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6 Abstract

7 Transglutaminase (TGase) has been implicated in maintaining the undifferentiated stage of

8 hematopoietic stem cells (HSC) in the crayfish Pacifastacus leniusculus. TGase activity has

9 been reported to be regulated by astakine1, an essential crayfish cytokine for inducing new

10 hemocyte synthesis in hematopoietic tissue (HPT). Here, the role of astakine1 in TGase

11 activity regulation and clotting protein (CP) cross-linking was characterized. A reduction in 

12 TGase activity was observed by the addition of purified astakine1 in vitro for both 

13 endogenous crayfish TGase and a commercial purified guinea pig liver TGase. As a result, 

14 we observed that astakine1 inhibits TGase enzyme activity and acts as a non-competitive 

15 inhibitor for the TGase enzyme. Additionally, the clotting reaction was impaired in the 

16 presence of astakine1. A decrease in TGase-mediated crosslinking of ε(γ-glutamyl)-lysine 

17 bonds was also observed in the presence of astakine1. In conclusion, this study shows that 

18 astakine1 acts as an inhibitor of TGase activity and that it also affects CP cross-linking during 

19 crayfish hematopoiesis. 
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27 1. Introduction

28 Invertebrates, including crustaceans, rely on innate immunity because they lack 

29 adaptive immunity. In crayfish, blood cells or hemocytes are important cellular mediators of 

30 immune reactions, such as phagocytosis and encapsulation, and they also contain immune 

31 components, such as the prophenoloxidase (proPO)-activating melanization cascade. 

32 (Cerenius et al., 2008; Jiravanichpaisal et al., 2006). Thus, the hemocyte number and its 

33 regulation are crucial for the animal to be able to defend itself. Hemocytes are produced and 

34 released into circulation, and this process is termed ‘hematopoiesis’. 

35 To study the molecules involved in hematopoiesis, using an in vitro culture system, 

36 the crayfish hematopoietic cytokine, astakine1, was identified (Söderhäll et al., 2005). 

37 Astakine1 was purified from plasma, and the plasma levels of astakine1 could be increased 

38 with LPS stimulation. Crayfish injected with a native purified astakine1 had an increased 

39 total number of circulating hemocytes (Söderhäll et al., 2005), and astakine1 was shown to 

40 be essential to stimulate proliferation and differentiation of HPT cells, specifically in the 

41 semi-granular cell lineage (Lin et al., 2010). Astakine1 can also reduce apoptosis in HPT 

42 cells by affecting the transcription of crustacean hematopoietic factor (CHF) in HPT cells 

43 (Lin et al., 2011). These studies all show that astakine1 plays a regulating role at the 

44 crossroads between proliferation/differentiation and apoptosis.  

45 Transglutaminase (TGase) is an abundant protein in the HPT cells of crayfish, and 

46 its activity has been determined in the hematopoietic tissue (Lin et al., 2008). TGase activity 

47 was low in HPT cells that were migrating out of the tissue in culture, in contrast to cells 

48 at the tissue center. This study suggested that TGase plays a role in maintaining the 

49 undifferentiated stage of HPT cells inside tissue (Lin et al., 2008). However, the role of 

50 astakine1 in TGase regulation is still unclear. High expression of clotting protein (CP) was 

51 found in crayfish HPT tissue in a transcriptome analysis (BioProject ID: PRJNA259594). 

52 CP is a well-known TGase substrate, in addition to collagen IV (Hall et al., 1999; Junkunlo et 

53 al., 2016). Crayfish CP is known to be involved in hemolymph clot formation (Wang et al., 

54 2001). In osteoblast cell cultures, TGase activity was reported to be essential for the initial 

55 formation of the fibronectin-collagen network, which subsequently affected cell 

56 differentiation and mineralization in MC3T3-E1 osteoblast cultures (Al-Jallad et al., 2006). 

57 TGase activity is important for extracellular matrix (ECM) stabilization, and a decrease in its 

58 extracellular activity causes hemocyte release from HPT (Lin et al., 2008).



59 This study aimed to i) identify the role of astakine1 in regulating TGase activity and 

60 ii) show how astakine1 regulation of TGase activity affects the clotting process.  

61 2. Materials and Methods

62 2.1. Experimental animals

63 Freshwater crayfish (P. leniusculus) were obtained from Lake Erken (Sweden). 

64 Intermolt and healthy crayfish were maintained in aerated aquaria at 10 °C and used for the 

65 experiments. 

66 2.2. Astakine1 purification from plasma

67 Hemolymph was collected from 15-20 crayfish and then centrifuged at 3,000  g for 

68 5 min to spin down the hemocytes, and the cell-free plasma supernatant was collected. The 

69 pooled plasma supernatant was diluted with 20 mM Hepes and 150 mM NaCl (V: V=1:1) and 

70 then supplemented with trifluoroacetic acid (TFA, Merck) to a final concentration of 0.5%. 

71 The diluted plasma was centrifuged at 8,000 × g for 20 min at 4C to remove precipitate, 

72 followed by filtration through a 0.45 m filter. The resulting plasma was subjected to a small 

73 single-use sep-pak C18 cartridge (Waters) pre-equilibrated with 100% acetonitrile, followed 

74 by 20 ml of wash buffer (10 mM Hepes, 150 mM NaCl, and 0.5% TFA). The plasma was 

75 passed through the sep-pak column twice and washed with 50 ml wash buffer. Bound 

76 proteins were eluted stepwise with wash buffer containing 10%–100% acetonitrile. The 50 % 

77 acetonitrile eluted fractions were aliquoted and vacuum-dried. The dried pellet was stored 

78 at -80 °C and suspended with L-15 medium before use. 

79 2.3. Transglutaminase enzyme preparation 

80 To prepare endogenous TGase, HPT cells were freshly isolated, as described 

81 previously (Lin et al., 2008). The cells were then homogenized in 100 l RIPA buffer 

82 (50 mM Tris, 150 mM NaCl, 10 mM EDTA, 1% IGEPAL, 1% SDS, pH 7.5) containing 

83 1X protease inhibitor cocktail (Roche). After centrifugation of the homogenate at 13,000  g 

84 for 15 min at 4C, the protein supernatant was immediately used in a TGase 

85 inhibition assay. The protein concentration was determined by using Coomassie Plus protein 

86 assay reagent (Thermo Scientific).  

87



88 2.4. Guinea pig liver TGase

89 Lyophilized Guinea pig liver TGase (T5398) powder was purchased from Sigma and 

90 dissolved in 1 ml dH2O as an enzyme stock solution. 1 U of commercial purified TGase was 

91 freshly prepared before use in the experiments.    

92 2.5. Transglutaminase activity assay

93 The TGase activity was assayed by using a modified non-radioactive microtiter plate 

94 (Slaughter et al., 1992). Briefly, the microtiter plate was coated with 100 l of N,N’-

95 dimethylcasein (Sigma, 10 mg/ml) at 4C overnight. After blocking with blocking solution 

96 (0.5% BSA in 0.1 M Tris-HCl, pH 8.5) for 30 min at room temperature, the wells were 

97 washed three times with 0.1 M Tris-HCl, pH 8.5. The incubation mixture, which contained 

98 5 mM CaCl2, 10 mM dithiothreitol, 0.1 mM of 5-(biotinamido) pentylamine substrate, 10 g 

99 of whole cell lysates and 0.1 M Tris-HCl, pH 8.5, was added to obtain a total volume of 

100 200 l per well. After incubation at 37C for 30 min, the reaction was stopped by washing 

101 twice with 200 mM EDTA, followed by washing three times with 0.1 M Tris-HCl, pH 8.5. 

102 Streptavidin-horseradish peroxidase conjugate (GE Healthcare) was diluted to 1:1,000 

103 in blocking solution before it was added to the wells for a 1 h incubation at room temperature. 

104 The plate was washed once with 0.01% Triton X-100, followed by five washes with 

105 0.1 M Tris-HCl, pH 8.5. Then, 50 l of 3,3',5,5'-Tetramethylbenzidine substrate solution 

106 (TMB, Sigma) was added to each well. After incubation for 10 min at room temperature, 

107 the reactions were stopped by the addition of 50 l of 3 N HCl to each well. The TGase 

108 cross-linking activity in which 5’-(biotinamido) pentylamine was incorporated into N,N’-

109 dimethylcasein was quantified by measuring the absorbance at 450 nm in a plate reader 

110 (Molecular Device). 

111 To examine the temperature dependence of the endogenous crayfish TGase enzyme, 

112 samples of whole cell lysate (10 g/well) were tested at different temperatures, including 

113 4, 16, 25 and 37 C.

114 2.6. Transglutaminase inhibition assay

115 All kinetic and inhibition experiments were performed by using a modified

116 non-radioactive microtiter plate, as described above. The reaction mixture consisted of four 

117 concentrations of 5-(biotinamido) pentylamine substrate (0.012, 0.025, 0.05 and 0.1 mM) in 



118 the presence of a fixed amount of commercial Guinea pig TGase (dilution 1:1,000 in 0.1 M 

119 Tris-HCl, pH 8.5) and three different concentrations of purified native astakine1 (0.2, 0.4 and 

120 0.6 M). The optical density is expressed as specific enzyme activity and plotted against the 

121 molar ratio of astakine1.

122 2.7. Purification of clotting protein (CP) from crayfish plasma

123 Crayfish hemolymph from 9 crayfish (approximately 15 ml) was removed and placed 

124 into 15 ml ice-cold anti-coagulant buffer (0.14 M NaCl, 0.1 M glucose, 30 mM trisodium 

125 citrate, 26 mM citric acid, pH 4.6) (Kopáček et al., 1993). The hemocyte pellets were 

126 removed by centrifugation at 800  g, 10 min at 4 C. Then, the plasma was further dialyzed 

127 (Spectra/Por, 6-8 MWCO) towards 10 mM sodium phosphate pH 6.0 containing 1 mM 

128 EDTA overnight at 4 C. After centrifugation of the dialyzed plasma at 2,500  g, 10 min at 

129 4 C, the precipitated orange colored CP pellets were obtained and re-suspended in 500 l 

130 0.2 M sodium phosphate, pH 6.0, containing 1 mM EDTA. The resulting supernatant was 

131 collected as CP-depleted plasma and used as a control in the clotting assay. The purity of 

132 clotting protein was analyzed by 7.5% SDS-PAGE and compared with CP-depleted plasma 

133 and crayfish plasma.

134 2.8 The clotting assay

135 Crayfish plasma (10 mg/ml), CP-depleted plasma (10 mg/ml), and purified CP 

136 (10 mg/ml) samples were dialyzed separately overnight against buffer A (50 mM Tris-HCl, 

137 0.15 M NaCl, pH 8.0). The clotting assay was tested in tubes with or without astakine1 

138 (0.6 M). Plasma for re-suspending astakine1 was used as a control sample. Five different 

139 samples were mixed as follows: (1) 20 l CP + 390 l buffer A + 25 l plasma; (2) 400 l 

140 CP-depleted plasma + 10 l buffer A + 25 l plasma; (3) 20 l CP + 390 l buffer A + 25 l 

141 0.6 M astakine1; (4) 400 l CP-depleted plasma + 10 l buffer A + 25 l 0.6 M astakine1 

142 and (5) 400 l crayfish plasma + 10 l buffer A + 25 l plasma. All test tube samples 

143 received aliquots of 50 l of 1 U commercial TGase and 15 l of 1 M CaCl2. 

144 After incubation for 3 h at room temperature, the tubes were tilted and laid down observe clot 

145 formation.
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147 2.9. TGase-mediated crosslinking assay

148 The experiments were performed based on CP polymerization, as reported previously 

149 (Kopáček et al., 1993). Briefly, 5 l of purified CP (2 g/l) was tested in the presence or 

150 absence of astakine1 (0.6 M). CP-depleted plasma samples (2 g/l) were used as controls. 

151 Five microliters of 1 U commercial purified TGase and 5 l of 0.12 M CaCl2 were added to 

152 each tube. After incubation at 37C for 3 h, the reaction was terminated with 1 l of 0.2 M 

153 EDTA, followed by western blotting. The different samples were mixed with protein loading 

154 buffer (Laemmli sample buffer, 62.5 mM Tris-HCl, 2% SDS, 10% (v/v) glycerol, 0.1 M DTT 

155 and 0.01% bromophenol blue, pH 6.8), separated using 7% SDS-PAGE and then electro-

156 transferred onto a polyvinylidene fluoride membrane (PVDF) (GE Healthcare) for 2 h. 

157 The blot was blocked in 10% skim milk blocking buffer in PBS-T (0.5% tween-20 in 1PBS 

158 buffer, pH 7.4) for 1 h at room temperature. The membrane was incubated with anti-ε(γ-

159 glutamyl)-lysine monoclonal antibody at a 1:500 dilution (ab424, Abcam) in blocking buffer 

160 at 4C overnight. After extensive washing, the membrane was incubated with anti-mouse 

161 antibody conjugated with horseradish peroxidase (GE Healthcare) at a 1:1,000 dilution. 

162 The signal detection was performed by using Clarity western ECL substrate (Bio-Rad) 

163 according to the manufacturer’s instructions.  

164 3. Results

165 3.1. Astakine1 inhibits TGase enzymatic activity

166 To determine the effect of astakine1 on TGase-mediated crosslinking activity, 

167 purified native astakine1 from crayfish plasma was added to a TGase activity assay reaction 

168 mixture. This was investigated by using a modified non-radioactive microtiter plate test to 

169 show if purified astakine1 could compete with TGase-mediated 5-(biotinamido)-pentylamine 

170 (BPHN2) incorporation. BPNH2 is a conjugated biotin primary amine, which is covalently 

171 incorporated into N,N’-dimethylcasein by TGase enzyme activity. To better understand the 

172 role of astakine1 in TGase activity regulation, a purified commercial Guinea pig liver TGase 

173 was also used for comparison with the crayfish TGase. Regarding the temperature 

174 dependence of the endogenous TGase, we found that there was no significant difference in 

175 the TGase activities at 16, 25 and 37 C (Fig. 1). There was significant activity at 4 C. Then, 

176 TGase activity inhibition was further tested at 37 C with different concentrations of 

177 astakine1 (from 0.2 to 0.6 M) for native endogenous and commercial TGase. The results 



178 show that by increasing the astakine1 concentration, the TGase enzyme activity was 

179 decreased (Fig. 2). The highest astakine1 concentration, 0.6 M, resulted in a remaining 

180 activity of 24% for the endogenous TGase compared with the control 

181 (Fig. 2A). The same astakine1 concentration was reduced to a residual activity of 50% for the 

182 commercial TGase enzyme when compared with the control (Fig. 2B). This result shows that 

183 astakine1 inhibited the TGase mediated-crosslinking reaction.   

184 3.2. Astakine1 acts as a non-competitive inhibitor for TGase activity 

185 To investigate the kinetics of the inhibition experiments, commercial TGase and 

186 varying concentrations of the substrate and astakine1 were evaluated. The obtained data were 

187 analyzed by using GraphPad Prism with non-linear regression analysis, and a Michaelis-

188 Menten kinetics graph was constructed (Fig. 3). We found that astakine1 seemed to act as a 

189 non-competitive inhibitor, as the inhibition was not decreased when the substrate 

190 concentration was increased. 

191 3.3. Reduced clotting reaction activity by astakine1 

192 To test whether TGase activity inhibition by astakine1 could affect the clotting 

193 reaction, the ability for TGase to catalyze CP cross-linking in a gel formation assay was 

194 evaluated. The clotting reaction was supplemented with commercial TGase and Ca2+ in the 

195 mixture. The clotting ability is shown in Table 1. The non-dialyzed plasma samples provided 

196 the most obvious clot formation. The purified CP showed a nearly identical clotting ability as 

197 that of the plasma, while the CP-depleted plasma had low or no clot formation. However, the 

198 clotting ability of the purified CP was clearly reduced when supplemented with astakine1 

199 (Table 1). This result indicates that astakine1 can also interfere with TGase-mediated CP 

200 crosslinking. 

201 3.4. Astakine1 affects TGase-mediated crosslinking activity

202 In crayfish, it is known that CP can be used by TGase enzymes for cross-linking 

203 during hemolymph gel formation (Kopáček et al., 1993; Hall et al., 1999). CP is highly 

204 expressed in HPT tissue, and therefore, we intended to clarify whether impaired-TGase 

205 activity could impact CP crosslinking by including astakine1 in the reaction. We tested if 

206 astakine1 could inhibit the TGase enzyme crosslinking activity by incubation of purified CP 

207 with or without astakine1 in the presence of commercial TGase and Ca2+. CP-depleted 



208 plasma was used as a negative control. Western blot analysis revealed a high molecular 

209 weight signal (>250 kDa) in the sample with purified CP without astakine1, while this band 

210 was not detected in the CP-depleted plasma (Fig. 4). A low amount of cross-linking at the 

211 high molecular weight (>250 kDa) was observed in the purified CP sample when astakine1 

212 was added. This suggests that astakine1 can inhibit the TGase-mediated crosslinking reaction 

213 (Fig. 4).         

214 4. Discussion

215 The production and renewal of hemocytes occur in the hematopoietic tissue, and this 

216 process is tightly regulated to control and balance hemocyte numbers in the circulatory 

217 system. Astakine1 and TGase have been determined as important factors in blood cell 

218 differentiation/proliferation in freshwater crayfish (Lin et al., 2008; Söderhäll et al., 2005). 

219 Astakine1 is a homologue of vertebrate prokineticins, endocrine gland-derived vascular 

220 endothelial growth factor (EG-VEGF)/PK1 and Bv8/PK2. They are involved in several 

221 physiological functions, such as angiogenesis, neurogenesis and circadian rhythms (Monnier 

222 and Samson, 2008; Negri et al., 2007). Vertebrate prokineticins are known to be involved in 

223 hematopoiesis by promoting differentiation and mobilization of granulocyte and monocyte 

224 lineage cells (Dorsch et al., 2005; LeCouter et al., 2004). In crayfish, astakine1 is known as a 

225 hematopoietic growth factor, and it especially stimulates the differentiation of the SGC 

226 hemocyte lineage (Lin et al., 2010). Crayfish TGase from hemocytes catalyzes the 

227 clotting process, which depends on the TGase-mediated crosslinking of plasma CP (Kopáček 

228 et al., 1993). However, a function of TGase in HPT tissue has been shown where it stabilizes 

229 the matrix and maintains HPT cells in an undifferentiated stage (Lin et al., 2008). Here, we 

230 show a function of astakine1 in TGase activity regulation in vitro. We show that astakine1 

231 can inhibit TGase activity in a dose-dependent manner. Endogenous TGase is a crude enzyme 

232 source that is prepared from HPT lysate, which means that others proteins were present in the 

233 inhibition assay reaction. However, it is important to note that TGase is very abundant in 

234 HPT cells and accounts for 40-50% of the total protein concentration (Lin et al., 2008). 

235 Astakine1 seems to act as a non-competitive inhibitor of TGase activity (Fig. 3). 

236 Interestingly, endogenous TGase functioned over a wide range of temperatures. The 

237 freshwater crayfish P. leniusculus normally lives in a wide range of habitats but generally 

238 prefers cold water. Therefore, the observation that the optimum temperature for TGase has a 



239 very broad range, from 16 C to 37 C, and that it was still active at 4 C may be a possible 

240 adaptation of the cold-blooded animal.

241 In shrimp, TGase and crustin have been reported as RNA-binding proteins to the 

242 3’-UTR of astakine, and a reduction of TGase and crustin by siRNA increased the protein 

243 level of astakine, while the astakine mRNA level remained unchanged (Chang et al., 2013). 

244 In this study, we showed that astakine1 regulates TGase at the protein level by inhibiting 

245 TGase activity. Additionally, after prolonged culture of HPT cells with plasma containing 

246 astakine1, the extracellular TGase activity was decreased. When the TGase mRNA 

247 expression was decreased with dsRNAi, the HPT cells started to intensely spread (Lin et al., 

248 2008). This indicates that extracellular TGase is involved in extracellular matrix (ECM) 

249 interactions in order to maintain the HPT tissue microenvironment and to suppress stem cell 

250 differentiation. TGase is well known for playing a role in ECM protein crosslinking (Belkin, 

251 2011), and TGase activity is crucial for cellular matrix stabilization and cell 

252 differentiation/proliferation (Li et al., 2015; Myneni et al., 2014). Type IV collagen has been 

253 characterized as an ECM protein in crayfish, and it was found to be co-localized with TGase 

254 on the surface of HPT cells (Junkunlo et al., 2016). Interestingly, CP mRNA expression is 

255 high in HPT, and therefore, it is likely that CP could be an ECM protein in HPT tissue. 

256 Moreover, the CP subunits contain both glutamine and lysine residues that are available for 

257 crosslinking by TGase (Hall et al., 1999). To reveal how astakine1 regulates TGase and CP 

258 and their clotting formation, we first observed the clotting reactions with purified CP and 

259 TGase with or without astakine1. The results showed that astakine1 decreased clot formation 

260 in the presence of purified CP and TGase. Additionally, we also confirmed the TGase-

261 mediated crosslinking reaction and CP polymerization by determining the ε(γ-glutamyl)-

262 lysine bond level. The result showed a stronger crosslinking bond signal in the purified CP 

263 when astakine1 was deprived, while purified CP that included astakine1 showed lower signal 

264 levels in the western blot results. This clearly indicates a role for CP in hematopoiesis. 

265 That astakine1 is affecting clot formation by inhibiting TGase enzyme activity and not only 

266 induce a higher hemocyte synthesis is logic since clot formation during wound healing should 

267 be a highly localized response. During wounding hemocytes are attracted to the wound site to 

268 release TGase enzyme and after some clotting has occurred at the wound site this process 

269 must be stopped to avoid a total clot formation in the hemolymph. This process is similar to 

270 that occurring with control of melanization, where the activating protease is rapidly degraded 

271 to avoid unwanted melanization. In addition, there are inhibitors in plasma such as pacifastin 



272 to inhibit the activating protease and if phenoloxidase is still active the melanization 

273 inhibiting protein (MIP9) will also aid in control of melanization so it only occurs locally 

274 (Aspán et al., 1990; Liang et al., 1997; Söderhäll et al., 2009). 

275

276 5. Conclusion

277 In summary, the function of astakine1 in regulating TGase activity was studied. 

278 Astakine1 could inhibit crayfish and rodent TGase enzymatic crosslinking activity. 

279 Moreover, we showed that astakine1 seems to act as a non-competitive inhibitor. The 

280 inhibitory activity of astakine1 also led to impaired TGase-mediated crosslinking of the 

281 purified clotting protein. 
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284 Figure Legends

285 Fig. 1. TGase activity in HPT cell lysates at different temperatures. The amount of TGase-

286 mediated incorporation of 5’-(biotinamido) pentylamine (BPNH2) was measured at an 

287 absorbance of 450 nm. The columns represent the mean of three independent experiments, 

288 and the error bars represent SD values. Student’s t-test p values are labeled above the column. 

289 Fig. 2. TGase activity inhibition in HPT cell lysate by purified astakine1 (A) and 

290 inhibition of Guinea pig liver TGase by purified astakine1 (B). The columns represent the 

291 mean of independent experiments, which include HPT cells lysate (n=5) and Guinea pig liver 

292 TGase (n=3). The error bars represent SD values. Significant differences are indicated by the 

293 following asterisks: *, p<0.05; ***, p<0.001.   

294 Fig. 3. Various concentrations of astakine1 inhibit TGase activity: 0 (), 0.2 (□), 0.4 (▲), 

295 and 0.6 () M, with different BPNH2 concentrations (0 to 0.1 mM), are shown following a 

296 solid-phase microtiter plate assay.

297 Fig. 4. A TGase activity assay shows ε(γ-glutamyl)-lysine bond formation by TGase-

298 mediated CP cross-linking. Western blot results are shown with an anti-ε(γ-glutamyl)-lysine 

299 monoclonal antibody at a 1:500 dilution (Abcam). This experiment was repeated three times 

300 with similar results. 
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369 Table 1 Clotting formation of purified clotting protein in the presence or absence astakine1. 

370 Semi-quantitative determination where ++++ means a complete clot formation and 0 means 

371 low or no clot formation.  A representative picture from one of four experiments is included. 

Sample Clotting

CP+TGase+Ca2+ + + + 

CP-depleted plasma +TGase+Ca2+ 0

CP+TGase+astakine1+Ca2+ +

CP-depleted plasma +TGase+ astakine1+Ca2+ 0

Plasma+TGase+Ca2+ + + + + 
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 The relationship between astakine1 and TGase activity was characterized.
 Astakine1 acts as an inhibitor of TGase activity.
 Astakine1 reduces TGase-mediated crosslinking of the purified clotting protein.




