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The digestive gland of craboids (hepatopancreas) is rich in a huge number of various
enzymes (collagenases, nucleases, hyaluronidases, proteases), which are well studied at
the moment. However, little is known about crustacean lipases. In this work, using 1H NMR
spectroscopy, it was found that the hepatopancreas homogenate of the red king crab
Paralithodes camtschaticus demonstrates high lipolytic activity against triacetin in a wide
pH range and shows moderate activity against the caprylic/capric triglyceride emulsion.
Under the action of the hepatopancreas homogenate, triacylglycerols are converted into
1,2-diacylglycerol, and then into 2-monoacylglycerol and 1-monoacylglycerol. The 1-
monoacylglycerol predominates in the reaction products. The use of NMR spectroscopy
makes it possible to quickly detect hydrolysis products and evaluate the reaction direction.
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22 Abstract

23  The digestive gland of craboids (hepatopancreas) is rich in a huge number of various enzymes 

24 (collagenases, nucleases, hyaluronidases, proteases), which are well studied at the moment. 

25 However, little is known about crustacean lipases. In this work, using 1H NMR spectroscopy, it 

26 was found that the hepatopancreas homogenate of the red king crab Paralithodes camtschaticus 

27 demonstrates high lipolytic activity against triacetin in a wide pH range and shows moderate 

28 activity against the caprylic/capric triglyceride emulsion. Under the action of the hepatopancreas 

29 homogenate, triacylglycerols are converted into 1,2-diacylglycerol, and then into 2-

30 monoacylglycerol and 1-monoacylglycerol. The 1-monoacylglycerol predominates in the 

31 reaction products. The use of NMR spectroscopy makes it possible to quickly detect hydrolysis 

32 products and evaluate the reaction direction. 

33 Introduction

34 Lipases (triacylglycerol acylhydrolases, E.C. 3.1.1.3) are serine hydrolases, they catalyze the 

35 hydrolysis of triacylglycerols to glycerol and free fatty acids [1]. Lipases are most active upon 

36 adsorption onto the oil-water interface. This distinguishes them from esterases, which 

37 demonstrate normal Michaelis-Menten kinetics [2]. The mechanism of interaction of lipase and 
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38 lipids at the phase interface is still not completely clear and is the subject of intensive research 

39 [3].

40 Lipases were found in many microorganisms and eukaryotes. To date, most commercial lipases 

41 are obtained using microorganisms [4,5]. Lipases are widely used in fats and oils processing, in 

42 production of washing powders and grease removers, in food industry and in synthesis of 

43 pharmaceuticals, in production of paper and cosmetics, and in the waste utilization [6-10].

44 Despite the fact that the main function of lipases is the hydrolytic cleavage of triacylglycerol 

45 ester bonds, they can also catalyze the reverse reaction (ester synthesis) in a low-water 

46 environment. In addition, hydrolysis and esterification can occur simultaneously during 

47 transesterification [1]. Depending on the substrates, lipases can catalyze acidolysis, alcoholysis 

48 and transesterification [11].

49 The direction of the lipase-catalyzed reaction is determined by the amount of water in the 

50 reaction mixture. In the absence or at low water content, only esterification and 

51 transesterification reactions occur. When there is an excess of water in the reaction mixture, 

52 hydrolysis is the preferred reaction [12].

53 The main potential use of lipases is their use as catalysts for a wide range of chemo-, regio - and 

54 stereoselective reactions [7,8,13]. The application of lipases significantly saves energy and 

55 prevents the thermal degradation of compounds during the process [14,15]. In addition, most 

56 commercial lipase applications do not require high-purity enzymes [16].

57 Thus, it can be expected that in the future lipases will have the industrial significance.

58 One of the application areas of lipases is the production of mono- and diacylglycerols as an 

59 alternative to their chemical synthesis [17,18]. Triacylglycerols are sources for the production of 

60 monoacylglycerols and diacylglycerols, which are widely used as food emulsifiers [19-21]. The 

61 mixture of mono- and diacylglycerols is known as food additive E471 [22].

62 Commercial species of marine organisms, such as crabs, can be considered as sources of lipases 

63 [23]. However, little is known about crustacean lipases. A rich source of highly active enzymes 

64 in crabs is the hepatopancreas, which is an organ of the digestive system that performs the 

65 functions of the liver and pancreas. Despite the fact that to date, there are data on the 

66 investigation of lipolytic activity in various marine organisms [24,25], only a few research are 

67 known on the study of lipolytic activity and lipases from the hepatopancreas of decapod 

68 crustaceans, mainly of the infraorder Brachyura [26-29]. Hepatopancreas lipases for another 

69 infraorder of decapod crustaceans Anomura have not been practically studied; there are only 

70 some mentions of lipolytic activity of hepatopancreas homogenates of pelagic red crab and red 

71 king crab without its detailed study [25,30]. It should be emphasized that hepatopancreas is a 

72 waste of crab catching, therefore, the development of methods for processing secondary raw 

73 materials in order to obtain new valuable products is an urgent task of rational nature 
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74 management [23]. Moreover, some hepatopancreas enzymes from red king crab have been found 

75 to have unique properties that are not similar to previously studied enzymes from other marine 

76 organisms [31].Thus the investigation of enzymes from crab hepatopancreas can contribute to 

77 the study of the dependency of the digestive system on the evolutionary and systematic position 

78 of marine species.

79 In this work, the lipolytic activity of red king crab Paralithodes camtschaticus hepatopancreas 

80 (HPC) homogenate against short-chain (triacetin) and medium-chain (caprylic/capric 

81 triglyceride) triacylglycerols was studied by NMR spectroscopy. The method of NMR 

82 spectroscopy facilitates fast estimation of the rate of substrate hydrolysis and analysis of the 

83 resulting products under various conditions, which greatly simplifies the study of lipolytic 

84 activity.

85

86 Materials & Methods

87 Materials

88 Triacetin (Polynt UK Ltd., UK) and caprylic/capric triglyceride (IOI Oleo GmbH, 

89 Germany) were tested for purity using NMR analysis.

90 A standard 1M solution of 3-trimethylsilyl-[2,2,3,3-2H4] sodium propionate (TSP) (Sigma 

91 Aldrich, USA) was prepared by dissolving its exact amount in heavy water (D2O, 99.9%, Sigma 

92 Aldrich, USA).

93 Stock solutions of 1 M Na2HPO4 and NaH2PO4 (Sigma Aldrich, USA) were used to 

94 prepare phosphate buffer solutions with different pH values.

95 All other chemicals used in this experiment, such as sodium hydroxide, sodium chloride, 

96 ammonium sulfate, sodium salt of cholic acid were of analytical grade (Sigma Aldrich, USA).

97 Pancreatin (OAO THFZ, Russia) purchased in a local pharmacy was used as a positive 

98 control for lipolytic activity. The albumin was produced by Amresco (USA).

99 Preparation of HPC homogenate

100 As a hydrolyzing agent, a homogenate of the hepatopancreas of the red king crab P. 

101 camtschaticus was used, prepared according to the method described earlier [32]. Three samples 

102 of HPC homogenate were prepared in a 50 mM phosphate buffer with different pH (pH 5.5, 7.2 

103 and 8.0). The samples were analyzed by Laemmli gel electrophoresis [33]. To assess the lipolytic 

104 activity, a freeze-dried HPC sample was also prepared.

105 Substrates

106 For the study, solutions of 330 mM triacetin were prepared in 50 mM phosphate buffer 

107 (pH 5.5), 50 mM phosphate buffer (pH 7.2) and 50 mM phosphate buffer (pH 8.0) at 37 °C [34]. 
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108 The resulting solutions were intensively stirred until a homogeneous emulsion was obtained. 

109 Triacetin solutions were not adjusted to the desired pH using 1 M NaOH, since this results in the 

110 hydrolysis of triacetin (Fig. S1).

111 To study the kinetics of hydrolysis of triacetin by HPC homogenate, the concentration of 

112 triacetin in the reaction mixture was reduced to 70.7 mM (final). At this concentration, the 

113 reaction mixture remains optically transparent for two days during NMR analysis. The value of 

114 RG (Receiver Gain) does not exceed the optimal sensitivity of the NMR spectrometer receiver.

115 Caprylic/capric triglyceride emulsions (18 mM) were prepared in 50 mM phosphate 

116 buffer (pH 7.2) containing 150 mM NaCl and 2 mM sodium cholate as a stabilizer. The resulting 

117 solution was intensively stirred and sonicated for 10 minutes under cooling using an ultrasonic 

118 disintegrator (operating frequency 22 kHz, UZDN-2T, NPP "Ukrrospribor", Ukraine) for 

119 emulsifying the components [35].

120 Analysis of lipolytic activity of HPC homogenate

121 1. Sample preparation

122 To study the efficiency of hydrolysis depending on pH, 750 μl of triacetin (330 mM) was 

123 prepared in a 50 mM phosphate buffer at different pH. 250 μl of HPC homogenate was added to 

124 the triacetin solution and incubated at 37 0C for 1 h. The reaction was stopped by heating for 5 

125 minutes at 95 0C. For analysis, 30 µL of D2O was added to 570 µL of samples. The samples were 

126 transferred to an NMR tube and the spectra were recorded. The spectra of triacetin in the absence 

127 of HPC homogenate and HPC homogenate at pH 5.5 in the absence of triacetin, which were 

128 incubated at 37 0C for 1 hour, were also analyzed. 

129 Lipolytic activity was assessed for a lyophilized HPC homogenate according to the 

130 Sigma protocol using triacetin as a substrate [34] and by NMR spectroscopy under similar 

131 conditions. For the experiments, the same amount of HPC homogenate (in mg) was incubated 

132 with the substrate at pH 7.4 and 37 °C for an hour and, subsequently, was analyzed.

133 The hydrolysis of triacetin with HPC homogenate was studied at pH 7.2. At the first 

134 stage, an NMR study was performed with a saturated triacetin solution [34]. 25 μl of HPC 

135 homogenate solution, 30 μl of 4 mM TSP (in 1 M phosphate buffer, pH 7.2) and 195 µL of 50 

136 mM phosphate buffer (pH 7.2) were added to 750 µL of 330 mM triacetin (in a 50 mM 

137 phosphate buffer, pH 7.2). The final volume of the reaction mixture was 1 mL. For NMR 

138 analysis, 30 µL of D2O was added to 570 µL of the mixture. The reaction mixture was incubated 

139 at 37 0C directly in the NMR spectrometer. The mixture was incubated for 58 h and NMR 

140 spectra were recorded.

141 As a positive control of lipolytic activity, a solution of pancreatin was used, which was 

142 prepared by milling 5 tablets (90 mg each) containing 2800 units of lipase activity, established 
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143 by FIP (Federation Internationale Pharmaceutique), and dissolving them in 10 mL of 50 mM 

144 phosphate buffer (pH 7.2) followed by dialysis against the same buffer. 25 μl of pancreatin, 30 μl 
145 of 4 mM TSP (in 1 M phosphate buffer, pH 7.2) and 195 µL of 50 mM phosphate buffer (pH 

146 7.2) were added to 750 µL of 330 mM triacetin (in a 50 mM phosphate buffer, pH 7.2). The 

147 mixture was incubated at 37 0C for 1 hour. The reaction was stopped by heating for 5 minutes at 

148 95 0C. For analysis, 30 µL of D2O was added to 570 µL of samples. They were transferred to an 

149 NMR tube, placed in the NMR spectrometer and the spectra were recorded.

150 To study the kinetics of hydrolysis of triacetin by HPC homogenate using NMR 

151 spectroscopy, the concentration of triacetin was reduced to obtain a solution close to the ideal 

152 one. To conduct the reaction, 8 µL of 5.3 M triacetin was added to the solution of 517 µL of 

153 distilled water and 60 µL of 4 mM TSP (in 1 M phosphate buffer, pH 7.2), the mixture was 

154 intensively stirred and 15 µL of HPC homogenate was added. The sample was gently stirred and 

155 the initial time of reaction was fixed. The pH of the reaction mixture at the beginning of the 

156 reaction was 6.7. The reaction mixture was incubated at 37 0C directly in the NMR spectrometer. 

157 The mixture was incubated for 58 h and NMR spectra were recorded. The pH of the reaction 

158 mixture at the end of incubation was 5.9. A similar reaction was conducted with 5-fold increase 

159 in the volume of HPC homogenate in the mixture. The resulting reaction mixture was incubated 

160 in the NMR spectrometer at 37 0C for 35 h. 

161 The hydrolysis of the caprylic/capric triglyceride emulsion prepared as described above 

162 was studied at pH 7.2. 5 µL of 2.4 M caprylic/capric triglyceride was added to the solution of 65 

163 µL of 18.5 mM sodium cholate (final concentration 2 mM), 65 µL of 4 mM TSP (in 1 M 

164 phosphate buffer, pH 7.2), 25 µL of 4 M sodium chloride (final concentration 150 mM) and 440 

165 µL distilled water. The mixture was intensively stirred and sonicated, as described above. 50 µL 

166 of HPC homogenate was added to the resulting emulsion, gently stirred and the initial time of 

167 reaction was fixed. The reaction mixture was incubated at 37 0C directly in the NMR 

168 spectrometer. The mixture was incubated for 35 hours and NMR spectra were recorded. As 

169 control the lipase activity against caprylic/capric triglyceride, a similar reaction was performed 

170 with 50 µL of the pancreatin preparation.

171 2. Detection of lipolytic activity

172 The samples (600 µL) were placed into an NMR tube with a diameter of 5 mm.

173 The 1D and 2D COSY spectra were recorded on the Bruker 600 AVANCE III NMR 

174 spectrometer (The Core Facilities Center of the Institute of Theoretical and Experimental 

175 Biophysics of the RAS), operating at a frequency of 600 MHz for protons, using standard pulse 

176 sequences from the Bruker pulse sequence library. All measurements were carried out at a 

177 temperature of 310 K (37 0C). To suppress the signal from water protons, a pre-saturation 

178 method was used by applying a 1D pulse sequence ZGPR. The number of accumulations ranged 

179 from 32 to 1024 scans, the interval between scans was 10 s. The free induction decay (FID) was 
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180 recorded at 96 k points for 2.272 s. The spectral width was 24 ppm. The duration of the 900-pulse 

181 was 11 μs. After zero-filling of FID to 128 k points the Fourier transform was applied. To study 

182 the kinetics of hydrolysis, the spectra were recorded at certain time intervals. The chemical shifts 

183 were assigned according to the TSP signal at 0.00 ppm, which acts as an internal reference.

184 Two-dimensional homonuclear (1H-1H) spin-spin correlation (COSY) spectra were 

185 recorded over the range containing signals from 0.15 to 9.15 ppm. During the relaxation delay 

186 before the COSY pulses, the water signal was suppressed by pre-saturation. The 2D COSY 

187 COSYGPPRQF pulse sequence was used. The relaxation delay between the COSY pulses is 1 s, 

188 the data arrays consisted of 2048/512 points.

189 For signal assignment, one-dimensional NMR spectra and two-dimensional COSY 

190 spectra were used. Signal assignment was checked using the AMIX software (Bruker). The 

191 spectrum was processed and the integrals were calculated using the TOPSPIN program (Bruker). 

192 In the case of hydrolysis of the caprylic/capric triglyceride emulsion, at the end of the 

193 experiment, the sample was removed from the NMR tube, centrifuged at 10,000 x g for 10 min. 

194 The upper hydrophobic layer of the sample was extracted and a deuterated dimethyl sulfoxide 

195 solution (DMSO-d6) up to 600 µL was added to it. NMR spectra were recorded using a 1D pulse 

196 sequence ZG.

197 In the case of hydrolysis of triacetin by red king crab hepatopancreas homogenate, the 

198 degree of hydrolysis was evaluated [36]. After the NMR spectra processing the integral values of 

199 the components concentrations in the reaction mixture at each time point were calculated based 

200 on the integral intensity of proton signals at the second carbon atom of the glycerol part and TSP 

201 concentration. The calculation of the components concentrations in the reaction mixture was 

202 carried out in the Microsoft Excel spreadsheet software program. 

203 The molar concentration (Nx) of 2-monoacetin, 1-monoacetin, 1,2-diacetin and triacetin 

204 in the sample can be determined as follows:

205 Nx = Cst*nst*Ix/(nx*Ist) (1)

206 where x is the corresponding component of the mixture, Ix is the area under the peak 

207 belonging to the signal of the studied proton of the mixture component, nx is the number of 

208 protons providing the signal, Ist is the area under the peak corresponding to the proton signal of 

209 standard (TSP), nst is the number of TSP protons (n=9), Сst is the known concentration of TSP. 

210 The area of spectral signal was calculated for the proton at the second carbon atom of the 

211 glycerol part of the glycerides, which provides non-overlapping signals in the spectrum.

212 To obtain the concentration values as close to real as possible, the correction factor 

213 between the concentrations of the formed di- and monoacetins from the formed free acetate was 

214 calculated. To calculate the real concentration of free acetate formed during the hydrolysis of 

215 triacetin, the concentration of the initially present acetate, which is not related to hydrolysis 

216 products, was subtracted from the integral concentration of free acetate. The correction factor is 
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217 the ratio of the real concentration of obtained free acetate to the calculated concentration of 

218 acetate obtained from hydrolysis of triacetin, taking into account the integral concentrations of 

219 di- and monoacetins.

220 The concentrations of di- and monoacetins were calculated by multiplying their integral 

221 values by the correction factor. 

222 The real concentration of triacetin in the reaction mixture was determined by subtracting 

223 the concentrations of the formed di- and monoacetins from the initial triacetin concentration.

224 The use of this method for calculating the concentrations of components in the reaction 

225 mixture is due to the fact that in the process of enzymatic hydrolysis, a solution initially close to 

226 ideal loses its homogeneity. The molecules of triacetin, di- and monoacetins in micelles have 

227 lower mobility, which affects the decrease in their signals in the NMR spectra. At the same time, 

228 a small and charged acetate ion remains in the aqueous phase and partially retains its mobility, 

229 which makes it integral concentration closest to the real one. Therefore, all other concentrations 

230 were normalized to the acetate concentration.

231 The molar percentage of any of the glycerides (X) was determined using the following 

232 general equation:

233 Nx(%) = 100*(Nx/Ntotal) (2)

234 where Nx is the real molar concentration of the corresponding glyceride, Ntotal is the total 

235 amount of glycerides in the reaction mixture.

236

237 Results

238 We studied the lipolytic activity of HPC homogenate against triacetin by 1H NMR 

239 spectroscopy method. The general scheme of triacetin hydrolysis is shown in Figure 1.

240 As is known, many lipases have a neutral or alkaline pH optimum, in some cases, lipases 

241 show maximum activity at pH 9.0 (Pseudomonas and Bacillus lipases). Acidic lipases are less 

242 common, for example, Pseudomonas fluorescens SIK W1 lipase has an optimum at pH 4.8. 

243 Some Bacillus sp. lipases remain active in a wide pH range (pH 3-12) [37]. To analyze the range 

244 of lipase activity in the HPC homogenate, triacetin hydrolysis was performed at different pH 

245 (5.5, 7.2 and 8.0). Figure 2 shows the 1H NMR spectra corresponding to the triacetin hydrolysis 

246 by HPC homogenate at different pH for 1 hour at 37 0C. The efficiency of hydrolysis was 

247 evaluated by a decrease in the proton signal at the second carbon atom in the glycerol part of 

248 triacetin approximately at 5.3 ppm and an increase in the signal of the protons of the acetyl group 

249 of the formed acetic acid approximately at 1.9-2.0 ppm (Fig. 2, spectra B,C,D). The spectrum of 

250 the initial triacetin (before the addition of the homogenate) and the spectrum of HPC homogenate 

251 are shown as controls (Fig. 2, spectra A and E, respectively). It was shown that hydrolysis occurs 

252 at all the studied pH values. However, in the case of samples with pH 5.5 and 8.0 precipitation 

253 was observed. It occurs probably as a result of the HPC proteins precipitation due to the 

254 intensive formation of acetic acid and a decrease in pH. For further studies, a pH value of 7.2 
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255 was chosen, at which the sample remained stable. It should be noted that the position of the 

256 proton signal of the acetyl group of the formed acetic acid strongly depends on the pH, therefore, 

257 in the case of an acidic pH, their signal is shifted in the spectrum to a weaker field.

258 Pancreatin, which includes lipase, was used as a positive control for lipolytic activity 

259 (Fig. 3). NMR spectra of its hydrolysis of some triglycerides, for example, tricaprin, were 

260 previously described [35]. The hydrolysis reaction immediately begins after the addition of 

261 pancreatin, which can be detected by the formation of free acetic acid (Fig. 3).

262 A preliminary assessment of the lipolytic activity for the freeze-dried HPC homogenate 

263 by lipase enzymatic assay using triacetin as a substrate [34] showed a value of 150 U/mg, while 

264 the value obtained by NMR analysis under similar conditions is 120 U/mg. This correlates with 

265 the data obtained by Novikov et al. [30].

266 To study the process of triacetin hydrolysis by HPC homogenate at pH 7.2, a saturated 

267 triacetin solution was initially prepared [34]. After adding the HPC homogenate, the sample was 

268 placed into an NMR spectrometer. It took about 10 min to set up the spectrometer and obtain the 

269 spectra. During this time, a significant part of the triacetin was already hydrolyzed. 

270 As a result of hydrolysis, triacetin, 1-monoacetin and 2-monoacetin, and 1,2-diacetin 

271 were formed (Fig. 4). 1,3-diacetin was not detected during the reaction, which correlates with the 

272 literature data obtained for other lipases [30]. Free glycerol was present in trace amounts. The 

273 obtained data were confirmed by the COSY spectra (Fig. S2). A table of chemical shifts is given 

274 in the appendix (Table S1).

275 After the end of the experiment, it was found that a white flake-like precipitate formed in 

276 the tube. The precipitate was dissolved in 15 µL of 50 mM phosphate buffer (pH 7.2) with 8 M 

277 urea. As a result of the precipitate analysis using Laemmli electrophoresis [33], it was shown that 

278 the precipitate is formed by proteins from HPC homogenate (Fig. S3). The pH of the sample 

279 after two days of hydrolysis was 3.3. Probably, such a sharp decrease in pH due to the formation 

280 of acetic acid led to isoelectric precipitation of proteins from HPC homogenate.

281 To study the kinetics of triacetin hydrolysis by HPC homogenate, a triacetin 

282 concentration of 70.7 mM (below the solubility limit) was used. At this substrate concentration, 

283 the reaction mixture remained optically transparent after two days of study, and no precipitate 

284 was formed. The volume of HPC homogenate was 10 times less than in the experiment with 

285 saturated triacetin (Fig. 5).

286 To assess the depth of triacetin hydrolysis by HPC homogenate, the percentage of 

287 triacetin, 1-monoacetin and 2-monoacetin, and 1,2-diacetin in the mixture was determined based 

288 on the concentration of the internal standard (TSP) (Fig. 6). 1,3–diacetin was not detected during 

289 hydrolysis, and glycerol was present in trace amounts.
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290 As shown in Figure 6A, there is an exponential decrease in the triacetin content during 

291 hydrolysis by HPC homogenate, which is characteristic of the first-order reaction (Fig. S4). The 

292 predominant reaction products are 1,2-diacetin and 1-monoacetin, which is formed from 1,2-

293 diacetin (see Fig. 1). There is also an increase in the content of 2-monoacetin, but its content is 

294 much lower compared to 1-monoacetin. With an increase in the concentration of HPC 

295 homogenate by 5 times, the rate of the triacetin hydrolysis increases. After 10 hours, the 

296 concentration of the resulting 1,2-diacetin reaches its maximum value and, further, the decrease 

297 of 1,2-diacetin is observed due to the formation of 2-monoacetin and 1-monoacetin. 1-

298 monoacetin is the predominant product of the reaction (Fig. 6B). It should be noted that in this 

299 case, the dependence of triacetin concentration on time differs from the first-order reaction curve 

300 (Fig. S4).

301 To study the ability of HPC homogenate to hydrolyze medium-chain triacylglycerides, 

302 caprylic/capric triglycerides, which are a mixed glycerol ester of caprylic C8 (octanoic) and 

303 capric C10 (decanoic) acids, were used as a substrate. In the case of medium-chain triglycerides, 

304 the preparation of a triglyceride emulsion is the key moment for an effective reaction. 

305 Caprylic/capric triglycerides are practically insoluble in water. Thus it was necessary to obtain an 

306 emulsion that was prepared using bile acid salts (in our case, sodium cholate) to stabilize the 

307 emulsion droplets and modify the oil/water interface for lipase adsorption [35]. The mixture was 

308 sonicated to obtain a stable emulsion (Fig. S5). In the absence of the enzyme, the resulting 

309 emulsion remained stable for several weeks. NMR analysis of the caprylic/capric triglyceride 

310 emulsion showed the presence of a triacylglycerol signal at 5.2 ppm as well as the presence of a 

311 small fraction of free fatty acids and glycerol admixture, which is stated by the manufacturer of 

312 caprylic/capric triglycerides. When HPC homogenate was added to the emulsion, the hydrolysis 

313 process began, but the hydrolysis rate was less than in the case of triacetin. Figure 7A shows the 

314 NMR spectrum after 35 h of hydrolysis. As seen from the spectrum, diglyceride is formed during 

315 hydrolysis. After 35 h of hydrolysis, the initial emulsion was divided into two phases: 

316 hydrophobic and hydrophilic (aqueous) (Fig. S5). The reaction proceeded similarly in the case of 

317 pancreatin (Fig. S6). To analyze the hydrolysis products, the upper hydrophobic layer of the 

318 sample was taken, dissolved in DMSO-d6 and analyzed using NMR spectroscopy. It was shown 

319 that the concentration of triacylglycerol in the reaction mixture decreases significantly during 35 

320 hours of incubation and the formation of 1,2-diacylglycerol and fatty acids is observed (Fig. 7B).

321 Thus, the HPC hepatopancreas homogenate shows high lipolytic activity against a short-

322 chain triglyceride - triacetin. The main reaction products are 1,2-diacetin and 1-monoacetin. The 

323 formation of predominantly 1-monoacetin distinguishes the HPC homogenate lipase from 

324 previously known lipases, for which 2-monoacetin was the predominant hydrolysis product 

325 [38,39]. Effective cleavage of triacetin by HPC homogenate indicates that the enzyme has free 

326 access to the substrate, even in the absence of emulsion stabilizers.
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327 HPC homogenate also shows lipolytic activity against medium-chain triglycerides - 

328 caprylic/capric triglyceride. The reaction with HPC homogenate is slower than for triacetin, and 

329 the hydrolysis products go into the hydrophobic phase, which makes it difficult to quantify this 

330 process by NMR spectroscopy, but at the qualitative level it is possible to assess the ability of the 

331 enzyme to hydrolyze a poorly soluble substrate. 

332 Discussion

333 At the moment, not much is known about the study of lipolytic activity and lipases in marine 

334 organisms. Lipolytic activity was detected in the gastric juice of the lobster Homarus americanus 

335 [40]. In addition, lipase from the hepatopancreas of the green crab Carcinus mediterraneus was 

336 characterized [26,27]. There is also mention of the occurrence of lipolytic activity in the crab P. 

337 camtschaticus [30], but the results of the study are not given. In our work, for the first time, the 

338 lipolytic activity of HPC homogenate against certain triglycerides (triacetin and caprylic/capric 

339 triglyceride) was investigated.

340 To monitor the process of lipid hydrolysis, the method of potentiometric titration of 

341 released fatty acids using a pH-stat titrator or an autotitrator is used most often [41-45]. The 

342 results obtained by this method are highly dependent on the type of fatty acid in the triglycerides, 

343 pH, ionic strength and the concentration of bile salts [45–47]. Various types of chromatography 

344 have also been used to quantify lipolysis products, including gas chromatography followed by 

345 mass spectrometry [43,45,48-52]. However, these methods require a large amount of time and a 

346 complex sample preparation process. In addition, there is evidence of the non-specificity of the 

347 methods and the discrepancy of the results obtained by different authors [43,45-47]. 

348 In our work, the NMR spectroscopy method was used to study the lipolytic activity of 

349 HPC homogenate. The use of the NMR spectroscopy method made it possible to study the 

350 hydrolysis kinetics with high accuracy for stable triacetin solutions and to analyze the resulting 

351 hydrolysis products. NMR spectroscopy made it possible to quickly and without preliminary 

352 sample preparation to evaluate the activity of the enzyme in relation to the substrate and the ratio 

353 between the formed glycerides, which can also be used for other lipases. Previously, the 

354 effectiveness of this method for the study of mixtures of tri-, di-, monoglycerides and fatty acids 

355 has already been shown [35,36,53-59]. Prevalently, deuterated chloroform or DMSO [36,60] 

356 were used to study mixtures of glycerides. However as we have shown NMR analysis can be 

357 performed in an H2O/D2O medium in the case of triacetin. 

358 We have found that HPC homogenate shows high lipolytic activity against triacetin and 

359 moderate activity against caprylic/capric triglyceride. It should be emphasized that the 

360 mechanism of triglyceride cleavage by HPC homogenate differs from the mechanism of 

361 hydrolysis of the most studied lipases: pancreatic lipase [38] and lipase B from Candida 

362 antarctica yeast [39], in which 2-monoacylglycerol is the predominant reaction product.
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363 From an ecological and economical point of view, enzymatic hydrolysis of fats is 

364 energetically more profitable than chemical hydrolysis, which requires high reaction 

365 temperatures and the presence of catalysts. The chemical hydrolysis makes the process of 

366 processing fats complex, toxic and destructive for the equipment [21,22]. Enzymatic hydrolysis 

367 does not require complex equipment and can be used in small and medium-sized manufactures, 

368 for example, soap factories. It does not lead to the degradation of fatty acids, as in the case of 

369 chemical hydrolysis, and makes it possible to obtain biologically active fatty acids. Lipases have 

370 an extremely wide substrate specificity, they are stable and active in organic solvents, do not 

371 require cofactors and practically do not give reaction by-products.

372 Based on the obtained results, it can be assumed that the hepatopancreas of the red king 

373 crab can also be considered as a promising source of lipases that can be used to produce various 

374 glycerides. It should be noted that a crude hepatopancreas homogenate is sufficient for the 

375 reaction. Taking into account the fact that hepatopancreas is a byproduct of processing of red 

376 king crab, the catch of which in the Russian Federation in recent decades is 15000-20000 tons 

377 per year [23], it can be assumed that a scalable technology for processing fats can be proposed on 

378 the basis of this raw crab material.

379 Conclusions

380 Thus, for the first time, we characterized the lipolytic activity of the P. camtschaticus 

381 hepatopancreas homogenate in relation to individual triglycerides. The lipolytic activity of HPC 

382 homogenate is preserved in a wide pH range, and the main formed monoglyceride is 1-

383 monoglyceride, which distinguishes HPC lipase from other known lipases that cleave 

384 triglycerides with formation of mainly 2-monoglyceride.
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Figure 1
Scheme of lipase hydrolysis of triacetin.
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Figure 2
1H NMR spectra of triacetin, HPC homogenate and products of triacetin hydrolysis by
HPC homogenate at 37 °С at different pH.

(A) Triacetin (pH 5.5). (B) Triacetin+HPC homogenate (pH 5.5). (C) Triacetin+HPC
homogenate (pH 7.2). (D) Triacetin+HPC homogenate (pH 8.0). (E) HPC homogenate (pH
5.5). The protons that give signals are highlighted in bold and underlined.
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Figure 3
1H NMR spectra of products of triacetin hydrolysis by pancreatin at 37 °С and pH 7.2.

Protons giving signals are highlighted in bold and underlined.

PeerJ reviewing PDF | (2021:09:65362:2:0:NEW 12 Dec 2021)

Manuscript to be reviewed



Figure 4
1H NMR spectra of products of a saturated triacetin solution hydrolysis by HPC
homogenate at 37 °С and pH 7.2 for 58 h.

Ttriacetin:homogenate ratio is 3:1 (by volume). The protons that give signals are highlighted
in bold and underlined.

PeerJ reviewing PDF | (2021:09:65362:2:0:NEW 12 Dec 2021)

Manuscript to be reviewed



Figure 5
1H NMR spectra of hydrolysis products of triacetin solution by HPC homogenate at 37 °С
and pH 7.2.

Triacetin:homogenate ratio is ~1:2 (by volume). The protons that give signals are highlighted
in bold and underlined.
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Figure 6
The dependence of the percentage of glycerides in the sample on time.

(A ) Triacetin:HPC homogenate~1:2 (by volume). (B) Triacetin:HPC homogenate~1:10 (by
volume).

PeerJ reviewing PDF | (2021:09:65362:2:0:NEW 12 Dec 2021)

Manuscript to be reviewed



Figure 7
1H NMR spectra of a caprylic/capric triglyceride incubated with HPC homogenate at 37
°С and pH 7.2 for 35 h.

(A) The spectrum of the initial triacylglycerol and after hydrolysis. (B) The spectrum of
reaction products contained in upper hydrophobic layer which was dissolved in DMSO-d6. The

protons that give signals are highlighted in bold and underlined.
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