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ABSTRACT 17 

A novel β-glucosidase from Streptomyces griseus was cloned and overexpressed in 18 

E. coli. The purified β-glucosidase (44 kDa) had a Km of 8.6±0.5 mM and a Vmax of 19 

217±5.0 µmoles-1min-1mg at 37 °C, pH 7.2 with p-nitrophenyl-β-D glucopyranoside 20 

as substrate. The enzyme was characterised in terms of pH optimum (pH 6.9), 21 

temperature optimum (69 °C) and the influence of solvents and effectors.  Purified S. 22 

griseus β-glucosidase was successfully immobilised, by simple absorption, onto zinc 23 

oxide (ZnO) nanoparticles without covalent modification. It remained tightly bound 24 

even after extensive washing and could be reused up to ten times without significant 25 

loss of activity. The immobilised enzyme had a higher optimum temperature and 26 

greater thermostability than the free enzyme.  In immobilised form the enzyme 27 

readily catalysed the synthesis of alkyl glucosides.   28 

 29 

 30 

 31 

Keywords: β-glucosidase, Streptomyces griseus, nanoparticle, alkyl glucoside, 32 

immobilisation 33 

  34 



3 

 

List of abbreviations: ORF, Open Reading Frame; GST, Glutathione S Transferase;  35 

NCBI, National Centre for Biotechnology Information; GYM, Glucose Yeast Malt 36 

medium; bglsG, β-glucosidase from Streptomyces griseus; pNGP, para nitrophenyl-37 

β-D glucopyranoside. 38 

39 
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Introduction 40 

 41 

β-glucosidases (bglsG, EC 3.2.1.21) are hydrolytic enzymes that cleave β-glycosidic 42 

bonds of carbohydrates [1], [2]. They act on a broad range of β-glycosides and play 43 

important biological roles in both eukaryotic and prokaryotic organisms. They play a 44 

particularly key role in the degradation of celluloses [3]. β-glucosidases have been 45 

studied from many different living organisms such as marine invertebrates, bacteria, 46 

fungi, plants, and mammals [4]. Commercially, they are used in the food and 47 

pharmaceutical industries, chemicals production, textiles and in the biotechnology 48 

sector. Indeed, β-glucosidases are amongst the most widely used enzymes for 49 

biotechnological applications [5],[6]. 50 

 51 

Chemical synthesis using β-glucosidases as a biocatalyst is a significant area of 52 

research interest. Such chemical transformations may involve transglycosylation or 53 

reverse hydrolysis reaction pathways. Reverse hydrolysis involves the direct 54 

esterification of a glycosyl donor and an acceptor. Thus, β-glucosidases have been 55 

used to synthesise alkyl, flavanoid, stilbenoid and vitamin glycosides among others 56 

(see [7] for review). Such transformations are examples of green chemistry that 57 

minimize the use of organic solvents. 58 

 59 

In many cases β-glucosidases for use in industrial processes are immobilised on a 60 

solid support. Immobilisation of an enzyme catalyst allows for its separation from 61 

reactants, reusability, and often increases its thermostability [8].  β-glucosidases have 62 

been immobilized on different supports, such as alginate [9], silica gel [10], magnetic 63 

chitosan microspheres [11], Eupergit C [12], magnetic nanoparticles [13] and, most 64 

recently, silicone polymeric thin films [14]. A significant drawback with 65 

immobilisation is that it often requires covalent attachment of the enzyme to a 66 

support using crosslinking agents such as glutaraldehyde or carbodiimide. The 67 

process of immobilization is time consuming, expensive and may lead to loss of 68 

enzyme activity (see [15]).  69 

 70 

In this study, a putative nucleotide sequence of a β-glucosidase was selected from the 71 

Streptomyces griseus subsp. griseus genome database. Several β-glucosidase Open 72 

Reading Frames ranging from 406 to 768 amino acids were identified in the genome 73 
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of Streptomyces griseus subsp. griseus using the NCBI genomic database. The 74 

smallest ORF having a size of 406 amino acids was selected since it was thought that 75 

a smaller protein might be more compact in structure and therefore more solvent and 76 

temperature tolerant. Overexpression of this β-glucosidase was carried out under the 77 

inducible control of a tac promoter based Glutathione-S-Transferase (GST) fusion 78 

protein expression system to avoid the formation of inclusion bodies. A simple 79 

method to immobilise this enzyme on zinc nanoparticles was developed and the 80 

application of this enzyme in the synthesis of alkyl glucosides was demonstrated. 81 

 82 

  83 
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Materials and Methods 84 

 85 

Materials:  86 
Wizard Genomic DNA Purification Kit (Cat. No. A1125), Pure Yield™ Plasmid 87 

Midi Prep System (Cat. No. A9281), Gel extraction kit, 6x DNA loading buffer, T4 88 

DNA ligase, and GoTaq® DNA polymerase were obtained from Promega, MSC, 89 

Dublin, Ireland. Gene specific primers were obtained from Eurofins MWG Operon. 90 

Restriction endonucleases and their corresponding buffers were obtained from New 91 

England Biolabs (NEB, UK). Glutathione Sepharose 4B resin and PreScission 92 

protease were obtained from VWR International Ltd. Blanchardstown, Dublin, 93 

Ireland. All chemicals were obtained from Sigma-Aldrich, Ireland.   94 

 95 

Bacterial strains, culture media, and growth conditions:  96 

Streptomyces griseus subsp. griseus was inoculated from stock culture into GYM 97 

Streptomyces medium and incubated for three days at 220rpm and 37°C. Luria-98 

Bertani media was used for the maintenance of E. coli strains at 37°C.  Escherichia 99 

coli strains; JM109 (Promega) and BL21 (DE3) cells were used for cloning and 100 

protein expression respectively. Phenotypically, protease-plus E. coli (JM109) was 101 

used for maintenance of the vector pGEX-4T1 and S. griseus β-glucosidase (pGST-102 

bglsG) clones.  103 

 104 

Amplification of β-glucosidase gene:  105 

Amplification of the β-glucosidase (Gene ID: 6212454) from S. griseus genomic 106 

DNA was performed in a G-Storm GS1 Thermal Cycler (GRI, Promega). Forward, 107 

(bglsG_for_NcoI) 5’CATGCCATGGGGACACACACCCCTGCTTGG3’ and 108 

reverse (bglsG_rev_EcoRI) 5’CCGGAATTCTCAGGCTGCCGTGCGCGG3’ 109 

primers containing NcoI and EcoRI restriction sites (underlined) respectively were 110 

used for the amplification of the β-glucosidase gene. PCR conditions were as 111 

follows: denaturation (94 °C for 1 minute), annealing (66 °C for 45 seconds), and 112 

extension (72 °C for 1 minute) for 33 cycles with a final extension (72 °C for 5 113 

minutes) and an indefinite hold at 4°C. Amplification was carried out with GoTaq® 114 

DNA polymerase. Ligation reactions were carried out using T4 DNA Ligase and the 115 

resulting recombinant DNA was used for transformation into JM109 E. coli cells. 116 
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The β-glucosidase from Streptomyces griseus (bglsG) was cloned into a Glutathione-117 

S-Transferase plasmid expression vector (pGEX-4T1).  118 

 119 

Expression of S. griseus β-glucosidase:  120 

E. coli transformants were incubated at 37 °C and 220 rpm until an optical density 121 

(OD600nm) of 0.4-0.6 was reached. IPTG was added to a final concentration of 0.3 122 

mM. The culture was further incubated at 30°C for 6 hours and then centrifuged at 123 

5,000 xg for 10 minutes at 4°C to pellet cells. The pellet was washed in 10 mM 124 

Na2HPO4, 1.8 mM KH2PO4, 140 mM NaCl, 2.7 mM KCl, pH 7.3. The supernatant 125 

was discarded and the pellet was resuspended in 100 ml of cell lysis buffer (10 mM 126 

Na2HPO4, 1.8 mM KH2PO4, 140 mM NaCl, 1% (v/v), Triton X-100, 1 mM DTT, 127 

1mM PMSF, pH 7.3). 10 ml of lysozyme (10 mg ml-1) was added to the resuspended 128 

cells. Cell lysis was achieved by three cycles of freeze (-196°C, liquid nitrogen) and 129 

thaw (at 30°C in a temperature controlled water bath). The lysed cells were 130 

centrifuged at 14,000xg for 60 minutes at 4°C. The supernatant containing 131 

recombinant protein was syringe filtered (pore size of 0.45 µm) and used for protein 132 

purification. 133 

 134 

Purification of S. griseus β-glucosidase:  135 

Lysed and clarified bacterial supernatant was loaded onto a Glutathione Sepharose 136 

4B resin column at a flow rate of 0.5 ml per minute to optimise binding. A specific 137 

PreScission protease was used for cleavage of fusion protein from the GST tag to 138 

yield a highly purified β-glucosidase. This protease cleaved the fusion protein at an 139 

rTEV Protease Cleavage Site. The column was washed with 20 ml of cleavage buffer 140 

to ensure all cleaved protein was eluted. The eluted enzyme was dialysed against 141 

1.0L of 50 mM potassium phosphate buffer, pH 7.2 at 4°C for 36 hours with three 142 

changes and constant gentle mixing. Purified protein was concentrated using 143 

Centricon® 10 filters (5000×g, 20 minutes, 4°C) with 10 kDa Molecular Weight 144 

Cut–Off.  145 

 146 

Standard assay of β-glucosidase:  147 

β-glucosidase activity was determined spectrophotometrically at 37°C using the 148 

substrate p-nitrophenyl-β-D glucopyranoside (pNPG). Briefly, 20 µl of appropriately 149 

diluted enzyme (typically 0.5 µg µl-1), was mixed with 120 µl of 50 mM potassium 150 
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phosphate buffer, pH 7.2. The assay was initiated with 30 µl of 7.0 mM pNPG (in 50 151 

mM potassium phosphate buffer, pH 7.2) After 20 min the reaction was stopped by 152 

adding 30µl of 1M Na2CO3 solution The mustard yellow colour, developed due to 153 

the liberation of p-nitrophenol, was monitored at 405nm in a microplate reader 154 

(BioTek PowerWave). For immobilised enzyme the reaction mixture was centrifuged 155 

to remove nanoparticles before measurement.   156 

 157 

Effect of pH and temperature on S. griseus β-glucosidases:  158 

The pH optimum for S. griseus β-glucosidases activity was determined in three 159 

different buffers: pH 3.5-5.5: 50 mM sodium citrate, pH 6.0-8.0: 50 mM potassium 160 

phosphate and pH 8.5-9.0: 50 mM glycine. The temperature optimum for S. griseus 161 

β-glucosidase was obtained from measurements of activity (at the optimum pH of 162 

6.9) in the temperature range from 20 °C to 100 °C.  Thermostability was assessed 163 

by incubating an enzyme preparation (free or immobilised) at the appropriate 164 

temperature for 3 hours: samples were withdrawn at intervals of 20 minutes and 165 

tested using the standard assay. All assays were subject to three intra- and inter- 166 

experimental repeats.  167 

 168 

Influence of effectors on S. griseus β-glucosidase:  169 

All effectors investigated were used at a final concentration of 1 mM. The final 170 

concentration of solvent used was 40% (v/v) in all cases. Inhibition of S. griseus β-171 

glucosidase by glucose was carried out using different concentrations (ranging 0.056 172 

to 0.336 mM) of glucose.  173 

 174 

  175 
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Kinetics constants for S. griseus β-glucosidase:  176 

Kinetic parameters were calculated from an activity versus substrate concentration 177 

plot based on triplicate independent assay results by regression analysis using the 178 

software EnzFitter v2.o.18.0 (Biosoft, Cambridge, UK). Kinetic parameters were 179 

obtained using the substrate p-nitrophenyl-β-D glucopyranoside (pNPG) using a 180 

range of substrate concentrations from 4 to 30 mM.  181 

 182 

Nanoparticle immobilisation:  183 

The immobilisation of β-glucosidases onto zinc oxide (ZnO) nanoparticles (NPs) was 184 

carried out by incubating 1 ml of enzyme (50 µg ml-1) with 1.0 ml of nanoparticles 185 

(1.0 mg/ml) with gentle mixing. The immobilisation was carried out for 90 minutes 186 

at 4°C. 187 

 188 

Synthesis of glucosides:   189 

Synthesis of hexyl-β-D-glucoside was performed in a total reaction volume of 1 ml. 190 

A 160 µl aliquot of a solution containing Glucose (10 mM) and β-glucosidase (0.1-191 

1.0 mg/ml) in 50 mM potassium phosphate buffer pH 6.9 was incubated with 50 µl 192 

acetonitrile for 1 hour. An alcohol substrate (790 µl) was then added to initiate the 193 

reverse hydrolysis reaction. The reaction was allowed to proceed at 60°C with 194 

agitation on a shaking incubator (Innova, 200 rpm) for a further hour. A sample of 195 

supernatant containing the solvent phase was withdrawn for TLC analysis. 196 

 197 

Thin Layer Chromatography (TLC) of glucosides:  198 

Enzymatically synthesised glucosides were separated on thin layer chromatography 199 

(TLC) plates using silica gel 60 F254nm aluminium sheets (dimension: 20 X 20 cm). 200 

Briefly, 2.0 µl of each reaction product was applied to a TLC plate by capillary 201 

injection with a disposable micropipette. Spotted samples were fixed and activated at 202 

110 °C for 30 minutes. Plates were developed in a mobile phase of 1-propanol/ethyl 203 

acetate/water (6:2:2,v/v/v). The plates were dried at room temperature for 5 minutes 204 

and sprayed using an atomizer (TLC sprayer) containing 0.3% (w/v) N-(1-naphthyl) 205 

ethylenediamine dihydrochloride and 5% (v/v) H2SO4 in methanol. The plates were 206 

oven dried at 110°C until coloured spots were observed. 207 

 208 

 209 
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Error Estimates 210 

Unless indicated, replicate errors were within the area of the data points drawn on the 211 

graphs shown below.  212 
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Results and Discussion 213 

Expression and Purification of S. griseus β-glucosidase  214 

The molecular weight (44 kDa) of purified S. griseus β-glucosidase and its pI (4.87) 

were established using Expasy tools (http://web.expasy.org/protparam). A highly 

purified preparation of S. griseus β-glucosidase was readily prepared using the 

protocols described herein (Figure 1). 

 

 
 

Figure 1: SDS-PAGE of S. griseus β-glucosidase purification.  SDS gel 215 

electrophoresis of purification stages for S. griseus β-glucosidase: Lane M is a broad 216 

range protein markers (kDa), Lane 1: Non-induced cell lysate, Lane 2: IPTG induced 217 

cell lysate, Lane 3: Glutathione Sepharose 4B column flow through, Lane 4: Column 218 

washing: Lane 5: Eluted purified β-glucosidase.  219 

 220 

This report is the first on the expression and purification of this novel enzyme. 221 

Initially the expression proved problematic due to the formation of insoluble protein.  222 

This problem was solved when the Glutathione-S-Transferase based expression 223 

vector pGEX-4T1 was chosen for cloning and the enzyme was overexpressed as a 224 

fusion protein with GST. The GST tag was proteolytically removed before 225 

characterisation of the purified enzyme.  The specific activity of purified protein 226 

(217±5.0 µmol/min/mg) was roughly 100 times higher than the crude extract (2.15 227 

µmol/min/mg) of β-glucosidase.  A typical purification starting with 500 ml of 228 

culture yielded 3 to 4 mg of purified protein.  229 

 230 
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Effect of pH and temperature on S. griseus β-glucosidase 231 

The effect of pH and temperature on the activity of S. griseus β-glucosidase was 232 

examined (Figure 2. A,B). The commercially available β-glucosidase from sweet 233 

almond was used as a comparator for these studies since it is a well characterised 234 

enzyme widely used for a variety of biotechnological applications.   235 

 236 

S. griseus β-glucosidase had a pH optimum of 6.9 (Figure 2A), slightly higher than 237 

commercial almond β-glucosidase (pH 6.6) under the same assay conditions.  β-238 

glucosidases typically have pH optima in the region of 3 to 7 ([15]; [16]; [17]; [18]; 239 

[19]) and the S. griseus enzyme lies at the upper end of this range.  Activity at higher 240 

pH values may be useful for specific industrial applications where processing is 241 

carried out under more alkaline conditions e.g. the paper pulp industry ([20]; [21]).   242 

 243 

The effect of temperature on activity was examined in the range 20 °C to 100 °C. 244 

The optimum temperature of S. griseus β-glucosidase was estimated to be 69 °C. 245 

Under the same conditions the commercially available almond β-glucosidase showed 246 

a temperature optimum of 59 °C.  The profile for S. griseus β-glucosidase 247 

immobilised on a nanoparticle support is also shown (Figure 2.B): immobilisation 248 

increased the enzyme’s optimum temperature to 75 °C. This probably reflects an 249 

increase in stability at elevated temperatures that is often seen with immobilised 250 

enzymes.   251 

 252 

 253 

 254 

 255 
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  256 
 257 

 258 

B 259 

 260 
 261 

 262 

Figure 2: Effect of pH and temperature on the activity of recombinant S. griseus 263 

β-glucosidase – comparison with commercial Almond enzyme.  A. Enzyme 264 

activity was estimated in the pH range from 3.5 to 9.0.   S. griseus β-glucosidase (♦); 265 

commercial Almond β-glucosidase (■). B. Optimum temperature was estimated over 266 

the range 20 °C to 100 °C. S. griseus β-glucosidase (♦); commercial Almond β-267 

glucosidase (▲) nanoparticle immobilised S. griseus β-glucosidase (■).  268 

  269 
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A recent review of glucosidases and their industrial applications, [20], listed only one 270 

enzyme, the hyperthermostable glucosidase from Thermus thermophilus HJ6, with a 271 

pH optimum higher than 7.0 and a temperature optimum higher than 70 °C. The T. 272 

thermophilis enzyme had a pH optimum of 8.5 and a temperature optimum of 90 °C 273 

([22]).  The S. griseus enzyme, therefore, is close to the upper end of the range for 274 

most glucosidases examined to date in terms of both pH optimum and temperature 275 

optimum.   276 

Thermostability of the S.griseus enzyme was examined by incubating the enzyme at 277 

its optimum temperature (69 °C) and monitoring activity over time (Figure 3). This 278 

figure also shows how thermostability is increased when the enzyme is immobilised 279 

on a nanoparticle support.  280 

 281 

 282 
Figure 3: Thermal stability of free and immobilised S. griseus β-glucosidase. 283 

Immobilisation and thermal stability monitoring as described in Materials and 284 

Methods. Reactions were followed for a three hour period using the standard assay.  285 

S. griseus β-glucosidase (♦); nanoparticle immobilised S. griseus β-glucosidase (■). 286 

 287 

The free enzyme retained more than 50% of its activity after incubation at 69°C for 288 

1.5 hours while the immobilized form retained more than 50% activity for roughly 289 

two hours under the same conditions. After three hours, the free enzyme became 290 

inactivated while the immobilised form still retained ca 20% activity. In terms of 291 

thermostability, the S. griseus enzyme is comparable to β-glucosidases commonly 292 

used for biocatalytic applications ([17]; [18];[19]).  Thus, it is somewhat better than 293 

the thermostable β-glucosidase from Penicillium citrinum that has an optimum 294 
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temperature of 70 °C but becomes inactivated above 60 °C ([23]) or that from 295 

Aspergillus fumigatus Z5 ([17]) which had maximal activity at 60 °C but lost activity 296 

rapidly above this temperature. On the other hand, some highly thermostable 297 

enzymes have been reported: the glucosidase recently described from H. orenii 298 

retained more than 90 % of its activity after 3 h of incubation at 65 °C ([24]) while 299 

that from Dictyoglomus thermophilum  reportedly retained a remarkable 70–80% of 300 

its initial activity after 7 days of incubation at 70 °C ([25]).   301 

 302 

Effectors of S. griseus β-glucosidase 303 

The activity of β-glucosidase was examined in presence of a final concentration of 304 

1.0 mM of various effectors: SDS, phenanthraquinone, deoxycholic acid, EDTA, 305 

guanidine hydrochloride, quercetin, Triton X-100, cinnamic acid, BME, PMSF, and 306 

chloral hydrate (Figure 4A).  307 

 308 
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 310 
 311 

Figure 4: The influence of effectors and solvents on S. griseus β-glucosidase 312 

activity. Assays were carried out in the absence (control) and presence of 1.0 mM 313 

effectors at 37°C. A Effectors of S. griseus β-glucosidase activity: SDS is sodium 314 

dodecyl sulphate; EDTA is Ethylene diaminetetraacetic acid; BME is β-315 

Mercaptoethanol and PMSF is phenyl methane sulfonyl fluoride. Activity was 316 

expressed as a percentage of a control reaction without effectors. B Effect of solvents 317 

on S. griseus β-glucosidase activity.  Assays were carried out in the absence (control) 318 

and presence of 40% (v/v) solvents at 37°C.  319 

 320 

Inhibition by the thiol modifying compounds, β-mercaptoethanol and PMSF, 321 

suggests the involvement of thiols in the activity of this protein.  The enzyme was 322 

slightly activated by SDS but inhibited by Triton. The inhibition with Triton might 323 

be attributed to its aromatic moiety interacting with a hydrophobic region close to or 324 

in the active site.  Cinnamic acid has an aromatic ring that may inhibit in a similar 325 

manner. Inhibition by chloral hydrate was surprising since it is a rather small 326 

molecule. It is a fully hydrated aldehyde which is present in solution as a gem-diol 327 

structure and it is possible that this diol is interacting at the glucose binding site.  328 

 329 

Solvent tolerance is a highly desirable trait for enzymes that are to be used for 330 

industrial chemoenzymatic synthesis [20]: it allows the application of such enzymes 331 

in a wider range of solvent environments and by reducing water activity increases the 332 

yield of reverse hydrolysis reactions.  The stability of S. griseus β-glucosidase was 333 
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examined in the presence of organic solvents (final concentration of 40% (v/v)). The 334 

solvents used were: acetophenone, acetone, 1-pentanol, 2-butanol, 1-hexanol, and 1-335 

octanol. It was found that 1-octanol, 1-hexanol, and 2-butanol inhibited enzyme 336 

activity by 19%, 34%, and 35%, respectively (Figure 4B). Thus, the primary alcohol 337 

substrates were shown to inhibit the enzyme and this inhibition increased with chain 338 

length of the alcohol. Significantly, this inhibition did not impair alkyl glucoside 339 

synthesis (see below). The increasing inhibition seen with increasing chain length 340 

suggests that alcohols are binding to a hydrophobic region that inhibits substrate 341 

turnover but does not inactivate the enzyme.  342 

  343 

Inhibition by glucose:  344 

Applications where glucosidases are used to hydrolyse glycosidic bonds require an 345 

enzyme that is insensitive to product inhibition. Different concentrations of glucose; 346 

ranging from final concentrations of 0.056-0.336 mM were tested (Figure 5).  A 347 

glucose concentration of 0.336M reduced activity by 50%.  348 

 349 

 350 

 351 
Figure 5: Inhibition of S. griseus β-glucosidase by glucose.  Inhibition studies 352 

were carried out at 37 °C in 50 mM potassium phosphate buffer, pH 6.9 using the 353 

standard assay. Different concentrations of glucose were used in the ranges from 354 

0.056-0.336 mM. The percentage activity of control reaction was measured without 355 

glucose.  356 
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A concentration of 0.336 mM glucose caused 50% loss of activity in the standard 358 

assay. In general, most microbial β-glucosidases are inhibited in the presence of 359 

glucose ([26]; [27]; [28]). However, a few glucose tolerant enzymes have been 360 

reported such as those of Candida peltata and Aspergillus oryzae ([29]; [30]). On the 361 

other hand, the fungal β-glucosidase from Aspergillus niger lost 85% activity in the 362 

presence of 0.168 mM glucose ([31]). This tight binding of glucose observed in the 363 

present work rules out applications where hydrolysis is employed such as bioethanol 364 

production. However, tight binding of this substrate is desirable for chemoenzymatic 365 

synthetic applications involving reverse hydrolysis.   366 

 367 

 368 

  369 
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Kinetic constants 370 

Initial rates of β-glucosidase were determined using different concentrations of p-371 

nitrophenyl-β-D glucopyranoside (pNPG) between 4-30 mM. The value Km and Vmax 372 

were obtained as 8.6±0.5 mM and 217±5.0 µmoles-1min-1mg, respectively (Figure 6).  373 

 374 

 375 

 376 
 377 

Figure 6. Kinetic constants estimation for hydrolysis of p-nitrophenyl-β-D 378 

glucopyranoside (pNPG) by S. griseus β-glucosidase. Assays were performed at 37 379 

°C using the standard assay while varying the concentration of pNGP. 380 

 381 

Nanoparticle immobilisation: 382 

The findings above indicate that immobilisation on a nanoparticle support has a 383 

significant effect on thermostability of the S. griseus enzyme. Immobilisation 384 

typically enhances an enzyme’s thermal stability as well as improving its solvent 385 

tolerance. In this study, Zinc oxide (ZnO) nanoparticles modified with γ- 386 

aminopropyltriethoxysilane (KH550) were chosen based on their cost effectiveness. 387 

KH550 is an amino-functional coupling agent which provides hydrophobicity to the 388 

surface of ZnO particles (Scheme 1).  389 

 390 

：  391 

 392 

0	

0.004	

0.008	

0.012	

0.016	

-0.12	 -0.02	 0.08	 0.18	 0.28	

1/
V	
	(µ

m
ol
es

-1
	m

in
-1
	m

g)
	

1/pNPG	(mM)	



20 

 

Scheme1: Structure of γ-aminopropyltriethoxysilane (KH550). ZnO 393 

nanoparticles are coated with KH550 which provides for ease of dispersion of the 394 

nanoparticles.  395 

 396 

The S. griseus enzyme was found to stick tightly to the Zn nanoparticles used in this 397 

study and was not removed even after extensive washing. Nanoparticle immobilised 398 

enzyme was washed with buffer solutions containing up to 2.0M KCl without eluting 399 

significant enzyme activity. Only 6% of enzyme activity was removed after 10 400 

washes with a 2.0M KCl solution. Similarly, washes in up to 50% (v/v) acetonitrile 401 

caused no loss of activity.  402 

 403 

The ease of immobilisation is of considerable value since the chemical steps, costs 404 

and resulting loss of activity involved in covalent immobilisation are avoided. A 405 

similarly facile immobilisation has been reported for a β-galactosidase from 406 

Aspergillus oryzae [32]. The immobilised enzyme exhibited the same pH optimum as 407 

the free enzyme but its optimum temperature was shifted to 75 °C (Figure 2B).  408 

Although immobilisation enhanced thermostability, it was not as dramatic an 409 

improvement as seen with some other enzymes. This may be due to the method of 410 

immobilisation which does not involve multiple covalent points of attachment that 411 

are known to stabilise immobilised enzymes. Recently, Verma and coworkers [13] 412 

showed a dramatic increase in the stability of Aspergillus niger glucosidase following 413 

covalent immobilisation on magnetic nanoparticles: the free enzyme lost all activity 414 

after 2 h of incubation at 70 °C whereas the immobilized form still retained 67% of 415 

its initial activity after 4 h incubation.  416 

 417 

Synthesis of Alkyl glucosides:  418 

The application of the immobilised enzyme to the synthesis of hexyl-glucoside was 419 

explored. Such glucosides are important biodegradable surfactants with a wide range 420 
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of food and pharmaceutical applications [33]. Figure 7 shows a time course of hexyl 421 

glucoside synthesis.  422 

 423 

 424 

 425 

 426 

 427 

 428 

Figure 7: Synthesis of  hexyl glucoside using immobilised  S. griseus β-429 

glucosidase. Thin layer chromatography of hexyl-β-D-glucoside synthesis. 20 µl of 430 

reaction mixture was withdrawn at different times and 4.0 µl of each sample was 431 

analysed by TLC: Lane 1, Standard Hexyl-β-D-glucoside; Lane 2, 2 hours of 432 

incubation; Lane 3, 4 hours of incubation; Lane 4, 8 hours of incubation; Lane 5, 16 433 

hours of incubation; Lane 6, 24 hours of incubation and lane 7, 30 hours of 434 

incubation.  435 

 436 

In addition to hexanol this enzyme was able to utilise a wide range of alcohol 437 

substrates as acceptor. Thus, propyl, butyl, pentyl, octyl, benzyl and 2-phenyl-ethyl 438 

glucosides were also synthesised by this using the same conditions by simply 439 

replacing the alcohol substrate (data not shown).  These alcohol substrates were 440 

shown to inhibit the glucosidase activity of the enzyme (see above) but clearly do not 441 

inhibit the synthesis of alkyl glucosides. This breadth of substrate specificity is a 442 

significant advantage for the application of this enzyme. The gycosidation of 443 

bioactive compounds, for example, has been pursued to enhance their stability, 444 

solubility or receptor binding properties ([7]).  Our initial studies establish that this 445 
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reaction proceeds readily for this enzyme but further work is clearly required to 446 

define the full extent of this synthetic capability.  447 

 448 

Conclusions: 449 

The β-glucosidase from S. griseus has a number of characteristics that make it 450 

suitable as a potential novel biocatalyst for industrial applications: it is optimally 451 

active at neutral pH, thermostable up to 69 °C, solvent tolerant and easily 452 

immobilised on a nanoparticle support. It has been shown to readily catalyse alkyl 453 

glucoside synthesis. The characteristic features of this recombinant S. griseus β-454 

glucosidase suggest that it may offer a useful alternative to currently used β-455 

glucosidases for certain green chemistry applications.  456 

  457 



23 

 

Acknowledgments 458 

This study was supported by Graduate Research Studies of Dublin Institute of 459 

Technology, Dublin, Ireland. Research student was supported by ABBEST 460 

scholarship and funded by Dublin Institute of Technology (www.dit.ie), Ireland. 461 

 462 

 463 

 464 

 465 

 466 

  467 



24 

 

References 468 

 469 

[1] Sinnott M L (1990). Catalytic mechanism of enzymic glycosyl transfer. Chem. 470 

Rev.  90(7), 1171-1202. 471 

 472 

[2] Zechel DL and Withers SG (2000) Glycosidase mechanisms: anatomy of a finely 473 

tuned catalyst. Acc. Chem. Res. 33, 11-18. 474 

 475 

[3] Rani V, Mohanram S, Tiwari R, Nain L, and Arora A (2014) Beta-Glucosidase: 476 

Key Enzyme in Determining Efficiency of Cellulase and Biomass Hydrolysis.  J. 477 

Bioprocess Biotech. 5(197), 2. 478 

 479 

[4] Woodward J and Wiseman A (1982) Fungal and other β-D-glucosidases - Their 480 

properties and applications.  Enz  Micro Tech. 4, 73-79. 481 

 482 

[5] Bhatia Y, Mishra S, and Bisaria VS (2002) Microbial β-glucosidases: cloning, 483 

properties, and applications.  Crit. Rev. Biotechnol. 22, 375-4076.   484 

 485 

[6] Kirk O, Borchert TV and Fugisang CC (2002) Industrial enzyme applications. 486 

Curr Opin Biotechnol. 13, 345-351. 487 

 488 

[7] Thuan NH, Sohng JK (2013) Recent biotechnological progress in enzymatic 489 

synthesis of glycosides. J Ind Microbiol Biotechnol. 40(12):1329-56. 490 

 491 

[8] Misson M, Zhang, H, and Jin B (2015) Nanobiocatalyst advancements and 492 

bioprocessing applications.  J. R. Soc Interface. 12(102). 493 

 494 

[9] Keerti, Gupta A, Kumar V, Dubey A, Verma AK (2014) Kinetic Characterization 495 

and Effect of Immobilized Thermostable β-Glucosidase in Alginate Gel Beads on 496 

Sugarcane Juice. ISRN Biochemistry 1-8. 497 

 498 

[10] Jung YR,  Shin HY,  Song YS,  Kim SB and Kim SW (2012) Enhancement of 499 

immobilized enzyme activity by pretreatment of β-glucosidase with cellobiose and 500 

glucose Journal of Industrial and Engineering Chemistry, 18, 702–706. 501 



25 

 

[11] Chang J, Lee YS, Fang SJ, Park DJ, Choi YL (2013) Hydrolysis of isoflavone 502 

glycoside by immobilization of β-glucosidase on a chitosan-carbon in two-phase 503 

system. Int J Biol Macromol. 61, 465–470. 504 

 505 

[12] Khan S, Lindahl C, Turner C, Nordberg Karlsson E (2012) Immobilization of 506 

thermostable β-glucosidase variants on acrylic supports for biocatalytic processes in 507 

hot water. J. Mol. Catal. B: Enzymatic, 80, 28–38 508 

 509 

[13] Verma ML, Chaudhary R, Tsuzuki T, Barrow CJ and  Puri M (2013) 510 

Immobilization of β-glucosidase on magnetic nanoparticle improves thermostability: 511 

application in cellobiose hydrolysis. Bioresour Technol.135, 2-6. 512 

 513 

[14] Javed MR,  Butheb A, Rashidc MH, Wanga P (2016) Cost-efficient entrapment 514 

of b-glucosidase in nanoscale latex and silicone polymeric thin films for use as stable 515 

biocatalysts. Food Chem.  190, 1, 1078–1085. 516 

 517 

[15] Sheldon RA and van Pelt S (2013) Enzyme immobilisation in biocatalysis: why, 518 

what and how Chem Soc Rev.  7;42 (15):6223-35. 519 

 520 

[16] Chan, C. S., Sin, L. L., Chan, K.-G., Shamsir, M. S., Manan, F. A., Sani, R. K., 521 

& Goh, K. M. (2016). Characterization of a glucose-tolerant β-glucosidase 522 

fromAnoxybacillus sp. DT3-1. Biotechnology for Biofuels, 9(1), 174.  523 

 524 

[17] Liu D, Zhang, R, Yang X, Zhang Z, Song S, Miao Y and Shen Q (2012). 525 

Characterization of a thermostable β-glucosidase from Aspergillus fumigatusZ5 and 526 

its functional expression in Pichia pastoris X33. Microb Cell Fact. 11, 25.  527 

 528 

[18] Toonkool P, Metheenukul P, Sujiwattanarat P, Paiboon P, Tongtubtim N, 529 

Ketudat-Cairns M, Ketudat-Cairns J and Svasti J (2006) Expression and purification 530 

of dalcochinase, a β-glucosidase from Dalbergia cochinchinensis Pierre, in yeast and 531 

bacterial hosts.  Prot Expr Purif. 48, 195-204. 532 

 533 



26 

 

[19] Shah MA, Mishra S and  Chaudhuri TK (2011) Structural stability and 534 

unfolding transition of β-glucosidases: a comparative investigation on isozymes from 535 

a thermo-tolerant yeast.  Eur Biophys J. 40, 877-889. 536 

 537 

[20] Singh G, Verma AK, Kumar V. (2016) Catalytic properties, functional attributes 538 

and industrial applications of β-glucosidases.  3 Biotech. 6(1):3. 539 

 540 

[21] Joshi S and Satyanarayana T (2015) In vitro engineering of microbial enzymes 541 

with multifarious applications: Prospects and perspectives.  Bioresour. Technol. Vol. 542 

176, 273–283. 543 

 544 

[22] Gu NY, Kim JL, Kim HJ, You DJ, Kim HW, Jeon SJ (2009) Gene cloning and 545 

enzymatic properties of hyperthermostable β-glycosidase from Thermus 546 

thermophilus HJ6. J. Biosci. Bioeng. 107 pp. 21–26 547 

 548 

[23] Ng I-S, Chen-WL, Chan S-P, Chir JL, Chen PT, Tong CG, Yu SM, HoTHD 549 

(2010)  High-level production of a thermoacidophilic β-glucosidase from Penicillium 550 

citrinum YS40-5 by solid-state fermentation with rice bran. Bioresour. Technol. 101 551 

1310–1317 552 

 553 

[24] Hassan N, Nguyen TH, Intanon M, Kori LD, Patel BK, Haltrich D, Divne C and 554 

Tan TC (2015) Biochemical and structural characterization of a thermostable β-555 

glucosidase from Halothermothrix orenii for galacto-oligosaccharide synthesis. Appl 556 

Microbiol and Biotechnol  99(4), 1731-1744. 557 

 558 

[25] Zou Z-Z, Yua H-L,  Lia C-X, Zhoub X-W, Hayashic H, Suna J,  Liub B-559 

H, Imanakaa T,   Xua J-H (2012)  A new thermostable β-glucosidase mined 560 

from Dictyoglomus thermophilum: Properties and performance in octyl glucoside 561 

synthesis at high temperatures. Bioresour. Technol. Vol 118, pp 425–430. 562 

 563 

 564 

 565 



27 

 

[26] Lucas R, Robles A, Alvarez de Cienfuegos G, and Gálvez A (2000) β-566 

Glucosidase from Chalara p aradoxa CH32: Purification and Properties.  J. Agric 567 

Food Chem. 48, 3698-3703. 568 

 569 

[27] Yan T-R, Lin Y-H and Lin C-L. (1998) Purification and characterization of an 570 

extracellular β-glucosidase II with high hydrolysis and transglucosylation activities 571 

from Aspergillus niger. J Agric Food Chem. 46, 431-437. 572 

 573 

[28] Decker CH, Visser J, and Schreier P (2001) β-glucosidase multiplicity from 574 

Aspergillus tubingensis CBS 643.92: purification and characterization of four β-575 

glucosidases and their differentiation with respect to substrate specificity, glucose 576 

inhibition and acid tolerance.  Appl Microbiol Biotechnol 55, 157-163. 577 

 578 

[29]  Saha, B. C., & Bothast, R. J. (1996). Production, purification, and 579 

characterization of a highly glucose-tolerant novel beta-glucosidase from Candida 580 

peltata. Appl Environ Microbiol. 62, 3165-3170.  581 

 582 

[30] Riou C, Salmon JM, Vallier MJ, Günata Z and Barre P (1998) Purification, 583 

characterization, and substrate specificity of a novel highly glucose-tolerant β-584 

glucosidase from Aspergillus oryzae. Appl Environ Microbiol 64, 3607-3614. 585 

 586 

[31] Chauve M, Mathis H, Huc D, Casanave D, Monot F and Lopes Ferreira N 587 

(2010) Comparative kinetic analysis of two fungal β-glucosidases. Biotechnol 588 

Biofuel. 3, 3. 589 

 590 

[32] Husain Q, Ansari SA, Alam F and Azam, A. (2011). Immobilization of 591 

Aspergillus oryzae  galactosidase on zinc oxide nanoparticles via simple adsorption 592 

mechanism. Int J Biol Macromol. 49, 37-43. 593 

 594 

[33] Rather MY, and Mishra S (2013) β-glucosidases: An alternative enzyme based 595 

method for synthesis of alkyl-glycosides.  Sustainable Chemical Processes 1:7 596 

 597 

 598 


	Beta-Glucosidase From Streptomyces Griseus: Nanoparticle Immobilisation and Alkyl Glucoside Synthesis.
	Recommended Citation

	Microsoft Word - S griseus Paper FINAL.docx

