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Abstract 26 

 Divinylsulfone (DVS) has been used to activate agarose beads. The DVS 27 

activated agarose resulted quite stable in the pH range 5-10 at 25ºC under wet 28 

conditions, and can react rapidly with α-amides of Cys and His, at pH 5-10, with Lys 29 

mainly at pH 10 and with Tyr in a much slower fashion. After blocking with different 30 

nucleophiles, the support lost all reactivity, confirming that this protocol could be 31 

useful as an enzyme-support reaction end point. Then, chymotrypsin was 32 

immobilized on this support at pH 5, 7 and 10. Even though the enzyme was 33 

immobilized at all pH values, the immobilization rate decreased with the pH value. 34 

The effect of the immobilization on the activity depended on the immobilization pH, at 35 

pH 7 the activity decreased (to 50%) more than at pH 10 (by a 25%), while at pH 5 36 

the immobilization has not effect. Then, the effect of the blocking with different 37 

reagents was analyzed. It was found that the blocking with ethylenediamine improved 38 

the enzyme activity (by a 70%) and gave the best stability. The stability of all enzyme 39 

preparations improved when 24 h incubation was performed at pH 10, but the 40 

qualitative stabilization depended on the inactivation condition. The analysis of 41 

aminoacids of the preparation immobilized at pH 10 showed that Lys, Tyr and Cys 42 

residues were involved in the immobilization, involving a minimum of 10 residues 43 

(glyoxyl agarose gave 4 Lys involved in the immobilization). The new preparation 44 

was 4-5 fold more stable than glyoxyl agarose preparation, considered a very stable 45 

one, and in some instances was more active than the free enzyme (170% for the 46 

enzyme immobilized at pH 10). Thus, DVS activated supports are very promising to 47 

permit the multipoint covalent attachment of enzymes, and that way to improve their 48 

stability. 49 
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Key words: Enzyme immobilization, versatile immobilization, blocking of the support, 50 

multipoint covalent attachment, divinyl sulfone, enzyme stabilization.  51 

Page 4 of 45RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

1. Introduction 52 

 53 

 Immobilization is in many instances a compulsory step in the design of a 54 

biocatalyst, as it is the simplest solution to the problems generated by the solubility of 55 

the proteins in aqueous media, enabling the enzyme recovery and its separation from 56 

the reaction medium1–6. Immobilization also simplifies bioreactor design and control 57 

over the reaction 7–10.  58 

 Thus, many researchers have focused their efforts on the use of the 59 

“compulsory” immobilization step to improve other enzymes properties, mainly the 60 

enzyme stability 9,11,12, but also activity, specificity or selectivity 13–15  61 

Enzyme stabilization via immobilization may be achieved via different 62 

phenomena 1617. Any enzyme molecule that is immobilized and dispersed in the 63 

surface of  a porous support cannot suffer any intermolecular inactivation process 64 

(precipitation, proteolysis, interaction with external hydrophobic interfaces) 1617. 65 

Moreover, a proper immobilization system may permit to improve the enzyme stability 66 

by generating a favorable enzyme environment 17–19, by avoiding the subunit 67 

dissociation of multimeric proteins 11 or by increasing the enzyme rigidity via 68 

multipoint covalent attachment 6,10,12,14,20–22. 69 

Multipoint covalent attachment has revealed itself as one of the most potent 70 

tools to improve enzyme stability 12,14,20,22. The selection of the support, the 71 

immobilization conditions and the reactive groups on enzyme and support are key 72 

points in the preparation of enzyme biocatalysts stabilized via multipoint covalent 73 

attachment 23,24.  74 
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The support must offer flat surfaces to the reaction with the enzyme (e.g., 75 

agarose) and must present many reactive groups on that surface 12.  The 76 

immobilization conditions must favor the enzyme mobility and the reactivity of the 77 

supports and enzyme groups (moderate temperatures, alkaline pH values, long 78 

reaction times) 23,24. Finally, the reactive group on the support needs to be able to 79 

react with enzyme moieties that are generally abundant in the enzyme surface 12. 80 

Moreover, it must offer low steric hindrances to the reaction with the enzyme groups, 81 

good stability under immobilization conditions and be placed at a moderate distance 82 

from the support surface to really transmit the rigidity of the support to the enzyme 12. 83 

The number of support groups suitable for  producing very intense multipoint 84 

covalent attahcment is not very high. The supports activated with glyoxyl 25,26, 85 

epoxyde 27–29 and the versatile glutaraldehyde 30,31 have offered good results in this 86 

topic and some industrial enzymatic biocatalysts have been prepared using these 87 

chemistries. However, each of these active groups has some problems  which avoid 88 

their universal use, making very interesting to find some new protocols..  89 

Glyoxyl supports have been described as very suitable to get an intense 90 

multipoint covalent attachment25. This good result occurs even though the 91 

immobilization on this support only involves the primary amino groups of the protein 92 

25. However, immobilization needs to be performed at alkaline pH value, even 93 

proteins with low density of Lys cannot be immobilized 26 and the end point of the 94 

reaction requires the use of borohydride 32
. Epoxy-supports may react with a wide 95 

range of protein groups (amino, thiol, phenol, imidazole, carboxy) 33, but they have 96 

very low reactivity, even making a first adsorption of the enzyme on the support 97 

necessary to get a first covalent immobilization 34–37 (this has been useful to develop 98 

epoxy heterofunctional supports) 38.  Due to this low reactivity, a very intense 99 
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multipoint covalent attachment is hard to achieve compared to glyoxyl supports 39
. 100 

Glutaraldehyde activated supports have low stability, and very low stability at alkaline 101 

pH 31, usually the best results are achieved by modifying anionically exchanged 102 

enzymes on amino supports (and that is not always positive for the enzyme activity 103 

because it means a global enzyme surface modification) 30. Thus, the search of new 104 

reactive groups on the support potentially useful to stabilize enzymes via multipoint 105 

covalent attachment is still a demand in the biocatalyst design.  106 

In this regard, supports activated with divinylsulfone (DVS) have been 107 

successfully used to immobilize some enzymes 40–47, but its potential use to stabilize 108 

the immobilized proteins and some of the relevant features to determine their 109 

prospects as a support for industrial immobilization of enzymes have not been even 110 

analyzed. 111 

Activation with DVS may be achieved in supports bearing in its surface a very 112 

wide range of groups, like amino, thiol or hydroxy groups 42,47,48.The reactive vinyl 113 

sulfone groups placed in the support can react with amino, phenol, imidazol or thiol 114 

groups of the proteins 47,49, moieties that are frequently placed in its surface, 115 

therefore useful to get many enzyme-supports linkages50.  116 

In this paper, we have analyzed the prospects of DVS-agarose beads as 117 

support not  just to immobilize enzyme, but to stabilize enzymes via multipoint 118 

covalent attachment. In literature there are a lack of information on some key 119 

features of a support to be considered a good support to produe an intense multipoint 120 

covalent attachment. For example, the reactivity of the different moieties of the 121 

proteins at different pH values and the stability of the groups under immobilization 122 

conditions are very important characteristic and have been analyzed for first tome ion 123 
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this paper, also some alternatives as enzyme-support reaction end-point have been 124 

compared. Then, a model enzyme, bovine alpha-chymotrypsin, has been 125 

immobilized on the DVS-support and the variables that determine the final 126 

stabilization have been studied. This enzyme has been selected because it may be 127 

highly stabilized via multipoint covalent attachment; in fact it has been highly 128 

stabilized after immobilization on glyoxyl agarose beads 51. The protocol of enzyme 129 

immobilization is usually critical to take the maximum profit of the characteristics of 130 

the support to achieve an intense multipoint covalent attachemnt, it may be stated 131 

that good results may be achieved only if a good support and a good immobilization 132 

protocol is utilized.   133 
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2. Materials and methods 134 

2.1. Materials 135 

Divinyl sulfone, α-chymotrypsin from bovine pancreas, benzoyl-L-tyrosine-p-136 

nitroanilide (BTNA), ethylenediamine, ethanolamine, glycine, aspartic acid, cysteine 137 

and 2-mercaptoethanol were purchased from Sigma Chemical Co. (St. Louis, MO). 138 

The α-amides of Lys, His, Tyr and Cys were purchased from Bachem. Agarose 139 

beads 6% (w/v) were purchase from Agarose Bead Technologies (ABT, Spain). All 140 

other reagents were of analytical grade. 141 

 142 

2.2 Methods  143 

All experiments were performed by triplicate and the results are reported as the 144 

mean of this value and the standard deviation (under 10%).  145 

 146 

2.2.1. Enzymatic assays 147 

The activity of the soluble or immobilized enzyme (30 mg/mL) was assayed by 148 

determination of the increase in absorbance at 405 nm which accompanies the 149 

hydrolysis of the synthetic substrate BTNA (100 or 200 µL of soluble or suspended 150 

enzyme were added to 2.5 mL 50 mM sodium phosphate 40% ethanol, pH 7.0, 151 

containing 30 µL of 40 mM BTNA in hexane:dioxane 1:1 (v/v) at room temperature) 152 

23.  153 

In the determination of the effects of the pH value on the enzyme activity, the 154 

followed protocol was similar but the buffer in the measurements was changed 155 
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according to the pH value studied: 100 mM of sodium acetate at pH 5-0, sodium 156 

phosphate at pH 6.0–8.0 and sodium borate at pH 9-0 and pH 10.0. At 25 ◦C, all the 157 

preparations remained fully stable after incubation for several hours at any of these 158 

pH values. The ε values suffered very slight variations with the change in the pH 159 

value.  160 

 161 

2.2.2. Preparation of glyoxyl-agarose-support 162 

 The activation of agarose gels was done according to the procedure 163 

previous described 2526. The agarose beads were suspended in 1M NaOH and 0.5 M 164 

NaBH4 (3 mL of solution per g of support). This suspension was maintained in an ice 165 

bucket under mechanical stirring, and glycidol was added drop wise in order to reach 166 

a 2 M final concentration. The resulting suspension was gently stirred overnight at 167 

room temperature. The activated gel was then washed with abundant distilled water. 168 

 Them, the glycidol activated support was incubated in a solution of water 169 

containing 80 µmoles of NaIO4 per wet gram of beads (10 mL of oxidation solution 170 

per g of wet support). This oxidative reaction was allowed to proceed for 2 h under 171 

mild stirring at room temperature 52. Then, the glyoxyl support was washed with an 172 

excess of distilled water and stored at 4ºC under wet conditions. 173 

 174 

2.2.3. Preparation of divinyl sulfone-support 175 

A volume of 7.5 mL divinyl sulfone was added to 200 mL of 333 mM sodium 176 

carbonate buffer at pH 12.5 and vigorously stirred until the solution became 177 

homogeneous, then 10 g of agarose beads was added and left under gentle agitation 178 
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for 35 minutes. Then, the support was washed with an excess of distilled water and 179 

stored at 4°C. 180 

 181 

2.2.4. Determination of the reaction rates between DVS-support and different 182 

aminoacids. 183 

 The pH of 10mL of 2 mM of amides with the α-amino acid of the aminoacids 184 

His, Tyr, Lys and Cys, was adjusted at pH 5.0 (100 mM, sodium acetate), pH 7.0 (100 185 

mM, sodium phosphate) or pH 10.0 (100 mM, sodium bicarbonate). Then, 1 g of DVS-186 

support was added. Inert agarose was used as a reference. The remaining amide in 187 

the supernatant was measured periodically using an UV spectra (wavelength was 220 188 

nm) (Jasco V-630) and in some cases the concentration was confirmed by HPLC 189 

((Spectra Physic SP 100) coupled to an UV detector (Spectra Physic SP 8450). 190 

2.2.5. Immobilization of the enzymes 191 

2.2.5.1. Immobilization on glyoxyl-support 192 

The immobilization was performed suspending 10 g  of wet support  in 100 mL  193 

of chymotrypsin solution (maximum protein concentration was 1 mg/mL), prepared in 194 

50 mM sodium carbonate at pH 10.0-10.1 at 25°C for 3h under continuous stirring 51. 195 

As a reaction end point, derivatives were reduced by addition of solid NaBH4 (to 196 

reach a concentration of 1 mg/mL). After gentle stirring for 30 min at room 197 

temperature, the resulting derivatives were washed with abundant distilled water to 198 

eliminate residual sodium borohydride. 199 

 200 

2.2.5.2. Immobilization on divinyl sulfone-support 201 

Page 11 of 45 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

The immobilization was performed suspending 10 g of wet support in 100 mL 202 

of proteins solutions (maximum protein concentration was 1 mg/mL), prepared in 50 203 

mM sodium acetate at pH 5.0, sodium phosphate at pH 7.0 or sodium carbonate at 204 

pH 10.0, always at 25 °C. In some cases, the immobilized enzyme preparations were 205 

incubated in 100 mL of 100 mM bicarbonate at pH 10.0 and 25°C for different times 206 

before stopping the enzyme-support reaction by blocking the support. As a reaction 207 

end point, all the immobilized biocatalysts were incubated for 24 hours at room 208 

temperature in 1M of different nucleophiles (ethylenediamine, ethanolamine, glycine, 209 

aspartic acid, cysteine or mercaptoethanol) dissolved in 100 mM sodium carbonate at 210 

pH 10.0. Finally, the immobilized enzyme preparations were washed with an excess 211 

of distilled water and stored at 4°C 212 

 213 

2.2.6. Thermal inactivations  214 

 To check the stability of the enzyme derivatives, 1 g of immobilized enzyme 215 

was suspended in 5 mL of 50 mM sodium acetate at pH 5.0, sodium phosphate at pH 216 

7.0 or sodium carbonate at pH 9.0 at different temperatures. Periodically, samples 217 

were withdrawn and the activity was measured using BTNA. Half-lives were 218 

calculated from the observed inactivation courses. 219 

 220 

2.2.7. Determination of the aminoacids involved on the enzyme-support 221 

multipoint covalent attachment. 222 

 The bonds formed by the enzymes and the glyoxyl (after reduction), or the 223 

DVS supports (after blocking) are highly stable and may stand acid hydrolysis of 224 

proteins.  This strategy has been used previously with very good results on different 225 

glyoxyl-immobilized enzymes 2324. The number of free amino acids of the different 226 
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biocatalysts was obtained by determining the amino acids of each biocatalyst that 227 

could be released to the medium by the method previously described by Alaiz et al.53. 228 

Briefly, samples of each derivative, containing 2-4 mg of enzyme, were hydrolyzed 229 

with 6 N HCl at 120ºC and subsequently analyzed by high-performance liquid 230 

chromatography (HPLC) after derivatization with ethoxymethylenmalonate, using 231 

D,L-α-aminobutyric acid as internal standard, and a 300 × 3.9 mm i.d. reverse-phase 232 

column (Novapack C18, 4 µm; Waters). Likewise, amino acid composition of soluble 233 

chymotrypsin was also determined, in the presence and absence of blocked DVS 234 

support to ensure the lack of artifacts caused by the support. Concentrations (mol/g 235 

protein) of each amino acid were determined and the number of residues was 236 

calculated as followed: 237 

Number of amino acid/molecule of chymotrypsin × amino acid concentration in 238 

sample/ amino acid concentration in chymotrypsin. 239 

 240 

2.2.8. Studies of enzyme structure and aminoacid accessibility 241 

 Protein structures were modeled using PyMol software version 0.99rc6 54 .  242 

Surface accessibility (ASA) values of residues from 1TCA were calculated by the 243 

web-based program ASA-view55. Solvent accessibility was divided into three classes: 244 

buried, partially exposed and exposed, indicating, respectively, the least, moderate 245 

and high accessibility of the amino acid residues to the solvent5657 .  246 
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3. Results 247 

3.1. Characterization of the DVS-agarose as a matrix to immobilize proteins and 248 

stabilize them via multipoint covalent attachment. 249 

3.1.1. DVS reactivity versus different aminoacids under different pH values. 250 

 The scheme of the reaction between the DVS and the agarose is shown in 251 

scheme 1. A support to be used in immobilization and stabilization of enzymes via 252 

multipoint covalent attachment must have a good reactivity with groups frequently 253 

placed in the enzyme surface. DVS has been reported to react with hydroxyl, 254 

imidazol, amino or thiol groups 404142584344454647.Thus, Lys, Tyr, His and Cys are the 255 

aminoacids that can exhibit a higher reactivity with the DVS-support. 256 

 257 

 258 

 259 

 260 

 261 

Scheme 1. Activation of agarose with DVS and reaction of DVS activated 262 

supports with proteins. 263 

Moreover, it may be expected that the reactivity of the different aminoacids 264 

with DVS may differ at different pH value. This may open the opportunity to control 265 

the enzyme orientation by using conditions that can favor the reactivity of the support 266 

with one group kind or another, changing the aminoacids involved in the first covalent 267 

attachment. 268 
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 To this purpose, the amides (to eliminate the reactivity of the aminoacid alpha-269 

amino group) of Lys, Cys, His and Tyr were offered to DVS-activated supports at pH 270 

5.0, 7.0 and 10.0. Table 1 shows the results. As expected, the highest immobilization 271 

rates for all aminoacids were observed at pH 10.0 and the lowest at pH 5.0. 272 

Table 1. Reaction rates of the α-amides of different aminoacids. The experiments have been 273 

performed as described in Section 2. The immobilization rates are given as µmoles of 274 

immobilized amide
-1

.h
-1

.g
-1

.  275 

 276 

 277 

 Immobilization rates 

Aminoacid pH 10.0 pH 7.0 pH 5.0 

 

Lysine 14.20±0.5 1.09±0.2 0.04±0.01 

Cysteine 24.80±1 5.60±0.4 2.60±0.1 

Tyrosine 0.73±0.1 0.40±0.1 0.27±0.05 

Histidine 21.00±1 7.33±0.8 1.67±0.2 

 278 

Lys, the most abundant residues among the studied ones had a good 279 

reactivity at pH 10.0, which drastically decreased at pH 7.0 and even more at pH 5.0. 280 

Cys and His are the most reactive groups at all studied pH values, decreasing the 281 

reactivity when the pH value was lowered in a slower fashion than Lys, while Tyr is 282 

the less reactive group, except at pH 5.0 where it is more reactive than Lys. Thus, it 283 

seems that at pH 5.0 the Lys residues will play an irrelevant role in the first 284 

immobilization of an enzyme on DVS activated supports even being the most 285 

abundant group, because the ionization degree of its amino group. At lower pH 286 

value, it is expected that the terminal amino group may be more relevant in the 287 

immobilization of the enzyme. The terminal amino group should have a pK value 2-3 288 

unit below that of the Lys (10.7), thus its reactivity at low pH value should be much 289 

more significant than that of the Lys residues, mainly at pH 5.0. 290 

3.1.2. DVS stability under different experimental conditions 291 
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 The usefulness of a support to immobilize enzymes at industrial level may 292 

be marked by the stability of the active groups under different conditions. This may 293 

affect the storage (i.e., it is simpler if the support may be stored under wet conditions 294 

at 25ºC that if it requires to be conserved under dry conditions at -20ºC). Stability of 295 

the support groups also determines the range of conditions where the support can be 296 

used in the enzyme immobilization. Another point to be considered is that only if the 297 

support reactive groups are stable enough, the support surface may be fully covered 298 

of enzyme molecules because this may require a relative long time. On the contrary, 299 

if the support groups are instable, it is possible that they become inactivated before 300 

the full support surface is coated with enzyme. Multipoint covalent attachment usually 301 

requires a quite long time, as the support and the enzyme are quite rigid structures 302 

that need to get the correct alignment to get an intense multipoint covalent 303 

attachment under conditions where the support and enzyme have a good reactivity 304 

attachment 2324. This makes that only supports having good stability may be used in 305 

the long term incubation necessary to get an intense multipoint covalent  306 

 In order to check the stability of the DVS groups under different conditions 307 

that could be useful to immobilize different enzymes, the supports were incubated at 308 

pH values ranging from pH 4.0 to pH 10.5 at 25ºC. 309 

Periodically, samples were extracted and their reactivity versus N-alpha-310 

amide-Lys at pH 10.0 was evaluated. After 24 h of incubations at 25ºC, there was no 311 

difference in the reaction rate between the Lys-amide and the DVS support in all 312 

conditions, which means that the support remained fully reactive in this range of pH 313 

values. At pH 7.0 and 25ºC, after 60 days, the reactivity of the support did not suffer 314 

any relevant decrement (less than 5%). The stability was really high even at 36ºC, 315 
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over 90% of the reaction rate versus Lys was observed after 60 days of incubation at 316 

pH 7.  317 

Thus, storage seems to be possible even under wet conditions at pH 7.0. 318 

Moreover, DVS supports seem to be useful to immobilize enzymes at 25ºC in a 319 

broad range of pH values, also useful to get multipoint covalent attachment (even at 320 

pH 10.0 in 24h the reactivity of the support is maintained).  321 

 322 

3.1.3. Reaction end point  323 

 The usefulness of a support to immobilize enzymes, and more if the final 324 

goal is to have a highly stabilized biocatalyst, is favored if there is some simple 325 

protocol to eliminate the chemical reactivity of the support with the enzyme when the 326 

desired degree of enzyme-support reaction has been achieved. This will permit the 327 

full control of the enzyme-support reaction, otherwise during operation the enzyme 328 

and the support can produce new covalent bonds that can drive to the inactivation of 329 

the enzyme by stabilizing inactive enzyme structures. To this goal, the DVS support 330 

was blocked by incubation in the presence of different compounds for 24 h, and also 331 

was reduced with 1 mg/mL sodium borohydride (compatible with many enzymes 332 

stability) 32, or submitted to incubation overnight in 1M NaOH at 40ºC to destroy the 333 

support reactivity. The incubation in NaOH left a support fully unreactive with the α-334 

amide of Lys. Similar results were obtained by the blocking with all the studied 335 

compounds. However, using NaBH4, the reactivity of the support decreased to 20%, 336 

but we were not able to fully eliminate the support reactivity even using 5 mg 337 

NaBH4/mL, although this very high concentration was not compatible with the stability 338 

of many enzymes32. Thus, as in the case of the epoxyde-activated supports, the 339 
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proposed end point to the enzyme support reaction is the blocking of the support with 340 

different nucleophiles59. The selection of the blocking reagent will depend on the 341 

specific enzyme properties, and may be used also as a tool to further tuning the 342 

enzyme properties60. 343 

 344 

3.2. Immobilization of chymotrypsin in DVS supports at different pH values. 345 

From the previous results, the DVS-support seems very adequate to 346 

immobilize enzymes at industrial level. It may be handled or stored even in wet 347 

conditions and room temperature for weeks without decreasing its reactivity, and it 348 

permits its use at pH values from 5.0 to 10.0 for 24 h without any significant decrease 349 

in support reactivity. Coupling this stability results with the data on reactivity versus 350 

different aminoacids, and the possibility of blocking by incubation with different 351 

nucleophiles, DVS supports seemed to have very good prospects to immobilize 352 

proteins under a broad range of pH values and to produce an intense 353 

support/enzyme multi-reaction. 354 

Next, the immobilization of chymotrypsin has been tried in DVS-agarose at pH 355 

ranging from 5.0 to 10.0.   356 

3.2.1. Analysis of the accessibility of the different aminoacids to the medium 357 

First of all, the number of reactive groups of the enzyme and their 358 

accessibilities in the enzyme surface (ASA) were studied. Table 2 shows the amount 359 

of likely reactive groups of chymotrypsin and their medium exposition degree. From 360 

table 2, the 14 Lys residues that this enzyme has, are reasonably exposed  to the 361 

medium, while from the 4 Tyr, only Tyr-171 have good exposition, while Tyr-228 is 362 

not exposed. Both His have a very low exposition. Regarding the 10 Cys all of them 363 

are involved in disulfide bridges (1-122; 42-58; 136-201; 168-182; 191-220) and 364 
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therefore with low reactivity via the thiol, group. Moreover, the amino terminal Cys 365 

has a very high exposition (and can react via its amino group), while the other have 366 

moderate or even null exposition to the medium.  367 

Table 2. List of reactive groups of chymotrypsin and their medium accessibilities 368 

(ASA). Calculations have been performed as described in Section 2. Surface accessibility 369 

(ASA) values of residues from 1TCA were calculated by the web-based program ASA-view. 370 

 371 

The terminal amino groups Ile-16 and Ala-149 have a moderate or very low 372 

exposition respectively. The requirement for the medium exposition is higher when 373 

we intend to achieve the reaction between the enzyme and a flat surface (e.g., 374 

groups inside pockets will hardly react with the support, at least in a first step, before 375 

the enzyme is distorted by the enzyme-support interactions). However, the enzyme 376 

may suffer some distortions during immobilization involving some new groups in the 377 

immobilization. Moreover, once the enzyme is immobilized, only groups located in 378 

that face of the protein can react with the support. To better visualize, this, Figure 1 379 

shows the structure of the chymotrypsin with the reactive groups marked, it seems 380 

that many groups on the enzyme may take part on the immobilization step and on the 381 

further multipoint covalent attachment, mainly in the upper area to the active center, 382 

while in the other face the number of reactive groups decreased. The possibilities of 383 

Aminoacid Tyr 94 Tyr-146 Tyr-171 Tyr-228 Lys-36 Lys-79 Lys-82 Lys-84 

%ASA 24.3 15.9 59 0.5 74.4 99.2 73.4 73.4 

         

Aminoacid Lys-87 Lys-90 Lys-93 Lys-107 Lys-169 Lys-170 Lys-175 Lys-177 

%ASA 55.9 62.7 70 19.9 43.3 89.9 46.7 37.4 

         

Aminoacid Lys-202 Lys-203 His-40 His-57 Ile-16 Ala-149 Cys-1 Cys-42 

%ASA 62.2 37.9 12.1 2.7 0.5 27.2 77 2.8 

         

Aminoacid Cys-58 Cys-122 Cys-136 Cys-168 Cys-182 Cys-191 Cys-201 Cys-220 

%ASA 11.1 7.6 0 0 0 4.9 0.7 16 
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getting an intense multipoint attachment seems to be not limited by the number and 384 

distribution of groups located on the enzyme surface. 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

Figure 1. 3D surface structure model of chymotrypsin. The 3D surface structure 393 

model of Chymotrypsin indicates lysine, tyrosine and histidine residues and the N-394 

terminal amino acids. (a) N-terminal face, (b) back face. The 3D surface structure 395 

was obtained using PyMol versus 0.99. The 3D structure of chymotrypsin was 396 

obtained from the Protein Data Bank (PDB). For chymotrypsin  pdb code is 5CHA. 397 

 398 

3.2.2. Chymotrypsin immobilization 399 

As expected from the data on aminoacids reactivity, immobilization proceeded far 400 

more rapid at pH 10.0 than at pH 7.0 or 5.0 (Figure 2). In fact, at pH 10.0 401 

immobilization in DVS-agarose (90% enzyme immobilized in 2 h) is even more rapid 402 

than the immobilization in the same support activated with glyoxyl groups (80% 403 

immobilization after 2 h), a support described as very suitable for the 404 
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immobilization/stabilization of this enzyme51. At pH 7.0, the enzyme immobilization 405 

was slower, with a yield of 75% after 24h, and at pH 5.0 was even slower, with 406 

immobilization yield of only 10% after 24 h. 407 

 408 

Figure 2. Immobilization courses of chymotrypsin on DVS activated agarose at 409 

different pH values Experiments have been performed at 25ºC, other specifications 410 

are described in Section 2. Panel A: (pH5.0), Panel B: (pH7.0), Panel C: (pH10.0): 411 

Circles (suspension), Square (Supernatant), Triangle (Soluble enzyme). 412 

Regarding the activity (Figure 2), the immobilization on DVS at pH 10.0 413 

produced a decrease in enzyme activity of 25% after 24 h. At pH 7.0, the decrease in 414 

activity is more significant, the expressed activity of the immobilized enzyme is 415 

around 50% of that of the free enzyme. At pH 5.0, there are no significant changes in 416 

enzyme activity. The more drastic decrease in activity after immobilization at pH 7.0 417 

cannot be related to a more intense reaction between enzyme and support, as show 418 

in the analysis of the reactivity of the different aminoacids with this support showed in 419 
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point 3.1.1, but may be explained if a different orientation of the enzyme in the 420 

support is produced. Figure 1 shows that many of the groups relevant for enzyme 421 

immobilization are quite close to the active center of the enzyme. 422 

 423 

3.3. Effect of the blocking step in the stability of chymotrypsin immobilized on 424 

DVS supports. 425 

 Next, the enzyme that had been immobilized at pH 10.0 was subject to 426 

incubation in the presence of different nucleophiles to check the effects on enzyme 427 

activity and stability of the blocking of the reactive groups on the support. Figure 3 428 

shows that the incubation of the enzyme that had been immobilized at pH 10.0 in the 429 

presence of EDA permitted to increase the enzyme activity by a 75% that decreases 430 

to 70% after 24 h.  431 

 432 

 433 

 434 

 435 

 436 

 437 

Figure 3. Effect on enzyme activity of the incubation of the immobilized enzyme 438 

in the presence of different blocking agents. Experiments have been carried out 439 

at 25ºC and at pH 10.0 using the enzyme immobilized at pH 10.0. Other 440 

specifications are described in Section 2. Circles, solid black line: (EDA); Squares, 441 
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solid black line: (ethanolamine); Triangles, solid black line: (Gly); Rhombus, solid 442 

black line: (Asp); Stars, solid black line: (Cys); Gray Circles, solid gray line: 443 

(mercaptoethanol). 444 

 In opposition, the blocking with Cys produced a severe decrease of the 445 

enzyme activity, perhaps by their effect on the disulfide bonds that have 446 

chymotrypsin, while the incubation in the presence of the other blocking reagents did 447 

not produce a significant effect on enzyme activity. The biocatalyst blocked with EDA 448 

presented an activity slight higher than the activity of the free enzyme, reverting the 449 

slight decrease on enzyme activity observed during the immobilization step. 450 

 Figure 4 shows the thermal inactivation courses of the enzyme blocked with 451 

the different reagents.  452 

 453 

 454 

 455 

 456 

 457 

 458 

Figure 4. Thermal inactivation courses of the enzyme blocked with the different 459 

blocking agents. Experiments have been performed at 60ºC and pH 8.0, using the 460 

enzyme immobilized at pH 10.0. Other specifications as described in Section 2. 461 

Circles, solid black line: (EDA); squares, solid black line: (Ethanolamine); triangles, 462 

Page 23 of 45 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



23 

 

solid black line: (Glycine); rhombus, solid black line: (Aspartic acid); Stars, solid black 463 

line: (Cysteine); Gray Circles, solid gray line: (pH10.0). 464 

The less stable preparation was that unblocked, as the support still has the possibility 465 

to react with the distorted enzyme structure induced by heat. The most stable one 466 

was that blocked with EDA, while the less stable ones were those blocked with Gly or 467 

Asp, suggesting that the ionic nature of the support surface plays an important role 468 

on the stability of the immobilized chymotrypsin.  Considering the high isoelectric 469 

point of chymotrypsin (9.2), the support with EDA may produce a lower number of 470 

ionic bridges with the enzyme than the Asp. 471 

 Thus, the EDA was selected as blocking reagent in further experiments. 472 

 473 

3.4. Effect of the long term alkaline incubation on the activity/stability of DVS-474 

chymotrypsin biocatalysts  475 

 In order to improve the enzyme stability, the enzyme that had been 476 

immobilized at pH 10.0 was further incubated at pH 10.0 for different times before the 477 

EDA blocking step.  It should be considered that is not possible to ensure that during 478 

the blocking step there is not some enzyme-support reaction, and that can somehow 479 

minimize the effect of the long term incubation.  480 

 In this experiment, the biocatalyst was blocked with EDA just after 481 

immobilization (2 h), after 24 h, and after 72 h. The effect of this treatment on 482 

enzyme activity and stability has been analyzed (Figure 5). The long term incubation 483 

produced a certain decrement in enzyme activity (near to 50% activity was lost after 484 

72 h, Figure 5a), while improving the enzyme stability, more clearly for the 485 
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comparison between 2 and 24 h and in an almost negligible way if the incubation was 486 

prolonged from 24 to 72 h  (Figure 5b). Thus, incubation for 24 h at pH 10.0 seemed 487 

adequate to get optimal activity/stability parameters. 488 

 489 

Figure 5. Effect of the long incubation time on the activity/stability of DVS-490 

chymotrypsin biocatalysts. Panel (A) Evolution of the activity of the chymotrypsin 491 

immobilized at pH 10.0 and 25ºC. Other features are described in Section 2. Panel 492 

(B) Inactivation course of the different enzyme preparation at pH 10.0 and 25ºC. 493 

Other features are described in Section 2. Circles, solid black line: DVS-494 

Chymotrypsin-6h; Squares, solid black line: DVS-Chymotrypsin-24h; Triangles, solid 495 

black line: DVS-Chymotrypsin-72h. 496 

 497 

3.5. Effect of the immobilization pH on the final activity/ stability of the DVS-498 

chymotrypsin preparation 499 

 As previously discussed, the immobilization pH value may alter the orientation 500 

of the enzyme on the support, and that way this may alter the final enzyme stability. 501 

This may be caused by the different amount of protein nucleophiles in each area 502 

(giving more or less possibilities of establishing many enzyme-support linkages) or by 503 
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the relative importance of a specific area on enzyme stability. Thus, the activities and 504 

stabilities of enzymes immobilized at pH 5.0, 7.0 and 10.0 and blocked directly after 505 

immobilization have been compared to that of all these immobilized enzymes 506 

incubated for 24h at pH 10.0 before the blocking step, giving similar possibilities at all 507 

enzyme preparations of producing an intense multipoint covalent attachment.  Again, 508 

it must be considered that during the blocking step at alkaline pH, that may favor the 509 

enzyme-support reactivity, it is likely that some enzyme-support reaction may occur, 510 

and that may reduce the impact of the long term alkaline incubation. Table 3 shows 511 

the recovered activities of the different preparations and the half-lives obtained in 512 

thermal inactivations performed at pH 5.0, 7.0 and 9.0.  513 

Table 3. Thermal stability of the different enzyme preparations is given as half-lives in 514 

minutes. Temperatures were 55 
o
C at pH 5.0, 65

 o
C at pH 7.0 and 60 

o
C at pH 9.0. Other 515 

specifications are described in Section 2. 
a
100 is the activity of the soluble enzyme Activity 516 

recovered after the blocking  step. 517 

 518 

 Regarding the activity, in many instances the positive effects of the blocking 519 

with EDA compensated the decrease of activity produced by immobilization. In fact, 520 

all preparations were finally more active than the free enzyme. The positive effect of 521 

the blocking was similar in all preparations, and also the decrease caused by the 522 

alkaline pH incubation (even though the immobilization presented a higher negative 523 

effect on the enzyme activity at pH 7.0). 524 

Biocatalysts Recovered activity (%)a half-lives 

Soluble 100 pH5 pH7 pH9 

pH5 (24 h) 170±10 38±3 17±2 60±4 

pH5 (24 h)+pH10 (24 h) 140±15 150±10 60±4 125±8 

pH7 (24 h) 148±14 47±3 11±2 23±2 

pH7 (24 h) + pH 10 (24 h) 110±14 180±12 90±4 87±5 

pH10 (2h) 175±12 60±3 120±7 33±4 

pH10 (24 h) 140±13 195±8 200±9 117±8 

Glyoxyl 80±5 31±3 10±2 11±1 
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 Regarding the effect on stability, the results offer a complex picture. At all 525 

three pH values of inactivation and immobilization, the enzymes incubated at pH 10.0 526 

for 24 h showed an improved stability when compared to the enzyme blocked just 527 

after immobilization, the stabilization caused by the incubation ranged from less than 528 

2 to more than 4 folds depending on the biocatalyst pH immobilization value and 529 

inactivation pH value. As the only possible difference between the enzymes just 530 

immobilized and those incubated for longtime at alkaline pH value is an increase in 531 

the number of enzyme-support linkages, it seems that the alkaline incubation favored 532 

the enzyme-support reaction. 533 

In inactivations at pH 5.0 of the just immobilized biocatalysts, the most stable 534 

one was that immobilized at pH 10.0 and the least stable was that immobilized at pH 535 

5.0. After alkaline incubation, stability of all preparations increased, and the least 536 

stable preparations are the most stabilized. Thus, finally the stabilities of all of them 537 

became quite similar (half-lives from 150 min for preparation immobilized at pH 5.0 to 538 

195 minutes when immobilized at pH 10.0).  539 

When the inactivations were performed at pH 7.0, the enzyme immobilized at 540 

pH 10 is again clearly the most stable one just after immobilization (120 minutes 541 

versus half-live of 17 minutes for the biocatalyst prepared at pH 5.0 or 11 minutes if 542 

the biocatalyst is prepared at pH 7.0), and remains in this relative position after 543 

alkaline incubation even though it is the less stabilized by this treatment (half live of 544 

200 minutes versus 90 for the derivative immobilized at pH 7.0 or 60 if the 545 

immobilization is at pH 5.0).  546 

However, in inactivations at pH 9.0, the most stable preparation just after 547 

immobilization is that immobilized at pH 5.0 (half-live of 60 minutes), doubling the 548 
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stability of the other preparations. After incubation at pH 10.0, stability of the enzyme 549 

immobilized at pH 5.0 and 10.0 become similar, while that of the enzyme immobilized 550 

at pH 7.0 is clearly inferior. These qualitative differences on the stabilities of the 551 

different preparations suggest that the relevance of the different areas involved in the 552 

immobilization is not identical under any inactivation cause616263. 553 

 Thus, the immobilization pH seems to really alter the enzyme orientation on 554 

the support, as that should be the only relevant difference between the immobilized 555 

enzymes after incubation at pH 10.0 for 24 h. 556 

 557 

3.6. Comparison of glyoxyl-chymotrypsin, BrCN-agarose and glyoxyl-558 

chymotrypsin 559 

 Figure 6 shows an inactivation course of the enzyme immobilized on DVS-560 

agarose at pH 10.0 and incubated for 24 h before the blocking step and the 561 

chymotrypsin immobilized on glyoxyl under optimal conditions51 or BrCN agarose. 562 

BrCN-chymotrypsin is by far the least stable preparation, with full inactivation in the 563 

first measure in all the inactivation pH values. Glyoxyl-chymotrypsin was a much 564 

more stable preparation, as has been previously reported.  Nevertheless, DVS-565 

agarose-chymotrypsin is more stable than the very stable glyoxyl preparation at all 566 

studied pH values.  In fact, even the biocatalysts prepared without the alkaline long 567 

term incubation were quite more stable than the glyoxyl support. This result 568 

suggested the good prospects of this support to give an important stabilization of 569 

enzymes via immobilization. 570 
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 571 

 572 

 573 

 574 

 575 

 576 

 577 

Figure 6. Inactivation courses of the chymotrypsin immobilized on DVS-578 

agarose, glyoxyl-agarose or BrCN-agarose. Experiments have been performed at 579 

60ºC and pH 8.0. Other features are described in Section 2. Triangles, solid black 580 

line: CNBr; square, solid black line: Glyoxyl; circles, solid black line: DVS. 581 

3.7. Determination of the number of enzyme-support linkages 582 

To confirm that the enzyme was attached to the support via several 583 

attachments, the number of aminoacids that can be released from the DVS and 584 

glyoxyl supports had been compared (Table 4). As reference, Arg, Ala and Pro were 585 

selected. The implication of the Ile-16 and Ala-149 (amino terminal groups) in the 586 

immobilization was not evaluated, as just one aminoacid is not detected by this 587 

method. 588 

Table 4. Free aminoacids of different immobilized chymotrypsin preparations. Experiments 589 

have been performed as described in Section 2. (CT is chymotrypsin).  590 
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 591 

 592 

 593 

 594 

 595 

 596 

The amounts of the target groups in the presence or absence of blocked DVS 597 

were quite coincident; suggesting that the support did not alter the results (that is, 598 

can not react with any aminoacid). Glyoxyl support involved in the immobilization 599 

around 4 Lys groups, while DVS-involved at least 6 Lys, 1-2 Tyr and even several 600 

Cys (3-4) seemed to be involved in the immobilization (that means that the disulfide 601 

bridge has been broken, as only the Cys 1 (that is the amino terminal) can react by 602 

its amino group, suggesting some enzyme distortion while multipoint covalent 603 

attachment was established. There were no clear indications on the involvement of 604 

any of the His on the immobilization. These results show two points: first, a very 605 

intense multipoint covalent attachment has been achieved (at least 10-12 groups 606 

involved), and second, the implication of at least Tyr, Lys and Cys on the multipoint 607 

covalent attachment has been shown. This occurred even though the reactivity of the 608 

free Tyr seemed to be very low even at pH 10.0, perhaps because the reaction is 609 

now “intramolecular”. Thus, it is evident that DVS- supports are very efficient to 610 

produce an intense multipoint covalent attachment, even using the only moderately 611 

favorable agarose 4BCL, that is an agarose with not very thick agarose fibers23. 612 

3.8. Activity /pH profile of different immobilized chymotrypsin preparations 613 

 CT CT 

experimental 

DVS/ CT DVS-CT  

(pH 10) 

Glyoxyl-

CT 

His 2 2.1±0.3 1.8±0.2 1.5±0.3 1.8±0.3 

Arg 3 3.9±0.1 3.6±0.1 2.6±0.1 3.3±0.6 

Ala 22 22.3±1.5 18.7±1 14.4±1 17.9±1 

Pro 9 9.3±0.5 8.9±0.8 9.8±0.7 9.0±0.3 

Tyr 4 4.0±0.3 3.9±0.2 2.1±0.2 3.3±0.2 

Cys 10 9.8±0.5 10.3±0.9 6.5±0.3 9.5±0.5 

Lys 14 14.2±0.6 13.6±0.6 8.0±0.4 10.6±0.5 
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Figure 7 shows the pH/Activity curve. The free enzyme had a clear optimum at 614 

pH 8.0, and the activity decrease is relatively marked around this optimum value. All 615 

immobilized preparations presented a different optimum pH value, and the curve is 616 

less narrow than using the free enzyme. The pH of immobilization on the DVS-617 

support produced significant changes on the activity/pH curve, while the enzyme 618 

immobilized at pH 5.0 had the highest activity at pH 9.0, the other two preparations 619 

have the highest activity at pH 10.0, the maximum value used in this study to prevent 620 

chemical hydrolysis of the substrate. 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

Figure 7.  Effect of the pH on the activity versus BTNA of the different α-629 

chymotrypsin preparations. Experiments have been performed as described in 630 

Section 2. Circles, solid black line: (pH 5.0); Circles, solid gray line: (pH 5.0+pH10.0); 631 

Square, solid black line: (pH 7.0); Square, solid gray line: (pH7.0+10.0); Triangle, 632 

solid black line: (pH10.0); Triangle, solid gray line: (pH10.0+pH10.0); Stars, solid 633 

black line: (soluble). 634 

Page 31 of 45 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



31 

 

            The 24 h incubation at alkaline pH produced also changes. The enzyme 635 

immobilized at pH 5.0 is the one that suffered the greatest alterations in the 636 

pH/activity curve, changing a clear optimal at pH 9.0 to a flat plateau in the range 7-637 

10.  The enzyme immobilized at pH 7 also improved the percentage of activity at pH 638 

values from 7.0 to 9.0, while the enzyme immobilized at pH 10.0 almost did not suffer 639 

any change after the long term alkaline incubation.  640 

 641 

4. Conclusion 642 

 This paper shows the great potential of DVS-activated agarose not to 643 

immobilize enzymes, but to stabilize them via multipoint covalent attachment. First, 644 

the main features of the active groups to this goal has been analyzed. The support is 645 

very stable, maintaining its reactivity after storage for two months even at 36ºC in wet 646 

condition, also retained full reactivity after 24 h of incubation at pH 4.0 to 10.5 at 647 

25ºC. This support is able to react with Lys, His, Cys and Tyr, with a rate that 648 

depends on the pH value. Regarding reactivity with groups of proteins, DVS and 649 

epoxide are capable to react with different nucleophiles42,  while glyoxyl only can 650 

react with primary amino groups25. However, DVS is much more reactive than epoxy 651 

groups, being able to covalently immobilize enzymes without requiring the previous 652 

adsorption of the enzyme. Moreover, DVS supports can be used in a wide range of 653 

pH values, in opposition to glyoxyl agarose that generally require the immobilization 654 

at alkaline pH value26. DVS can directly yield stable enzyme-support linkages, being 655 

no necessary any treatment to stabilize these bonds (e.g., imine bonds obtained 656 

using glyoxyl require reduction). However, to avoid uncontrolled enzyme-support 657 
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reaction, the support may be blocked using different nucleophiles. This may become 658 

a tool to further tailoring immobilized enzyme features60. 659 

 Using it as a support to obtain a stabilized preparation of chymotrypsin, the 660 

results have been really good. To take advantages of the support properties, a 661 

proper immobilization protocol needs to be utilized, as multipoint covalent attachment 662 

is a quite complex process. The first enzyme immobilization may be performed at 663 

different pH values, obtaining preparations with different activity/stability properties, 664 

but still multipoint covalent attachment has not be maximized. Further incubation at 665 

pH 10.0 produced an increase in enzyme stability with some costs in terms of 666 

activity. The blocking of the remaining sulfone groups is another critical variable, as 667 

show in this paper and expected from the higher stability of DVS groups. In this case, 668 

the blocking with EDA permitted to avoid undesired covalent enzyme-support 669 

reactions, and improved the enzyme activity, that become even slightly higher than 670 

that of the free enzyme (175% measured at pH 7.0) and stability. The results after 671 

the long term incubation at alkaline pH are different depending on the immobilization 672 

pH, considering that the support is full stable in the used conditions, and that the 673 

blocking is identical, the only likely explanation is that the enzyme orientation may be 674 

different depending on the immobilization pH value and that determine the number of 675 

enzyme groups that can react with the support, or affecting regions of the enzyme 676 

with different relevance for the enzyme stability. Thus, the immobilization protocol to 677 

have an optimized enzyme stabilization via an intense multipoint covalent attachment 678 

is a first immobilization of the enzyme on DVS-agarose at different pH values (to 679 

involve different areas of the enzyme in the immobilization), an incubation under 680 

alkaline conditions to improve the enzyme reactivity and have an intense multipoint 681 
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covalent attachment, and an optimization of the blocking step (assaying different 682 

blocking reagents) to have the best activity/stability features. 683 
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Figure legends 802 

Scheme 1. Activation of agarose with DVS and reaction of DVS activated 803 

supports with proteins. 804 

 805 

Figure 1. 3D surface structure model of chymotrypsin. The 3D surface structure 806 

model of Chymotrypsin indicates lysine, tyrosine and histidine residues and the N-807 

terminal amino acids. (a) N-terminal face, (b) back face. The 3D surface structure 808 

was obtained using PyMol versus 0.99. The 3D structure of chymotrypsin was 809 

obtained from the Protein Data Bank (PDB). For chymotrypsin  pdb code is 5CHA. 810 

 811 

Figure 2. Immobilization courses of chymotrypsin on DVS activated agarose at 812 

different pH values Experiments have been performed at 25ºC, other specifications 813 

are described in Section 2. Panel A: (pH5), Panel B: (pH7), Panel C: (pH10): Circles 814 

(suspension), Square (Supernatant), Triangle (Soluble enzyme). 815 

 816 

Figure 3. Effect on enzyme activity of the incubation of the immobilized enzyme 817 

in the presence of different blocking agents. Experiments have been carried out 818 

at 25ºC and at pH 10 using the enzyme immobilized at pH 10. Other specifications 819 

are described in Section 2. Circles, solid black line: (EDA); Squares, solid black line: 820 

(ethanolamine); Triangles, solid black line: (Gly); Rhombus, solid black line: (Asp); 821 

Stars, solid black line: (Cys); Gray Circles, solid gray line: (mercaptoethanol). 822 

 823 
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Figure 4. Thermal inactivation courses of the enzyme blocked with the different 824 

blocking agents. Experiments have been performed at 60ºC and pH 8, using the 825 

enzyme immobilized at pH 10. Other specifications as described in Section 2. 826 

Circles, solid black line: (EDA); squares, solid black line: (Ethanolamine); triangles, 827 

solid black line: (Glycine); rhombus, solid black line: (Aspartic acid); Stars, solid black 828 

line: (Cysteine); Gray Circles, solid gray line: (pH10). 829 

 830 

Figure 5. Effect of the long incubation time on the activity/stability of DVS-831 

chymotrypsin biocatalysts.  832 

Panel (A) Evolution of the activity of the chymotrypsin immobilized at pH 10 and 833 

25ºC. Other features are described in Section 2.  834 

Panel (B) Inactivation course of the different enzyme preparation at pH 10 and 25ºC. 835 

Other features are described in Section 2. Circles, solid black line: DVS-836 

Chymotrypsin-6h; Squares, solid black line: DVS-Chymotrypsin-24h; Triangles, solid 837 

black line: DVS-Chymotrypsin-72h. 838 

 839 

Figure 6. Inactivation courses of the chymotrypsin immobilized on DVS-840 

agarose, glyoxyl-agarose or BrCN-agarose. Experiments have been performed at 841 

60ºC and pH 8. Other features are described in Section 2. Triangles, solid black line: 842 

CNBr; square, solid black line: Glyoxyl; circles, solid black line: DVS. 843 

 844 
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Figure 7.  Effect of the pH on the activity versus BTNA of the different α-845 

chymotrypsin preparations. Experiments have been performed as described in 846 

Section 2. Circles, solid black line: (pH5); Circles, solid gray line: (pH5+pH10); 847 

Square, solid black line: (pH7); Square, solid gray line: (pH7+10); Triangle, solid 848 

black line: (pH10); Triangle, solid gray line: (pH10+pH10); Stars, solid black line: 849 

(soluble). 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 
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Tables 865 

 Immobilization rates  

Aminoacid pH 10 pH 7 pH 5 

Lysine 14.20±0.5 1.09±0.2 0.04±0.01 

Cysteine 24.80±1 5.60±0.4 2.60±0.1 

Tyrosine 0.73±0.1 0.40±0.1 0.27±0.05 

Histidine 21.00±1 7.33±0.8 1.67±0.2 
 866 

 867 

Table 1. Reaction rates of the α-amides of different aminoacids. The experiments have been performed as described in Section 2. The 868 

immobilization rates are given as µmoles of immobilized amide
-1

.h
-1

.g
-1

. 869 

 870 

 871 

 872 

 873 

 874 

 875 
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 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

 888 

 889 

Table 2. List of reactive groups of chymotrypsin and their medium accessibilities (ASA). Calculations have been performed as described in 890 

Section 2. Surface accessibility (ASA) values of residues from 1TCA were calculated by the web-based program ASA-view.  891 

Aminoacid Tyr 94 Tyr-146 Tyr-171 Tyr-228 Lys-36 Lys-79 Lys-82 Lys-84 

%ASA 24.3 15.9 59 0.5 74.4 99.2 73.4 73.4 

         

Aminoacid Lys-87 Lys-90 Lys-93 Lys-107 Lys-169 Lys-170 Lys-175 Lys-177 

%ASA 55.9 62.7 70 19.9 43.3 89.9 46.7 37.4 

         

Aminoacid Lys-202 Lys-203 His-40 His-57 Ile-16 Ala-149 Cys-1 Cys-42 

%ASA 62.2 37.9 12.1 2.7 0.5 27.2 77 2.8 

         

Aminoacid Cys-58 Cys-122 Cys-136 Cys-168 Cys-182 Cys-191 Cys-201 Cys-220 

%ASA 11.1 7.6 0 0 0 4.9 0.7 16 
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 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

                        
903 . 

Table 3. Thermal stability of the different enzyme preparations is given as half-lives in minutes. Temperatures were 55 
o
C at pH 5, 65

 o
C at pH 7 904 

and 60 
o
C at pH 9.0. Other specifications are described in Section 2.  905 

a
100 is the activity of the soluble enzyme Activity recovered after the blocking  step. 906 

  907 

Biocatalysts Recovered activity (%)a half-lives 
Soluble 100 pH5 pH7 pH9 

pH5 (24 h) 170±10 38±3 17±2 60±4 
pH5 (24 h)+pH10 (24 h) 140±15 150±10 60±4 125±8 

pH7 (24 h) 148±14 47±3 11±2 23±2 
pH7 (24 h) + pH 10 (24 h) 110±14 180±12 90±4 87±5 

pH10 (2h) 175±12 60±3 120±7 33±4 
pH10 (24 h) 140±13 195±8 200±9 117±8 

Glyoxyl 80±5 31±3 10±2 11±1 
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 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

Table 4. Free aminoacids of different immobilized chymotrypsin preparations. Experiments have been performed as described in Section 2. (CT 920 

is chymotrypsin).  921 

 922 

 923 

 924 

 CT CT 

experimental 

DVS/ CT DVS-CT  

(pH 10.0) 

Glyoxyl-

CT 

His 2 2.1±0.3 1.8±0.2 1.5±0.3 1.8±0.3 

Arg 3 3.9±0.1 3.6±0.1 2.6±0.1 3.3±0.6 

Ala 22 22.3±1.5 18.7±1 14.4±1 17.9±1 

Pro 9 9.3±0.5 8.9±0.8 9.8±0.7 9.0±0.3 

Tyr 4 4.0±0.3 3.9±0.2 2.1±0.2 3.3±0.2 

Cys 10 9.8±0.5 10.3±0.9 6.5±0.3 9.5±0.5 

Lys 14 14.2±0.6 13.6±0.6 8.0±0.4 10.6±0.5 
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