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Abstract: 2-(4-Acetamido-2-sulfanilamide) chitosan, which is a chitosan water-soluble derivative, 22 

with molecular weights of 200, 350, and 600 kDa was successfully synthesized. The immobiliza-23 

tion of ficin, papain, and bromelain was carried out by complexation with these polymers. The 24 

interaction mechanism of 2-(4-acetamido-2-sulfanilamide) chitosan with bromelain, ficin, and pa-25 

pain was studied using FTIR spectroscopy. It was found that the hydroxy, thionyl, and amino 26 

groups of 2-(4-acetamido-2-sulfanilamide) chitosan were involved in the complexation process. 27 

Molecular docking research showed that all amino acid residues of the active site of papain 28 

formed hydrogen bonds with the immobilization matrix, while only two catalytically valuable 29 

amino acid residues took part in H-bond formation for bromelain and ficin. The spectral and in 30 

silico data were in good agreement with the catalytic activity evaluation data. Immobilized papain 31 

was more active compared to the other immobilized proteases. Moreover, the total and specific 32 

proteolytic activity of papain immobilized on the carrier with a molecular weight of 350 kDa were 33 

higher compared to the native one due to the hyperactivation. The optimal ratio of protein content 34 

(mg×g -1 of carrier), total activity (U×mL-1 of solution), and specific activity (U×mg-1 of protein) was 35 

determined for the enzymes immobilized on 2-(4-acetamido-2-sulfanilamide) chitosan with a mo-36 

lecular weight of 350 kDa. 37 

Keywords: cysteine proteases, ficin, papain, bromelain, 2-(4-acetamido-2-sulfanilamide) chitosan, 38 

complexation  39 

 40 

1. Introduction 41 

The research and development of new antibacterial substances is an important goal 42 

for modern chemistry, biology, and medicine. Due to the wide availability of some anti-43 

biotics and their uncontrolled use, many pathogenic microorganisms have developed 44 
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resistance to their action. This significantly reduces the effectiveness of therapy accord-45 

ing to currently relevant treatment protocols [1-5]. Moreover, often-used antibacterial 46 

drugs are characterized by non-selective activity against pathogens. Treatment with 47 

such drugs leads to pronounced side effects caused by a significant increase, even to 48 

toxic values, in their concentration in the blood. This process, also known as burst re-49 

lease, is followed by a decrease to a level below therapeutic values in the concentration 50 

of the drug [6, 7]. All these factors necessitate the search for new biologically active sub-51 

stances with antibacterial properties, as well as the creation of new pharmaceutical 52 

forms of existing drugs to rationalize their practical use and prolong the action of a bio-53 

logically active substance. 54 

Cysteine proteases are a group of enzymes catalyzing the hydrolysis of proteins 55 

and peptides. They are widely distributed in nature and found in both animals and 56 

plants. Some of them, such as plant bromelain (EC 3.4.22.32/3.4.22.33), papain (EC 57 

3.4.22.2), and ficin (EC 3.4.22.3), have an antibacterial effect. The mechanism of their ac-58 

tion is the following: the enzymes cause the decomposition of proteins loosening the cell 59 

wall, leading to cell leakage, swelling, destruction of the bacterial membrane, and cell 60 

damage. Bromelain, papain, and ficin are widely used for various medical purposes, 61 

such as wound dressing, as well as the removal of necrotic and infected tissues in 62 

wounds or burns [8-11]. 63 

Bromelain, ficin, and papain are globular proteins consisting of two clearly differ-64 

entiated domains which are α-helix (L-domain) and a β-barrel-like structure (R-domain) 65 

[12]. Their active site is located at the interface of the L- and R-domains and is formed by 66 

cysteine, histidine, and aspartic acid residues. The cysteine and histidine residues form 67 

an ion catalytic pair stabilized by aspartic acid fixing the histidine imidazole cycle. The 68 

cysteine thiol group interacts with the carbonyl group of a substrate peptide bond, 69 

forming a tetrahedral intermediate. The one collapses to regenerate the carbonyl group 70 

resulting in an acyl-enzyme complex, which is hydrolyzed into the free enzyme and the 71 

N-terminal portion of the product [12].  72 

It is known that the dissolved forms of enzymes are characterized by low stability, 73 

which limits their use in drug development. This problem can be solved by immobiliz-74 

ing the enzyme on an inert or antibacterial matrix [8, 13–18]. Immobilization increases 75 

the rigidity of the tertiary structure of the enzyme molecules, thereby stabilizing it and 76 

increasing the half-life [19].  77 

The promising matrices for protein immobilization that have attracted research at-78 

tention in recent decades are carbon nanostructured materials, such as carbon (function-79 

alized) nanotubes, graphene or its oxide, etc. [20-21]. Due to their features, a broad spec-80 

trum of the immobilization technique on carbon nanomaterials’ can be applied. Howev-81 

er, proteins immobilized on such materials are mostly utilized as biosensors [20]. More-82 

over, the relatively simple structure and atomic composition of carbon nanomaterials 83 

make it possible to apply to them a wide range of physicochemical research methods, 84 

such as XPS and XRD, the use of which is difficult in the analysis of organic substances 85 

[21]. 86 

A promising matrix for biomacromolecule immobilization for further biomedical 87 

application is the natural polymer chitosan which is characterized by antibacterial activ-88 

ity [22]. For example, ficin and papain immobilized on chitosan have excellent antimi-89 

crobial and anti-biofilm properties against Staphylococci microorganisms [8, 18]. Moreo-90 

ver, immobilized papain and ficin are capable of batch desorption, which makes them 91 

less cytotoxic compared to native enzymes [18]. 92 

However, the efficiency of the enzyme immobilized form’s formation can be re-93 

duced due to the limited polysaccharide solubility in aqueous media. Therefore, it is 94 

promising to use water-soluble derivatives of chitosan, for example, 95 

2-(4-acetamido-2-sulfanilamide) chitosan. This polymer is characterized by antifungal 96 

activity [23]. Moreover, it contains moieties of sulfanilamide which is an antibacterial 97 
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agent; so, 2-(4-acetamido-2-sulfanilamide) chitosan can be characterized by a higher ac-98 

tivity compared to the unmodified chitosan. 99 

This work aims to develop biocatalysts based on cysteine proteases in complex 100 

with 2-(4-acetamido-2-sulfanilamide) chitosan and study their structural features. 101 

2. Materials and Methods 102 

2.1 Materials  103 

Bromelain (B4882), papain (P4762), and ficin (F4165) were purchased from Sigma, 104 

USA, and were used without any treatments. Azocasein (Sigma, USA) was used as the 105 

hydrolysis substrate in the catalytic activity evaluation experiments. Chitosan with a 106 

molecular weight of 200, 350, and 600 kDa and degree of deacetylation 0.73–0.85 (Bi-107 

oprogress, Russia), 4-acetylsulfanilyl chloride (Sigma, USA) was applied for carriers’ 108 

synthesis. 109 

2.2 2-(4-Acetamido-2-sulfanilamide) chitosan synthesis and characterization 110 

 For a typical experiment, 2 g of chitosan and 150 ml of dimethyl sulfoxide (DMSO) 111 

were placed in a thermostatically controlled reactor equipped with a stirrer and a reflux 112 

condenser, and the mixture was dispersed for 30 minutes at room temperature. Then, a 113 

solution of 4-acetylsulfanilyl chloride in 15 ml of DMSO was added dropwise (chitosan: 114 

reagent = 2:3 mol/mol) and the mixture was kept at 60°C with constant stirring for 6 115 

hours. The resulting product was isolated by precipitation into acetone, the precipitate 116 

was filtered off and washed several times with acetone, after which the products were 117 

dried in a vacuum oven to constant weight. The product yields were 75–83%.  118 

The chitosan modification was confirmed by FTIR spectroscopy on a Bruker Ver-119 

tex-70 spectrometer (Germany). The degrees of substitution of the products obtained 120 

were calculated from the FTIR data by correlating the areas under the absorption bands 121 

at 1035 cm-1 corresponding to the skeletal vibrations of the chitosan pyranose cycles and 122 

at 1402 cm-1 related to the vibrations of the thionyl groups. The obtained values were 123 

0.327, 0.286, and 0.167 for the polymers with molecular weights of 200, 350, and 600 kDa, 124 

respectively. 125 

2.3 Molecular docking 126 

Preparation of the structure of the cysteine proteases for docking [19] and the pro-127 

cess of modeling interactions were carried out as described by Holyavka et al. [24–25]. 128 

The PDB IDs for enzyme input files were the following: 1W0Q for bromelain, 4YYW for 129 

ficin, and 9PAP for papain. 130 

The enzyme structures were prepared for docking according to the standard 131 

scheme for Autodock Vina package: the atoms (together with their coordinates) of the 132 

solvent, buffer and ligand molecules were removed from the PDB input file. Before car-133 

rying out the numerical calculations, a charge was placed on the surface of the proteins 134 

using the MGLTools. The center of the molecule and the parameters of the box («cells») 135 

were set manually, ensuring that the whole protease molecule could fit in the box. 136 

The 2-(4-acetamido-2-sulfanilamide) chitosan structure model was drawn in the 137 

HyperChem molecular designer; this structure was consistently optimized first in the 138 

AMBER force field, and then quantum-chemically in PM3. The ligands in the docking 139 

calculations had the maximum conformational freedom: rotation of the functional 140 

groups around all single bonds was allowed. Charge arrangement on the chitosan mol-141 

ecule and its protonation/deprotonation was performed automatically in the MGLTools 142 

1.5.6 package. 143 

2.4 Enzyme immobilization  144 
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Enzyme immobilization was carried out by complexation. Firstly, to 1 g of 145 

2-(4-acetamido-2-sulfanilamide) chitosan was added 20 mL of an enzyme solution (1 146 

mg×mL-1 in 0.05 M glycine buffer with a pH of 10.0 for ficin; 0.05 M glycine buffer with a 147 

pH of 9.0 for papain; and 0.05 M Tris-glycine buffer with a pH of 9.0 for bromelain) and 148 

incubated for 2 hours at 37 °C. After that, the formed precipitate was washed by dialysis 149 

against 50 mM Tris-HCl buffer with a pH of 7.5 through a cellophane membrane with a 150 

25 kDa pore size until the absence of protein in the washing water (control was carried 151 

out on an SF-2000 spectrophotometer at λ = 280 nm).  152 

2.5 Protein content measurement 153 

The protein content in the immobilized enzymes was determined by the modified Low-154 

ry method [26]. The modification consisted of the decomposition of the bonds between 155 

the carrier matrix and the enzyme molecule in the first step of the analysis. The immobi-156 

lized enzyme was treated with the solution of K, Na-tartrate (in a concentration of 20 157 

mg×mL-1 or 0.7 M) that was prepared from 1 M NaOH at 50°С for 10 min. Earlier, pro-158 

teins was shown to be completely desorbed under these conditions [17, 27]. The absence 159 

of the enzyme destruction processes was controlled by recording its absorption spec-160 

trum on a UV-2550PC spectrophotometer (Shimadzu, Japan). 161 

2.6 Proteolytic activity evaluation of the immobilized enzymes  162 

Azocasein was chosen as the hydrolysis substrate for proteolytic activity determi-163 

nation [28]. The experiments were conducted in 50 mM Tris-HCl buffer with pH 7.5 at 37 164 

°C as described in [24]. The substrate concentration was 0.4 % w. Briefly, the sample was 165 

dissolved in 200 μL of buffer (50 mM Tris-HCl, pH 7.5), mixed with 800 μL of azocasein 166 

solution (0.5% in the same buffer) and incubated for 30 min at the temperatures indicat-167 

ed above. Then, 800 μL of 5% trichloroacetic acid (TCA) solution was added, and after 10 168 

min incubation at 4 °C, the precipitated unhydrolyzed azocasein was removed by cen-169 

trifugation (3 min 13,000 rpm). The supernatant (1200 μL) was mixed with 240 μL of 1 M 170 

NaOH solution, and its optical density was measured at 410 nm. The unit of catalytic ac-171 

tivity was taken as the amount of enzyme that hydrolyzed 1 μM of the substrate in 1 172 

min (μM×min-1×mg-1).  173 

3. Results 174 

Figure 1 represents the FTIR spectra of 2-(4-acetamido-2-sulfanilamide) chitosan 175 

and its complexes with bromelain, ficin, and papain. The FTIR spectrum of 176 

2-(4-acetamido-2-sulfanilamide) chitosan contained the following characteristic absorp-177 

tion bands described in Table 1. These bands were observed in the spectra of the poly-178 

mer with enzymes; however, some changes indicated the formation of the complex. The 179 

C-O-C bonds of the pyranose cycles were reflected as a two-component band with two 180 

maxima at 1035 and 1050 cm-1 in the chitosan derivative spectrum, and the intensity of 181 

the component at 1050 cm-1 was lower compared to the one at 1035 cm-1. In the spectra of 182 

the enzyme complexes, the intensity of these components became more similar. This 183 

demonstrated the involvement of the OH-groups of 2-(4-acetamido-2-sulfanilamide) 184 

chitosan in the enzyme complex formation. Moreover, the wavenumber shifts were ob-185 

served for some bands. The wavenumber increased for νas(SO2), νbreath(benzene cycles), 186 

and δplan(N-H), and it decreased for δplan(C-H). These patterns were present in the spectra 187 

of all researched enzymes. More interesting changes occurred with the Amide I bands. 188 

Its intensity decreased for all complexes; however, the bromelain and ficin wavenumber 189 

decreased, as the one did not shift for the papain complex. This indirectly indicated a 190 

significant change in the conformations of bromelain and ficin, while papain underwent 191 

less conformation changes. 192 
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Table 1. 2-(4-Acetamido-2-sulfanilamide) chitosan FTIR spectrum band description [29-33]. 193 

Wavenumber, cm-1 Band description 

1005 
Planar deformation vibrations of the C-H bonds of the 

1,4-disubstituted aromatic cycles 

1035 
Vibrations of the C-O-C bonds in the pyranose cycles  

1050 

1120 
Planar deformation vibrations of the C-H bonds of the 

1,4-disubstituted aromatic cycles 

1136 Stretching symmetric vibrations of the SO2 groups 

1157 Stretching vibrations of the 1,4-glycosidic bonds 

1296 Vibrations of the SO2 groups 

1332 Amide III, stretching vibrations of the C-N bonds 

1402 Stretching asymmetric vibrations of the SO2 groups 

1461 
Stretching breathing vibrations of the benzene cycles 

1517 

1551 Amide II, deformation vibrations of the N-H bonds 

1595 Deformation planar vibrations of the primary amine N-H bonds 

1629 Amide I, stretching vibrations of the C=O bonds 

2758 

Stretching symmetric vibrations of the methylene groups 2808 

2892 

2934 Stretching asymmetric vibrations of the methylene groups 

2974 Stretching asymmetric vibrations of the methyl groups 

3104 
Stretching vibrations of the C-H bonds in aromatic cycles 

3181 

An analysis of the protein content in the immobilized enzymes showed that the 194 

largest amount of ficin and bromelain (mg×g-1 carrier) bound to a polymer with a mo-195 

lecular weight of 600 kDa, and there was no significant effect of the molecular weight on 196 

the papain content (Figure 2A). The total activity of ficin (U×mL-1 of solution) was higher 197 

in the complex with 2-(4-acetamido-2-sulfanilamide) chitosan with a molecular weight 198 

of 600 kDa, while the one for papain and bromelain was higher for the complexes with 199 

polymers with a molecular weight of 350 kDa (Figure 2B). All immobilized enzymes in 200 

complex with 2-(4-acetamido-2-sulfanilamide) chitosan with a molecular weight of 350 201 

kDa showed the highest specific activity (U×mg-1 of protein) (Figure 2C). This was 202 

probably due to the polymer matrix with a molecular weight of 350 kDa providing the 203 

best steric accessibility of the active site for the substrate.  204 

Moreover, papain immobilized on 2-(4-acetamido-2-sulfanilamide) chitosan with a 205 

molecular weight of 350 kDa had a higher proteolytic activity compared to the native 206 

one. The increase in enzymatic activity compared to the free enzyme may be due to sev-207 

eral mechanisms. First, the activity of papain can increase after immobilization due to a 208 

change in the conformation of its molecule, which has a positive effect on the reaction 209 

rate. Secondly, enzymes can be inhibited by high concentrations of the substrate or some 210 

reaction products, which reduces the observed activity, while immobilization complete-211 

ly or partially prevents inhibition. [34]. In addition, in the case of papain, immobilization 212 

probably suppresses such inactivation processes as aggregation and autolysis. The fact is 213 

that in the immobilized state, the mobility of proteins is, as a rule, sharply limited, while 214 
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the essential stage of both mechanisms is the movement of two (or several) protease 215 

molecules to each other with their subsequent interaction. [35]. Considering the effi-216 

ciency of complexation for this case, it is clear that hyperactivation occurred. Moreover, 217 

the results obtained correlated with the FTIR and molecular docking data. 218 

For a more detailed explanation of the results obtained, we performed in silico ex-219 

periments on the molecular docking (Figure 3, Table 2). Interestingly, the percentage of 220 

the retention activity of bromelain and ficin after complexation was comparable; how-221 

ever, there was a significantly different number of hydrogen bonds and physical interac-222 

tions formed by them with the 2-(4-acetamido-2-sulfanilamide) chitosan matrix. The 223 

highest percentage of remaining activity was observed for papain. This is probably due 224 

to the entire catalytic triad being involved in the process of complexation: Cys25 and 225 

Asp158 form hydrogen bonds, and His159 generate van der Waals interactions with the 226 

matrix. For the other enzymes, only two amino acid residues in the active site participate 227 

in the process of complexation: Cys23 and His158 form hydrogen bonds in bromelain, 228 

while Cys22 and Asp161 form hydrogen bonds in ficin. 229 

Table 2. The enzyme amino acid residues interacting with 2-(4-acetamido-2-sulfanilamide) chi-230 

tosan. 231 

Affinity,  

kcal/mol 

Amino acid residues forming 

H-bonds, length, Å other interactions 

1) Bromelain 

-10.0 

Thr15 

Gln20 

Asn21 

Cys23 

His158 

Lys179 

Trp180 

Gly184 

3.12 

3.17 

2.88 

3.02 

3.15 

3.22 

3.15 

2.72 

Val14, Ser16, Val17, Lys18, Asn19, Pro22, 

Phe29, Ala33, Glu36, Ser37, Lys64, Gly65, 

Gly66, Trp67, Glu68, Ala133, Ala136, Asn137, 

Asn157, Val160, Ile163, Ala178, Tyr185, Ile186 

2) Papain 

-7.4 

Ser21 

Cys25 

Asn64 

Gly66 

Gln142 

Asp158 

Trp177 

Ser205 

3.27 

3.10 

3.01 

3.10 

2.94 

3.07 

3.03 

3.10 

Asn18, Gln19, Gly20, Cys22, Gly23, Tyr61, 

Cys63, Gly65, Tyr67, Val133, His159 

3) Ficin 

-7.9 

Gln19 

Gly20 

Cys22 

Met70 

Asn160 

Asp161 

2.97 

2.74 

2.81 

3.12 

2.77 

2.97 

Lys21, Gly23, Sch25, Tyr60, Lys66, Gly67, 

Gly68, Trp69, Asp71, Ala139, Ser140, Lys145, 

Ala159, Trp184, Trp188, Glu212 
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 233 

 234 

Figure 1. The FTIR spectra of 2-(4-acetamido-2-sulfanilamide) chitosan and the immobilized enzymes. 235 
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 237 

Figure 2. Immobilized ficin, papain, and bromelain characteristics: A – protein content (mg×g-1 of carrier) in the enzyme 238 
complexes with 2-(4-acetamido-2-sulfanilamide) chitosan; B – the total activity (U×mL-1 of solution) of the enzyme com- 239 
plexes with 2-(4-acetamido-2-sulfanilamide) chitosan; C – the specific activity (U×mg-1 of protein) of the enzyme complex- 240 
es with 2-(4-acetamido-2-sulfanilamide) chitosan. The efficiency of the complexation for each protease expressed as a per- 241 
centage of the sorbed enzyme from its amount in solution (A), of total activity of the immobilized enzyme compared to 242 
soluble enzyme (B), and of specific activity of the immobilized enzyme compared to the soluble enzyme (C) are indicated 243 
above the bars.  244 
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 246 

 
  

(A) (B) (C) 

 247 

Figure 3. Bonds (indicated by dashed lines) and interactions between the molecules of bromelain (A), ficin (B), and papain (C) and 2-(4-acetamido-2-sulfanilamide) 248 
chitosan. 249 
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 250 

4. Conclusions 251 

In the the present work, we synthesized the water-soluble chitosan derivatives, 252 

2-(4-acetamido-2-sulfanilamide) chitosan, with molecular weights of 200, 350, and 600 253 

kDa. The cysteine proteases, ficin, papain, and bromelain, were immobilized by com-254 

plexation with these polymers. The investigation of the interaction mechanism between 255 

the component researched by FTIR and the molecular docking shows that all catalyti-256 

cally valuable amino acid residues of bromelain and ficin participated in the hydrogen 257 

bond formations, while papain generated two hydrogen bonds through the amino acid 258 

residues of the active site. This feature in cooperative action with the influence of the 259 

steric factors of 2-(4-acetamido-2-sulfanilamide) chitosan with a molecular weight of 350 260 

kDa leads to papain hyperactivation and an increase in proteolytic activity. At the same 261 

time, the catalytic activity of the other immobilized enzymes was lower compared to the 262 

native ones. The optimal ratio of protein content (mg×g-1 of carrier), total activity 263 

(U×mL-1 of solution), and specific activity (U×mg-1 of protein) was determined for com-264 

plexes of all the studied proteases with 2-(4-acetamido-2-sulfanilamide) chitosan with a 265 

molecular weight of 350 kDa.  266 
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