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ABSTRACT  19 

The preparation of novel immobilized and stabilized derivatives of trypsin is reported here. The new 20 

derivatives preserved 80% of the initial catalytic activity toward synthetic substrates (benzoyl-21 

arginine p-nitroanilide) and were 50,000-fold more thermally stable than the diluted soluble 22 

enzyme in the absence of autolysis.   Trypsin was supported on highly activated glyoxyl agarose 23 

following a two-step immobilization strategy: a) first, a multipoint covalent immobilization at pH 8.5 24 

that only involves low pKa amino groups (e.g., those derived from the activation of trypsin from 25 

trypsinogen) is performed, and b) next, an additional alkaline incubation at pH 10 is performed to 26 

favor an intense, additional multipoint immobilization between the high concentration of 27 

proximate aldehyde groups on the support surface and the high pKa amino groups at the enzyme 28 

surface region that participated in the first immobilization step. Interestingly, the new, highly stable 29 

trypsin derivatives were also much more active in the proteolysis of high molecular weight proteins 30 

when compared with a non-stabilized derivative prepared on CNBr. In fact, all the proteins 31 

contained in a cheese whey extract had been completely proteolyzed after 6 hours at pH 9 and 32 

50°C, as judged by SDS-PAGE.   Under these experimental conditions, the immobilized biocatalysts 33 

preserve more than 90% of their initial activity after 20 days.  Analysis of the 3D structure of the 34 

best immobilized trypsin derivative showed a surface region containing two amino terminal groups 35 

and 5 lysine (Lys) residues that may be responsible for this novel and interesting immobilization and 36 

stabilization. Moreover, this region is relatively far from the active site of the enzyme, which could 37 

explain the good results obtained for the hydrolysis of high molecular weight proteins.   38 

Keywords: cheese whey hydrolysis, two-step multipoint enzyme immobilization, multi-chain 39 

immobilization of trypsin  40 
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INTRODUCTION 41 

The limited and selective proteolysis of low-cost proteins (e.g., casein, whey proteins, and 42 

denaturated proteins obtained as a by-product of oil extraction) is quite interesting. It is possible to 43 

obtain a pool of highly concentrated oligopeptides with interesting biological properties as a 44 

product of this kind of hydrolysis. Many studies have reported that the peptides obtained by the 45 

proteolysis of various protein sources possess bioactivities, including antihypertensive, antioxidant, 46 

anticancer, antimicrobial, and opioid activities, as well as immunomodulatory and cholesterol-47 

lowering effects (1). For instance, the hydrolysis of milk proteins produces peptides with 48 

cardiovascular, digestive and endocrine activity (2). These bioactive peptides may be very useful as 49 

additives for functional foods (3). In fact, tryptic fragments of whey lactoglobulin exhibit an 50 

interesting inhibitory effect on angiotensin-converting enzyme (4). On the other hand, digestion of 51 

whey proteins with trypsin and chymotrypsin produces peptides with immunomodulatory effects 52 

(5). Interestingly, porcine blood proteins produced as by-products of agroindustries can be 53 

hydrolyzed by the simultaneous hydrolysis of trypsin, chymotrypsin and thermolysin, yielding 54 

interesting bioactive peptides (6).      55 

A tailor–made, optimized protocol for the proteolysis of low-cost proteins to obtain highly valuable 56 

bioactive peptides should include the utilization of high temperatures to accelerate the reaction 57 

and should avoid microbial contamination and the use of highly selective and rather expensive 58 

endoproteases. The enzymatic hydrolysis would also benefit from the use of immobilized 59 

derivatives of selective proteases (e.g., trypsin), which enables the re-use of the catalyst and 60 

facilitates continuous protein hydrolysis.   61 

Immobilized derivatives for use in biocatalysis should meet a number of conditions: 62 
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a. High stabilization to facilitate its reuse in many reaction cycles in moderately drastic reaction 63 

conditions, which would result in a more cost-effective process even when using costly biocatalysts. 64 

b. Proper orientation of the immobilized enzyme so that the active site remains fully accessible 65 

even for the high molecular weight proteins that have to be proteolyzed during the first steps of 66 

the hydrolysis. 67 

c. A simple immobilization protocol that grants the use of a wide variety of commercial supports 68 

and an easy control for the enzyme loading per gram of support.  69 

Some years ago, our group was able to prepare stable trypsin catalysts that were useful for the 70 

hydrolysis of denatured proteins obtained as by-products of oil hydrolysis ( 4,5).  These derivatives 71 

were obtained by covalent multipoint immobilization (at pH 10) between the region richest in 72 

lysines on the trypsin surface and the highly activated glyoxyl derivatives. 73 

It is possible that the rigidification of other regions of the enzyme structure (even those with less 74 

lysines) generates even more stable derivatives because it may affect areas of the enzyme structure 75 

involved in conformational changes (e.g., those induced by temperature) (6). Moreover, the 76 

rigidification of the enzyme structure through different regions may favor the preparation of stable 77 

derivatives in which the enzyme is better oriented to hydrolyze any type of protein, including those 78 

of high molecular weight.  79 

In this work, we will study the preparation of new trypsin derivatives obtained through a novel two- 80 

step immobilization strategy: a) first, a multipoint covalent immobilization at pH 8.5 that only 81 

involves low pKa amino groups (e.g., those arising from the activation of trypsin from trypsinogen) 82 

occurs, and b) next, a further alkaline incubation of the derivatives occurs to favor an intense 83 
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multipoint covalent immobilization between the enzyme surface area that participated in the first 84 

immobilization step and the proximate aldehyde groups from the support.  85 

These new derivatives will be compared to the previously prepared derivatives (on glyoxyl agarose 86 

at alkaline pH 10.0) (4) in terms of:  87 

i. The simplicity of immobilization and the ability to immobilize high concentrations of trypsin. 88 

ii. Their activity toward low molecular weight synthetic substrates. 89 

iii. The thermal stability. 90 

iv. The evaluation of the trypsin subunits that participate in the immobilization process. 91 

v. Their activity toward crude extracts from E. coli. 92 

vi. Their activity toward whey proteins. 93 

The proteolysis will be analyzed by SDS-PAGE to evaluate whether the prepared derivatives are able 94 

to hydrolyze a number of proteins, including some as large as immunoglobulins (140 kDa), from 95 

cheese whey.  96 

   97 

98 
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MATERIALS AND METHODS 99 

 100 

Materials 101 

The agarose CL- 4B gel, CNBr-activated Sepharose 4B support and the Low Molecular Weight 102 

(LMW) markers for electrophoresis were obtained from GE Healthcare Bio-Sciences AB (Uppsala, 103 

Sweden). Trypsin (E.C. 3.4.21.4) from bovine pancreas, BAPNA (benzoil- arginina -nitroanilida), 104 

benzamidine, glycidol, benzamidine and sodium borohydride were purchased from Sigma Chemical 105 

Company (St. Louis, MO). Trypsin was a type III Sigma preparation that was dialyzed and lyophilized. 106 

Other reagents and solvents used were of analytical or HPLC grade. 107 

 108 

Activation of Sepharose gels 109 

Glyoxyl-agarose 4B-CL gel supports were prepared as previously described (7). Supports containing 110 

up to 25 µEquivalents of glyoxyl groups per ml were prepared. Commercial CNBr-Sepharose gels 111 

were treated before enzyme immobilization according to instructions from the commercial source.   112 

  113 

Preparation of immobilized trypsin derivatives 114 

All immobilizations were performed in the presence of 3 mM benzamidine (a competitive inhibitor 115 

of trypsin) to prevent autolysis.  The Tryp-glyoxyl-8.5/10 derivative was prepared according to the 116 

following procedure: 100 ml of 0.1 M bicarbonate buffer at pH 8.5 containing 40 mg of trypsin was 117 

added to 10 ml (7 wet grams) of 4%-glyoxyl agarose. The immobilization was carried out for 2 hours 118 
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at 25°C.  After the complete immobilization of the enzyme, the immobilized derivative was filtered 119 

and incubated in 100 ml of 100 mM bicarbonate buffer, pH 10.0, for 22 hours at 25°C. Finally, the 120 

immobilization process was finished by reducing the derivative through the addition of 1 mg of 121 

solid sodium borohydride per ml of suspension. The Tryp-glyoxyl-8.5 derivative was prepared under 122 

the same conditions but was reduced without the additional incubation under alkaline conditions. 123 

The Tryp-glyoxyl-10 derivative was also prepared under the same conditions but using bicarbonate 124 

buffer at pH 10, and an additional long incubation (for 24 hours) was performed between the 125 

immobilized enzyme and the activated support before borohydride reduction (8).  The Tryp-CNBr 126 

derivative was prepared with 25 mM phosphate buffer at pH 7.0 and a ratio of enzyme/support as 127 

described above. The immobilization reaction was carried out for only 15 minutes at 4°C to 128 

minimize the possibilities of multipoint covalent immobilization.   Then the derivative was filtered, 129 

and the remaining active groups on the support were blocked by incubation of the derivative in 1 M 130 

ethanolamine at pH 8.0 for 2 hours. The derivative was then washed and filtered for further 131 

utilization in the hydrolysis reactions.  132 

All immobilization processes were followed by testing the catalytic activity of the whole suspension 133 

and the supernatant in BAPNA hydrolysis. A blank of soluble trypsin in the presence of benzamidine 134 

preserved full activity under the different experimental conditions.  135 

 136 

Enzymatic assays 137 

The activity of the derivatives was measured by following the increase of absorbance at 405 nm 138 

that accompanies the hydrolysis of 0.2 mM BAPNA prepared in a 50 mM phosphate buffer, pH 7.0, 139 
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containing 30% ethanol (9). Assays were performed in a 1-cm path-length cell with magnetic 140 

stirring.  141 

Stability of the derivatives  142 

The thermal stability of different derivatives was studied by incubation under different 143 

experimental conditions (pH 7.0 or 9.0 and temperatures between 50 and 75°C). Usually, a ratio of 144 

1/10 between the derivative and the whole suspension was used. At different times, aliquots of the 145 

suspensions of the derivatives (under stirring) were withdrawn and assayed for BAPNA hydrolysis at 146 

pH 7.0 and 25°C.   147 

Cosolvent stability was studied by incubation of the derivatives in 10 mM TRIS buffer, pH 7.0, 148 

containing 50% dioxane. The suspension (equal to the one described for thermal inactivation)   was 149 

incubated at 40 °C, and the stability of the derivatives was analyzed as described above.   150 

 151 

SDS-PAGE of the immobilized derivatives 152 

A total of 0.7 grams of each derivative was added to 1 ml of dissociation buffer containing SDS and 153 

mercaptoethanol (10), and the suspension was boiled for 5 minutes. In this way, all trypsin chains 154 

that are not covalently attached to the support should become desorbed away from the support to 155 

the supernatant. The supernatant is then analyzed by SDS-PAGE using 15% polyacrylamide gels. A 156 

LMW marker set of proteins was used as a reference.  157 

 158 

 159 
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 160 

 161 

Hydrolysis of proteins by trypsin derivatives 162 

Solutions containing 2-6 mg/ml of protein in different buffers were used as substrates for the 163 

hydrolysis using trypsin derivatives. Crude extracts of E. coli (2 mg/ml) or cheese whey (6 mg/ml) 164 

were used as the protein substrates for immobilized trypsin.  A total of 1 ml (0.7 wet grams) of 165 

derivative was added to 10 ml of protein solution and incubated at different temperatures. At 166 

different times, aliquots of the supernatant (100 µl) were withdrawn. The different aliquots were 167 

mixed with 100 µl of dissociation buffer (10) and boiled for 5 minutes. Then the boiled aliquots 168 

were analyzed by SDS-PAGE using 12% polyacrylamide gels.      169 

 170 

Evaluation of difussional problems. 171 

A total of 1 ml of trypsin derivative was suspended in reaction buffer and strongly stirred with a 172 

magnetic bar inside an ice bath. In this way, the particle size of the derivatives was dramatically 173 

reduced (more than tenfold). Hydrolysis catalyzed with broken derivatives was compared with 174 

hydrolysis catalyzed by intact derivatives. Observed differences would be due to the existence of 175 

difussional limitations during hydrolysis with intact derivatives.  176 

 177 

 178 

 179 
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 180 

 181 

RESULTS 182 

Multipoint covalent immobilization of trypsin.  183 

Different trypsin derivatives were prepared using highly activated glyoxyl-agarose and the two-step 184 

strategy described in the Introduction and Materials and Methods sections. The best results in 185 

terms of the immobilization rate and the activity and stability of the biocatalysts were obtained 186 

with the following derivatives: a) an initial immobilization on glyoxyl-agarose at pH 10.0; the 187 

enzyme become immobilized through a first covalent multipoint immobilization via the area richest 188 

in Lys residues, and a further intense multipoint covalent attachment is achieved by a long 189 

incubation at pH 10.0 (tryp-glyoxyl-10) and b) immobilization on glyoxyl at pH 8.5; the first 190 

multipoint covalent immobilization at pH 8.5 only involves low pKa amino groups (e.g., those 191 

derived from the activation of trypsin from trypsinogen and by a very rapid autolysis phenomenon) 192 

(15,16). An additional alkaline incubation (pH 10) favors an intense multipoint immobilization 193 

between the high pKa amino groups from the enzyme surface that participated in the first 194 

immobilization step and the proximate aldehyde groups from the support (tryp-glyoxyl-8.5/10).   195 

For each of these strategies, the enzyme became immobilized in less than three hours, and the 196 

intrinsic activity remained above 70% after immobilization (including the alkaline incubation) when 197 

measured with a synthetic small substrate such as benzoyl-arginine p-nitroanilide (Table 1).  198 

As a reference to compare the activity and stability of the new derivatives, the enzyme was 199 

immobilized on CNBr-Sepharose (for 15 minutes at 4°C) to promote a very mild interaction 200 
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between the enzyme and the support (tryp-CNBr). Under these conditions, the enzyme generally 201 

becomes attached to the support only by its amino terminal moiety. The enzyme immobilized on 202 

CNBr-Sepharose behaves the same way as the diluted soluble enzyme in terms of activity and 203 

stability in the presence of inhibitors (e.g., 3 mM benzamidine; data not shown). For this reason, 204 

this one-point attachment strategy avoids the common problems of soluble enzymes such as 205 

autolysis, aggregation and interactions with hydrophobic interfaces, and thus, it is more useful for 206 

further comparative studies with other immobilized derivatives even in the absence of inhibitors of 207 

autolysis.  208 

  209 

Stability of the different immobilized preparations.  210 

A comparative analysis of the thermal inactivation of the different trypsin preparations at 75°C and 211 

pH 7.0 showed that higher stabilization was achieved by immobilization at pH 8.5 and further 212 

incubation at pH 10.0 (tryp-glyoxyl-8.5/10) (Figure 1). This derivative preserved more than 80% of 213 

its initial activity after 24 hours of incubation and resulted in a 5-fold more stable derivative than 214 

the glyoxyl derivative prepared and incubated at pH 10.0 (Tryp-Glyoxyl-10.0, the most stable trypsin 215 

immobilized described thus far).  Under the same conditions, Tryp-Glyoxyl-8.5/10 was 500-fold 216 

more stable when compared to the derivative with no alkaline incubation (Tryp- 217 

glyoxyl-8.5).  It seems that incubation under alkaline conditions is a key step to achieve a very 218 

intense multipoint covalent immobilization and subsequent improvement of the stabilization of the 219 

immobilized enzyme.  220 

On the other hand, the less stable derivative (Tryp-glyoxyl-pH 8.5) was 100-fold more stable than 221 

the Tryp-CNBr derivative (Figure 2). Thus, it is possible to estimate a global stabilization factor for 222 
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Tryp-glyoxyl-pH 8.5 of approximately 50,000-fold over the Tryp-CNBr derivative, which has the 223 

same stability as the diluted soluble enzyme in the presence of benzamidine. To our knowledge, 224 

there is no previous report of such a high stabilization factor for trypsin by immobilization 225 

strategies.  226 

The stabilization gained with the Tryp-glyoxyl-8.5/10 preparation might be mostly a consequence of 227 

a 3D rigidification-stabilization because we compared the best derivative and a non-stabilized 228 

derivative (tryp-CNBr). To confirm this 3D rigidification, we also studied the inactivation of the 229 

different derivatives in the presence of organic cosolvents (Figure 3).  Again, the results in terms of 230 

stability were similar to those in the thermal stability experiment. The 3D rigidification attained by 231 

multipoint immobilization seems to prevent the distortions promoted by any denaturing agent.  232 

  233 

Trypsin is immobilized with different orientations 234 

Trypsin becomes active as a consequence of autolysis of trypsinogen (11 ). In addition, trypsin 235 

normally becomes proteolyzed due to auto-digestion in at least 3 different sites (11). In this way, 236 

commercial trypsin has several amino terminal residues and is composed of several chains bonded 237 

by disulfide bridges. A good indication of the differences in the orientation of the immobilized 238 

trypsin could be obtained by SDS-PAGE analysis upon boiling of the different derivatives with SDS 239 

and mercaptoethanol. The electrophoretic pattern resulted in unique patterns for the two different 240 

derivatives analyzed (Figure 4). Tryp-Glyoxyl-8.5/10, the most stable trypsin derivative, did not 241 

release any large polypeptides, which correlates with the proposed immobilization mechanism: low 242 

pKa amino groups from different chains are involved in the first covalent attachment on the 243 
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support. On the contrary, the least stable derivative (Tryp-CNBr) liberates a number of trypsin 244 

chains, and this may correspond with a one-point immobilization mechanism.   245 

 246 

 247 

Hydrolysis of protein extracts  using immobilized and stabilized trypsin.  248 

Crude protein extracts from E. coli.   249 

The most and least stable derivatives (Tryp-Glyoxyl-8.5/10 and Tryp-CNBr, respectively) 250 

were tested in the hydrolysis of an E. coli extract. Under the conditions used in the experiment, 251 

both derivatives proved efficient in the hydrolysis of large and most likely multimeric proteins 252 

present in the extract (Figure 5). Interestingly, the most stable derivative was a better catalyst for 253 

protein hydrolysis, as shown by a “cleaner” electrophoretic lane upon catalysis of the extract. In 254 

fact, large molecular weight proteins disappeared faster using the Tryp-glyoxyl-8.5/10 derivative 255 

compared to the reference Tryp-CNBr derivative.  256 

By analyzing the structure of partially autolyzed trypsin, it is possible to identify a region 257 

with several low pK terminal amino groups that might be responsible for the enzyme orientation in 258 

Tryp-Glyoxyl-8.5/10 ( Scheme 1) (15, 16). Moreover, this region of the trypsin surface also shows 259 

several neighboring lysine residues that may promote an intense multipoint covalent 260 

immobilization upon incubation at pH 10.0.  It is also possible to predict that, in this particular 261 

orientation, the active site lays exposed to the medium, leaving it easily accessible even for the 262 

proteolysis of high molecular weight proteins. On the contrary, there is an amino terminal group 263 

exposed on the enzyme surface proximal to the active site that may be involved in the one-point 264 
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immobilization on CNBr-sepharose. Therefore, this orientation results in less efficient hydrolysis of 265 

the high molecular weight proteins. 266 

 267 

 268 

Hydrolysis of cheese whey 269 

The most stable and efficient derivative in the hydrolysis of high molecular weight proteins, 270 

Tryp-Glyoxyl-8.5/10, was selected for the hydrolysis of whey proteins. At pH 7.0, the hydrolysis was 271 

quite slow, but an increase in the pH to 9.0 increased the rate of hydrolysis, and the intensity of all 272 

the bands was notably reduced after 60 min as analyzed by electrophoresis (Figure 6).  After 6 273 

hours of reaction, all the proteins from the extract had been fully hydrolyzed. The absence of steric 274 

hindrances during proteolysis could also be attained for trypsin immobilized on agarose gels with 275 

long spacer arms (e.g., hydrophilic residues and dextrans (17)) (data not shown). However, no 276 

trypsin stabilization was observed in this case.  277 

The stability of the derivatives was further studied under the optimal conditions for the 278 

hydrolysis (pH 9.0 and 50°C) (Figure 7). Tryp-glyoxyl-8.5/10 preserved 100% of its initial activity 279 

after 20 days incubation. On the contrary, the less stable derivative (Tryp-CNBr) had a half life of 3 280 

days under the same conditions.  281 

Considering the stabilization factors obtained for the inactivation at 70°C and pH 7.0 282 

(50,000-fold advantage of the tryp-glyoxyl-8.5/10 derivative over the tryp-CNBr derivative), a 283 

conservative calculation indicates a half-life of over one year for the Tryp-Glyoxyl-8.5/10.  284 

Difussional problems.  285 
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We did not detect difussional limitations when studying the activity of the derivatives using 286 

synthetic substrates (Table 1). In addition, the protein hydrolysis also exhibited very few difussional 287 

problems (Figure 8). In fact, upon mechanical breaking of the derivatives to reduce the particle size, 288 

the derivatives did not show a dramatic increase in activity.  289 

 290 

Loading capacity of different supports.  291 

A study of the loading capacity of different glyoxyl-agarose gels is shown in Table 2. As our main 292 

aim was the hydrolysis of high molecular weight proteins, we used 4% agarose and 4 mg of protein 293 

per mL of catalyst throughout the study to avoid difussional problems and steric hindrances during 294 

the hydrolysis of large proteins. However, for other applications, such as hydrolysis of low 295 

molecular weight proteins, it was possible to prepare derivatives at 100 mg/mL, which may be 16-296 

fold more active in proteolytic reactions. 297 

 298 

CONCLUSIONS 299 

 We have prepared different trypsin derivatives that favor covalent, multipoint attachment 300 

through different regions of the enzyme structure onto glyoxyl agarose. To do that, we have 301 

designed the immobilization strategy involved in two steps: a) first, an adsorption or covalent 302 

immobilization through diverse areas of the enzyme surface, and b) second, an additional alkaline 303 

incubation of each derivative to favor an intense multipoint covalent attachment between the 304 

glyoxyl groups from the support and the amino groups from the enzyme surface that it is near or in 305 

contact with. 306 
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 Using a synthetic substrate, we have studied the activity and thermal stability of the 307 

different preparations. The most stable derivative was 50,000-fold more stable than the trypsin 308 

that was mildly immobilized onto CNBr-Sepharose. Tryp-glyoxyl-8.5/10 was first immobilized at pH 309 

8.5, and immobilization probably involved the amino terminal residues released after the 310 

trypsinogen processing. 311 

 We studied the orientation of the immobilized derivatives and proved that in each of them, 312 

the trypsin had been attached through different peptide chains. The most stable derivative had two 313 

large peptide chains involved in the immobilization process, which seems to explain the 314 

immobilization mechanism and its high degree of stabilization. 315 

 Tryp-Glyoxyl-8.5/10 was not only stabilized structurally but also functionally and exhibited 316 

an interesting proteolytic activity in E. coli extracts and cheese whey. The derivative was efficient 317 

both in the lysis of large and small proteins, even at enzyme loadings as low as 4 mg/ml, and did not 318 

show severe difussional problems.  319 

 At 50°C, the proteolytic activity was higher at pH 9.0 than pH 7.0. Under these conditions, all 320 

of the proteins from the milk whey disappeared after 6 hours as judged by SDS-PAGE.  Incubated in 321 

these conditions, the optimal derivative preserved more than 90% of activity after 20 days. 322 

 323 
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 407 

FIGURE LEGENDS   408 

 409 

Scheme 1.-  An image of the surface of a partially autolyzed trypsin molecule including the active site,  410 

several terminal amino groups and several lysine residues. The image was obtained with the PyMOL 411 

0.99rc6 program from the structure of intact trypsin (pdb file 2 ptn) (Ref 15) and includes the two main 412 

autolysis positions (Ref 16).   413 

 414 

Figure 1. Thermostability of different immobilized trypsin derivatives.  Inactivation was performed at 75°C 415 

in 5 mM sodium phosphate at pH 7.0. Tryp-Glyoxyl-10 (); Tryp-Glyoxyl-8.5 / 10 (); Tryp-Glyoxyl-8.5 ().  416 

 417 

Figure 2. Thermostability of different immobilized trypsin derivatives.  Inactivation was performed at 70°C 418 

in 5 mM sodium phosphate buffer at pH 7.0. Tryp-CNBr  (); Tryp-Glyoxyl-8.5().  419 

 420 

Figure 3. Stability of different immobilized trypsin derivatives against cosolvents. Inactivation was 421 

performed at 40°C and pH 7.0 in 50% dioxane. Tryp-Glyoxyl-8.5/10 (); Tryp-Glyoxyl-10 (); Tryp-Glyoxyl-422 

8.5(); Tryp-CNBr (●).  423 

 424 

Figure 4. SDS-PAGE analysis of the supernatants of different trypsin derivatives boiled under dissociating 425 

conditions.  Lane 1. Molecular weight marker; lane 2. Commercial trypsin preparation (5 mg/mL); lane 3. 426 
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Commercial trypsin preparation immobilized on a CNBr-activated Sepharose support; lane 4. Commercial 427 

trypsin preparation immobilized on glyoxyl-agarose at pH 8.5 and incubated at pH 10.0. 428 

Figure 5. SDS-PAGE analysis of hydrolysates of crude protein extracts from E. coli obtained with different 429 

immobilized trypsin derivatives. Lane 1. Molecular weight marker; lane 2. E. coli extract preparation (2 430 

mg/mL); lane 3. 24-hour E. coli extract hydrolysis by immobilized trypsin on a CNBr-activated Sepharose 431 

support; lane 4. 24-hour E. coli extract hydrolysis by immobilized trypsin on glyoxyl-agarose at pH 8.5/10. 432 

 433 

Figure 6. SDS-PAGE analysis of hydrolysates of cheese whey protein obtained with most stable trypsin 434 

derivative (Tryp-glyoxyl-8.5/10). Lane 1. Molecular weight marker; lane 2. Bovine milk whey protein (6 435 

mg/mL); lane 3. 30 minutes of hydrolysis at pH 7; lane 4. 60 minutes of hydrolysis at pH 7; lane 5. 30 minutes 436 

of hydrolysis at pH 9; lane 6. 60 minutes of hydrolysis at pH 9; lane 7. 6 hours of hydrolysis at pH 9.0. 437 

Hydrolysis was performed at 50°C.      438 

 439 

Figure 7. Thermostability of immobilized trypsin preparations under alkaline conditions. Inactivation was 440 

performed at 50°C and pH 9.0 (sodium bicarbonate buffer 5 mM). Tryp-glyoxyl-8.5/10();  Tryp-CNBr ().  441 

 442 

Figure 8. SDS-PAGE of hydrolysates of cheese whey proteins obtained by intact and broken glyoxyl-tryp-443 

8.5/10. Experiments were performed as described in Methods.  Proteolysis was performed at pH 7.0 and 444 

50°C.     Lane 1. Molecular weight marker; lane 2. Bovine milk whey protein (6 mg/mL); lane 3. 30 minutes 445 

hydrolysis by the intact derivative; lane 4. 30 minutes hydrolysis by the broken derivative; lane 5. 60 minutes 446 

hydrolysis by the intact derivative; lane 6. 60 minutes hydrolysis by the broken derivative; lane 7. 120 447 

minutes hydrolysis by the intact derivative; lane 8. 120 minutes hydrolysis by the broken derivative.   448 
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 449 

 450 

Table 1. Yield and expressed activity of the immobilized preparations of trypsin using different 
supports.

Activated Support Yield (%) Expressed activity (%)

CNBr-activated sepharose 15 100

Glyoxyl-agarose pH 10.0 >95 75

Glyoxyl-agarose pH 8.5 >95 100

Glyoxyl-agarose pH 8.5/10 >95 80

Immobilizations were performed as described in the experimental section. Yield is defined
as the percentage of soluble enzyme that becomes attached to the support. Expressed
activity is defined as the ratio between the observed activity and the activity of soluble
enzyme that has been immobilized.

 451 
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 460 

Table 2.- Different trypsin-glyoxyl-agarose derivatives

Support mg  of  trypsin/ 

ml of support *

Protein substrates , 

KDalton **

4% agarose 25 200-400

6% agarose 60 75-200

10 % agarose 100 15-75

* Maximum loading capacity

** approximate size of proteins that can be hydrolyzed 
by trypsin immobilized on different supports
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