10 ns MD in toluene; green = after 10 ns MD in water. b: Comparison of the 
55accessibility of HiC active site expressed as the distance between Cα of Phe 70 and Lys 167. Pink (toluene) = 16.2 Å; grey (crystal structure after  

removal of inhibitor) = 8.5 Å; green (water) = 16.4 Å. 
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1 obtained in the presence of a hydrophobic inhibitor (diethyl-p-

nitrophenyl-phosphate). No significant conformational  
variations were observed for CaLB and Thc_cut1 in explicit water. 

 
5 Overall, this computational analysis indicates that HiC and Thc_cut1 are 

considerably different in terms of structure and conformational 

behavior. HiC presents highly mobile do-mains and a kind of “lid” 
domain overlooking the active site. Although this feature is shared 

by most lipase enzymes, the  
10 MD simulations indicate that the active site of HiC remains open 

and accessible both in water and in hydrophobic envi-  
ronment. Nevertheless, the crystal structure shows how the putative 

“lid” is indeed able to assume conformations that re-duce the active 

site accessibility in the presence of a hydro-  
15 phobic inhibitor.  

Of course, this behavior deserves further investigations and 

bioinformatics analysis to understand structural and functional 

differences between cutinases and lipases.  
The hydrophobic surface appears to be a common feature  

20 of lipases and cutinases but it must be noted that very few studies 

address the differences between lipases and cutinases. Some 

pioneering studies indicated that cutinase enzymes are able to 

hydrolyze fatty acid esters and emulsified  
triacylglycerol as efficiently as lipases, but without any inter-  

25 facial activation.
48,49

 Structural and computational investiga-tions 

of cutinase from Fusarium solani pisi documented that  
the loops surrounding the catalytic site are highly flexible.

30
 The 

same studies also indicated that the absence of any sig-nificant 

structural rearrangements upon binding to non-  
30 hydrolyzable substrates represents an important feature of  

cutinase. Notably, this feature is shared by Candida antarctica 

lipase B.
50 

 
Other investigations reported that the atoms involved in cutinase 

oxyanion hole formation do not move upon inhibi-  
35 tor  binding  whereas  significant  displacements  occur  in  

Rhizomucor miehei lipase and human pancreatic lipase upon 
inhibition.

51 

The present study indicates that there is no unified pic-  
ture for illustrating structural and conformational properties  

40 of all cutinases. The negligible conformational mobility of Thc_cut1 

is indeed comparable with the CaLB behavior  
whereas the conformational modifications occurring in HiC are 

compatible with a “brief-like” motion able to modulate the access to 

the hydrophobic active site.  
45 On the light of these preliminary evidences, a comprehen-sive future 

computational and bioinformatic comparison could elucidate the 

structure function relationships of these interesting enzymes in more 

detail. 
 
50

 Conclusions 
 

The urgency of more sustainable, selective and efficient routes for 

the synthesis of new generation polyesters was addressed by 

introducing cutinase 1 from Thermobifida  
55 cellulosilytica (Thc_cut1) as new enzyme suitable for polycon-

densation reactions. 

 
 

The disclosure of some methodological problems hamper- 1 

ing   the   polycondensation   procedures   used   so   far  

(unsuitability of adsorbed immobilized biocatalysts as well as  

of batch reactors) motivated an integrated study addressing  

both  the  biocatalyst  and  the  reaction  system,  aiming  at 5 

contributing  to  a  more  rational  optimization  of  in  vitro  

enzymatic synthesis of polyesters. Covalently immobilized  

Thc_cut1 catalyzes, under thin film conditions,
4,5

 the synthe-  
sis of an array of linear biobased oligoesters both in solvent  

and bulk systems, leading to improved conversions and Mn 10 

when compared to lipase B from Candida antarctica (CaLB)  

and cutinase from Humicola insolens (HiC) employed under  

the same conditions. A further advantage of this cutinase is  

represented by its structural features enabling a much higher  

recovery of enzymatic activity upon covalent immobilization, 15 

which is of crucial importance for practical industrial appli-  

cations.
35

 Preliminary computational studies provide the first  
structural analysis of Thc_cut1 and shed light on the differ-  

ent conformational behavior of this enzyme as compared to  

CaLB and HiC. Structural analyses indicate that Thc_cut1 has 20 

a very superficial and fully accessible active site both in aque-  

ous and hydrophobic media. Interestingly, Thc_cut1 shares  

some structural and conformational properties with lipase B  

from Candida antarctica, whereas cutinase from Humicola  

insolens has highly mobile domains able to modify the acces- 25 

sibility of its active site. Such remarkably different behavior  

of these two cutinases motivate further comprehensive bioin-  

formatics analysis able to elucidate structural and functional  

differences among cutinases and lipases, two enzyme classes  

sharing highly hydrophobic surfaces and the ability to hydro- 30 

lyze insoluble substrates.  
 

Experimental section 
 
Chemicals and reagents 

35 
EC-EP/M and EC-HFA/M Sepabeads were kindly donated by  

Resindion S. R. L., (Mitsubishi Chemical Corporation, Milan,  

Italy). EC-EP/M beads have average pore diameter of 10–20  

nm, particle size in the range of 200–500 μm and water reten-  

tion around 55–65%. Dimethyl adipate (DMA), ethylene glycol 

40
(EG) and 1,2-propanediol (PDO) were purchased from Sigma-  

Aldrich.  1,4-butanediol  (BDO),  1,6-hexanediol  (HDO),  1,8-  

octanediol (ODO)  and  1,12-dodecanediol (DDO)  were pur-  

chased from Merck. All other chemicals and solvents were  

also purchased from Sigma-Aldrich at reagent grade, and 

45
used without further purification if not otherwise specified.  

Enzymes   

The  recombinant  Thermobifida  cellulosilytica cutinase  1  
(Thc_cut1)  was  produced  and  purified  as  previously  de- 50

scribed. The organism used for the expression was E. Coli.33  
Novozym® 435 was purchased from Sigma-Aldrich (product  

code:  L4777)  containing  Candida  antarctica  lipase  B  
immobilized on macroporous acrylic resin with a specific ac-  

tivity of >5000 U g−1
  (PLU Units, determined by producer). 55

Lypozyme CaLB (protein concentration of 8 mg mL−1
) was a  

 
 
8  



 

 
1 kind gift from Novozymes (DK). The cutinase from Humicola 

insolens (HiC) (protein concentration of 11.2 mg mL−1
) was a 

gift from Novozymes (Beijing, China) and was purified as pre-

viously described
15

 prior to use.  
5 
 

Activity assay for native lipase and cutinases 
 

Activity was measured at 21 °C using p-nitrophenyl butyrate 

(PNPB) as a substrate as previously reported by Ribitsch et al. 
with some modification.27 PNPB was selected because lipases 

10 

and cutinases display different substrate specificity and a general 

test for esterase activity was preferred rather than the typical 

tributyrin hydrolysis assay. In any case, no direct com-parison 

between lipase and cutinase activity was reported. 
The final assay mixture was made up of 200 μL of solution B 

15 

and 20 μL of enzyme solution (solution A: 86 μL of PNPB and 

1000 μL of 2-methyl-2-butanol; solution B: 40 μL of solution A and 

1 mL of 100 mM Tris-HCl buffer at pH 7). The increase of the 

absorbance at 405 nm due to the hydrolytic release of 

p-nitrophenol (ε 405 nm = 9.36 mL (μmol cm)−
1
) was mea- 

20 

sured over time using a Tecan plate reader using plastic 96 well 

plates. A blank was included using 20 μL of buffer in-stead of 

enzymatic solution. The activity was calculated in units (U), where 

1 unit is defined as the amount of enzyme 
required to hydrolyze 1 μmol of substrate per minute under 

25 

the given assay conditions. 

 
Activity assay for immobilized enzymes 

 
Activity was measured at 21 °C using PNPB as substrate. The  

30 final assay mixture was made up of 0.1 mL of the substrate solution 

(86 μL of PNPB and 1000 μL of 2-methyl-2-butanol), 11 mL of 100 

mM Tris-HCl buffer at pH 7 and 20 mg of  
immobilized enzyme preparation. The increase of the absor-bance at 

405 nm due to the hydrolytic release of 

35 p-nitrophenol (ε 405 nm = 9.36 mL (μmol cm)−
1
) was mea-sured 

over time with a HACH Lange benchtop spectropho-tometer using 

plastic cuvettes. A blank was included using beads where glycine 

was used instead of enzyme as blocker  
for the epoxy-activated beads. The activity was calculated in  

40 units (U), where 1 unit is defined as the amount of enzyme required 

to hydrolyze 1 μmol of substrate per minute under the given assay 

conditions. 

 
Evaluation of enzyme leaching 

45 

Immobilized enzyme preparations were incubated as de-scribed 

above without adding the PNPB solution. Samples were taken after 

5, 10, 15 and 30 min and the biocatalyst was removed via filtration. 

The substrate solution was added to 
the supernatant and the residual esterase activity was 

50 

assessed as described above. 

 
Protein quantification 

 
Protein concentrations were determined by using the BioRad  

55 protein assay (Bio-Rad Laboratories GmbH, Vienna, Cat. no: 500-

0006). Briefly, 10 μL of the sample was added into the 

 
wells of a 96-well micro-titer plate (Greiner 96 Flat Bottom 

Transparent Polystyrene). As soon as all the samples were placed 

into the wells, 200 μL of the prepared BioRad reaction solution 

were added to the wells (BioRad Reagent diluted 1 : 5 with 

mQH2O). The plate was incubated for 5 min at 21 °C and 400 rpm. 

The buffer for protein dilution (0.1 M Tris-HCl pH 7) was used as 

blank and BSA (bovine serum albumin) as standard. The absorption 

after 5 min was measured at λ = 595 nm and the concentration 

calculated from the average of triplicate samples and blanks. 

 

 
Immobilization of Thc_cut1, HiC and CaLB on epoxy-

activated beads 
 
The epoxy-activated beads were washed with ethanol (2 times) and 

double distilled H2O (2 times) prior to use. A total of 1.0 g of dry 

epoxy-activated beads were suspended in 10 mL of 1 mg mL−1
 

enzyme solution in 0.1 M Tris-HCl buffer pH 7 at 21 °C for 24 h on 

a blood rotator. Samples were with-drawn over time. The progress 

of the immobilization was monitored by evaluating the residual 

activity and protein con-centration in the supernatant and data are 

reported in Fig. S1 of ESI.† It must be noted that Tris-HCl buffer 

was selected as immobilization medium because native Thc_cut1 

was pro-duced in this same buffer and the exchange of buffer would 

cause a loss of enzymatic activity (data not shown). After the 

immobilization, the enzyme preparations were extensively washed 

with 0.1 M Tris-HCl buffer pH 7 in order to remove all the non-

covalently bound protein adsorbed on the sup-port. Finally, in order 

to block the unreacted epoxy groups, the enzymatic preparations 

were incubated in 45 mL of 3 M glycine for 24 h at 21 °C as 

previously reported.
52

 The enzyme preparations were extensively 

washed with 0.1 M Tris-HCl buffer pH 7 and dried for 48 h at 30 °C 

under reduced pres-sure (13.3 kPa) in a desiccator containing silica 

gel prior to use (if not otherwise specified). The immobilized 

prepara-tions are termed iThc_cut1, iCaLB and iHiC, respectively. 

 
 

 

Moisture determination 
 
0.2 g of immobilized enzymatic preparation was weighted in a 

tarred weighting bottle (A), dried for 6 h at 120 ± 5 °C, cooled down 

in a dessicator until constant weight was reached and weighted 

again (B). The moisture content was calculated as follows: 

 
 

Moisture content (%) = [(A − B)/A] × 100 

 

A table with the calculated water content of the immobilized 

preparations can be found in ESI† (Table S1). All determinations 

were conducted in duplicates. 

 
Enzymatic polycondensation of DMA e BDO using a thin-film 

reaction system under solventless conditions 
 
6.0 mmol A and 6.0 mmol B and the biocatalysts iThc_cut1, iCaLB, 

iHiC or Novozym® 435 (10% w/w respect to the total amount of 

monomers) were incubated in a 50 mL round 
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bottom flask connected to a rotary evaporator at 70 °C and 100 kPa 

for 24 h. The molar ratio of A and B was 1.0 : 1.0. During the 

polymerization process the biphasic system be-came a monophasic 

homogeneous transparent solution. The final product was a viscous 

sticky colorless liquid which was solubilized in DCM. After solvent 

evaporation, the crude product was analyzed by GPC, ESI-MS and 
1
H-NMR without any further purification. All reactions were 

performed in duplicates and compared to a control without enzyme. 

 

 

Screening of activity of iThc_cut1 in the polycondensation of 

dimethyl adipate (A) and diols with different chain length (B) 
 
A fast preliminary screening of the substrate specificity of Thc_cut1 

towards different diols was performed by incubat-ing 5.0 mmol of 

A, 5.0 mmol of B and iThc_cut1 (10% w/w respect to the total 

amount of monomers). These qualitative preliminary tests were 

carried out using common 4 mL reac-tion vials at atmospheric 

pressure and 70 °C and applying magnetic stirring for 24 h. The 

molar ratio of A and B used was 1.0 : 1.0. During the 

polymerization process the initial bi-phasic system became a 

monophasic homogeneous transpar-ent solution. The final products 

were solubilized in tetrahy-drofuran (THF) and filtered in order to 

remove the biocatalyst. After solvent evaporation, the crude 

products were analyzed by gel permeation chromatography (GPC), 

Electrospray Ionization-Mass analysis (ESI-MS) and proton nuclear 

magnetic resonance spectroscopy (
1
H-NMR) without any further 

purification. All reactions were performed in duplicates and 

compared to a control without enzyme. The same protocol was 

applied for the reactions conducted in organic solvent using 12 mL 

reaction vials and a concentra-tion of monomers of 0.2 M. 

 
 
 
 
GPC 
 
Samples were dissolved in THF (250 ppm BHT as inhibitor) and 

filtered through filter paper (595 ½, Whatman GmbH, Dassel, 

Germany). In case of liquid samples, the starting sol-vent was 

removed under reduced pressure. Gel permeation chromatography 

was carried out at 30 °C on an Agilent Tech-nologies HPLC System 

(Agilent Technologies 1260 Infinity) connected to a 17369 6.0 mm 

ID × 40 mm L HHR-H, 5 μm Guard column and a 18055 7.8 mm ID 

× 300 mm L GMHHR-N, 5 μm TSKgel liquid chromatography 

column (Tosoh Biosci-ence, Tessenderlo, Belgium) using THF (250 

ppm BHT as in-hibitor) as eluent (at a flow rate of 1 mL min−1
). An 

Agilent Technologies G1362A refractive index detector was 

employed for detection. The molecular weights of the polymers 

were calculated using linear polystyrene calibration standards (250–
70 000 Da). 

 

 
1
H-NMR 

 
Nuclear magnetic resonance 

1
H and 

13
C measurements were 

performed on a Bruker Avance II 400 spectrometer (reso-nance 

frequencies 400.13 MHz for 
1
H) equipped with a 5 mm 

 

 

observe broadband probe head (BBFO) with z-gradients. CDCl3 

was used as NMR solvent if not otherwise specified. 

 
Electrospray Ionization Mass Spectrometry (ESI-MS) 
 
The crude reaction mixtures were analyzed on Esquire 4000 

(Bruker) electrospray positive ionization by generating the ions in 

an acidic environment. Around 10 mg of sample was dissolved in 2 

mL of methanol containing 0.1% v v−1
 formic acid. The generated 

ions were positively charged with m z−1
 ratio falls in the range of 

200–1000. The subsequent process of deconvolution allows the 

reconstruction of the mass peaks of the chemical species derived 

from the analysis of the peaks generated. 

 

 

Recyclability of Thc_cut1: polycondensation between DMA and 

BDO 
 
The recyclability study was carried out on a scale of 1.5 mL (1.6 g 

of monomers) according to the following procedure: DMA (1.0451 

g, 6.0 mmol) and BDO (0.5407 g, 6.0 mmol, molar ratio 1.0 : 1.0) 

were mixed in a 50 mL round-bottom flask. The two monomers are 

liquid and completely miscible. The addition of the biocatalyst 

(0.1586 g of Thc_cut1, 10% w/w respect to the total amount of 

monomers) started the reaction, which run for 4 h at 50 °C under 

atmospheric pres-sure (100 kPa) in the flask connected to a rotary 

evaporator. The conversion of DMA was monitored at 1, 2, 3 and 4 

h by withdrawing volumes (about 50 μL) of the fluid crude reac- 

 

tion mixture that were dissolved in CDCl3 and analyzed by 
1
H-

NMR.  
The products and the unreacted monomers were suffi-ciently 

fluid to be filtered under reduced pressure without any addition of 

solvent. The immobilized biocatalyst (beads diameter 200–500 μm) 

was fully recovered at the end of the reaction by means of a sintered 

glass filter, equipped with cellulose filters. The biocatalyst was not 

rinsed in order to prevent any detrimental effects of solvent 

treatments. The re-covered biocatalyst was employed for the 

following synthetic cycles under the conditions above described by 

adding the same amount of fresh monomers. It was also verified that 

no reaction occurred in the absence of enzyme. 

 

 
Construction and analysis of the homology model of 

Thc_cut1 
 
The Thermobifida cellulosilytica cutinase 1 (Thc_cut1) protein 

sequence was taken from the NCBI GenBank nucleotide se-quence 

HQ147785.
33

 The translated protein sequence was used as input for 

building a homology model of the Thc_cut1 3D structure using the 

SWISS-MODEL server.
53

 As a template the structure of cutinase 

from Thermobifida fusca was used (PDB
36

 code 4CG1):
37

 the two 

enzymes share high homology and differ in just two amino acids. 

The catalytic triad and the oxyanion hole were individuated by 

visual inspection taking as a reference the organization of other 

serine-hydrolases.
32 

 
The final 3D structure of Thc_cut1 was obtained by SWISS-

MODEL server
53

 and evaluated by means of GMQE 

 

 
1 

 
 

 

5 

 
 
 

 

10 

 
 
 

 

15 

 
 
 

 

20 

 
 
 

 

25 

 
 
 

 

30 

 
 
 

 

35 

 
 
 

 

40 

 
 
 

 

45 

 
 
 

 

50 

 
 
 

 

55 

 

 
10



 

 
1 

 
 

 

5 

 
 
 

 

10 

 
 
 

 

15 

 
 
 

 

20 

 
 
 

 

25 

 
 
 

 

30 

 
 
 

 

35 

 
 
 

 

40 

 
 
 

 

45 

 
 
 

 

50 

 
 
 

 

55 

 
with a value of 0.99 (GMQE is a scoring function for homol-ogy 

model quality evaluation; it assumes values between 0 and 1 where 

higher numbers indicate higher model reliabil-ity). The final 3D 

structure is available in ESI† (Structure Thc_cut1). 

 

 
Structural and sequence comparisons 
 
Structure comparisons of cutinase from Humicola insolens  
(HiC) and cutinase 1 from Thermobifida cellulosilytica  
(Thc_cut1) were performed by the software PyMOL (The PyMOL 

Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC). 

3D-structure of Thc_cut1 was generated by homology model as 

previously indicated; HiC crystal struc-ture 4OYY (crystal obtained 

in 0.1 M Tris-HCl pH 8.5, 50 mM lysine, PEG MME 2 K 11% v/v 

of 50% w/v stock solutions in the presence of diethyl-p-nitrophenyl-

phosphate as inhibi-tor)
38

 was taken from Protein Data Bank 

(PDB).
36

 Structural superimposition was performed by considering 

catalytic resi-dues as a reference: the catalytic serine (Ser105 and 

Ser131 for HiC and Thc_cut1 respectively) and the residues 

forming the oxyanion hole (Ser28, Met106 and Tyr61, Met132 for 

HiC and Thc_cut1 respectively). Subsequently, the structural 

superimposition was used as a reference for the sequence alignment 

of the two cutinases. Sequence alignment was vi-sualized by the 

software UGENE;
54

 aligned residues are col-ored according to 

Clustal W color scheme.
55 

 

 
Surface analysis 
 
The representation and the calculation of the hydrophobic enzyme 

surfaces were performed by the color_h python script
56

 for the 

software PyMOL. Protein structures were visu-alized and recorded 

using the PyMOL software. The 3D-structures used for the 

hydrophobicity comparisons were retrieved from the PDB with the 

code 4OYY
38

 for HiC and 1TCA
57

 for CaLB, whereas the 

homology model was used for Thc_cut1. 

 

 
Molecular dynamics simulations 
 

The structure of HiC 4OYY
38

 was taken from PDB and used as 

starting point for the MD simulation after removal of the inhibitor 

diethyl-p-nitrophenyl–phosphate. The 1TCA
55

 crystal-lographic 

structure was used for computing for CaLB (crystal obtained in 

acetate buffer 20 mM pH 3.6, 20% polyethylene glycol 4000, 10% 

isopropanol). The Thc_Cut1 structure was obtained by homology 

modeling as described above. Both HiC and CaLB starting structure 

contains just one protein molecule and the crystal water, whereas 

concerning the Thc_Cut1 structure, crystal water was retrieved from 

the 4CG1 template structure. The protonation state was calcu-lated 

at pH 7.0 using the PDB2PQR server
56

 based on the software 

PROPKA.
57

 Subsequently, each protonated enzyme structure, 

together with its crystal water, was defined according to OPLS force 

field,
58

 inserted in a cubic box of 216 nm
3
 and solvated with 

explicit solvent (either TIP4 water or toluene as defined by 

literature).
59

 Thus, each enzyme 

 
 

system was minimized using the software GROMACS version 1 

4 (ref. 60) using a steepest descendent algorithm for 10 000  

steps.  Afterwards,  equilibration  MD  simulations  were  

performed with the software GROMACS version 4 for 5 ns at  

343 K in an NVT environment keeping enzymes position re- 5 

strained, thus allowing the equilibration of the solvent parti-  

cles (toluene and crystal water); Particle Mesh Ewald (PME)  

algorithm
61

  for the calculation of electrostatic interactions  

was  employed,  v-rescale  algorithm
62

  for  temperature  and  

Berendsen algorithm
63

  for pressure were also employed. Fi- 10 

nally, after the removal of the every restraint on protein posi-  

tion, each enzyme was simulated for 10 ns at 343 K in NVT  

environment using the same parameters as before.  
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