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      Enzyme Engineering 
for Oligosaccharide Biosynthesis       

     David     Talens-Perales    ,     Julio     Polaina    , 
and     Julia     Marín-Navarro    

    Abstract  

  Oligosaccharides are compounds of great interest in the food and phar-
maceutical industry, mainly due to their prebiotic action and other 
health- promoting effects, in addition to other properties, acting as low-
caloric sweeteners, antioxidants, or antimicrobial agents. Oligosaccharide 
functionality depends on their chemical structure, which relies on the 
nature of the building sugar residues, the linkage type, and the degree of 
polymerization. Their production is based either in the partial hydrolysis 
of polysaccharides or in the synthesis from other sugars with lower 
degree of polymerization. This methodology is described along the fi rst 
part of this chapter, making special emphasis on the enzymatic-based 
technology, which shows clear advantages over chemical methods. 
Glycoside hydrolases and glycosyltransferases are the two enzyme 
classes involved in oligosaccharide production. They operate as highly 
specialized molecular tools for the generation of the different types of 
oligosaccharides. In the second part of the chapter, the strategies 
employed for improving the  properties of these enzymes are explained. 
Enzyme engineering, through site- directed mutagenesis or directed evo-
lution, has succeeded in delivering enzymatic variants with enhanced 
oligosaccharide yields, a different product profi le or a wider substrate 
specifi city. Moreover, immobilization of enzymes on solid supports 
through different methods has allowed their reutilization during repeated 
batches or their implementation in continuous systems, and, in some 
instances, it was also accompanied by an increased activity or stability. 
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Overall, this chapter provides an overview about the facts and potentials 
of oligosaccharide production methodologies.  

  Keywords  

  Prebiotic oligosaccharide   •   Glycoside hydrolase   •   Glycosyltransferase   • 
  Glycosynthase   •   Transglycosylation   •   Site-directed mutagenesis   •   Directed 
evolution   •   Protein immobilization  

2.1         Introduction 

 Oligosaccharides are low molecular weight car-
bohydrates with a degree of polymerization (DP) 
between 2 and 10 that may be linear or branched 
(Weijers et al.  2008 ). They are crucial for the 
development, growth, and function of organisms, 
being present in essential biomolecules as glyco-
lipids and glycoproteins (Raman et al.  2005 ). 
Oligosaccharides show a broad structural diver-
sity. In eukaryotes, they are synthesized in the 
endoplasmic reticulum and Golgi apparatus by 
several glycosyltransferases. In prokaryotes, 
N-linked oligosaccharides are synthetized in the 
periplasmic space, whereas  O -linked oligosac-
charides are produced in the cytoplasm and sur-
face appendages, such as pili and fl agella 
(Szymanski and Wren  2005 ; Weijers et al.  2008 ). 
The structural stability of these compounds 
depends on the nature of the sugar residues, their 
degree of polymerization and the linkage type. 

 Oligosaccharides have been commercialized 
since the 1980s as low-calorie bulking agents. 
More recently they have received much interest in 
food and pharmaceutical industry because of their 
prebiotic properties and the increased consumer 
interest in health-promoting products (Patel and 
Goyal  2011 ). They are also used in food industry 
as jelly agents, antioxidants, and humectants and 
in the pharmaceutical industry for drug delivery. 
The chemical diversity of different oligosaccha-
rides and their applications is shown in Table  2.1 .

2.2        Oligosaccharide Production 

 The two major methods for the production of 
oligosaccharides are depolymerization of poly-
saccharides and the synthesis from precursors of 

lower DP. Both procedures can be carried out by 
either chemical or enzymatic technologies 
(Courtois  2009 ). Chemical hydrolysis of poly-
saccharides uses diluted or concentrated solu-
tions of strong acids (up to 2 M), such as 
hydrochloric, sulfuric ,  trifl uoroacetic, formic, or 
nitrous acid, at temperatures between 50 °C and 
90 °C. Oligosaccharides from fucans, pectins, 
and galactans are produced by this method 
(Courtois  2009 ). The reaction time of the pro-
cess has been signifi cantly reduced using 
microwave- induced acid hydrolysis, obtaining 
gluco- oligosaccharides from branched glucan 
of  Leuconostoc mesenteroides  (Patel and Goyal 
 2011 ). An alternative method that employs 
higher temperatures (150–200 °C) for hydroly-
sis in the absence of acid has been used for the 
production of XOS (Aachary and Prapulla  2011 ; 
Carvalheiro et al.  2004 ; Chen et al.  2014 ; 
Samala et al.  2015 ). Chemical synthesis of oli-
gosaccharides involves the union of at least two 
sugar molecules by glycosidic bonds. This bond 
is formed by a nucleophilic displacement of a 
leaving group attached to the anomeric carbon 
of a sugar moiety (Fig.  2.1a ). The reaction is 
enhanced in the presence of an activator, gener-
ally a Lewis acid, which assists the departure of 
the leaving group (Weijers et al.  2008 ). 
Traditional strategies for chemical oligosaccha-
ride synthesis require extensive protecting/
deprotecting steps and/or leaving group manip-
ulation between each glycosylation stage, mak-
ing the whole process cumbersome and 
decreasing the effi ciency and yield (Fig.  2.1b ). 
An alternative method of chemical synthesis 
emerged with the development of the armed- 
disarmed approach by Fraser-Reid and cowork-
ers, based on the chemoselectivity principle 
(Fraser-Reid et al.  1990 ). With this method the 
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glycosyl donor reactivity is modulated entirely 
through the choice of protecting group, and the 
resulting disaccharide can then be used directly 
in a subsequent glycosylation (Fig.  2.1c ). This 
procedure has been applied in the solid-phase 
synthesis in which the assembly of the different 
glycosyl molecules occurs in donor building 
blocks attached to a solid support, reducing the 

protection steps and facilitating product isola-
tion (Weishaupt et al.  2010 ). This solid-phase 
method is used for making carbohydrate micro-
arrays, with applications in biological and medi-
cal research (Park et al.  2013 ).

   The methods of chemical synthesis are expen-
sive and their yields are low. Their use is there-
fore restricted to obtain high-added-value 

  Fig. 2.1    Strategies for chemical synthesis of oligosac-
charide. ( a ) Nucleophilic substitution between the glyco-
syl donor (electrophile) and the glycosyl acceptor 
(nucleophile). The leaving group is represented as X. ( b ) 
Traditional strategy for chemical oligosaccharide synthe-
sis, involving protecting/deprotecting steps and the intro-
duction of leaving groups.  PO  protecting group,  T  

temporary stable anomeric substituent,  LG  leaving group. 
( c ) Armed-disarmed method for oligosaccharide synthe-
sis. The protecting groups (PO 1  and PO 2 ) modulate the 
reactivity of the glycosyl molecules. The departure of the 
leaving group (LG) from the “armed” sugar is promoted 
by a mild activator, whereas for the “disarmed” sugar, a 
powerful activator is required       
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oligosaccharides for analytical or medical pur-
poses. For large-scale industrial oligosaccharide 
production, the use of enzymes offers consider-
able advantages, as will be discussed in the fol-
lowing sections. The enzymes used are 
glycosylhydrolases (GHs) and glycosyltransfer-
ases (GTs), which are classifi ed in different fami-
lies, based on sequence homology (Lombard 
et al.  2014 ). GHs hydrolyze glycosidic bonds, but 
in some instances they also catalyze transglyco-
sylating reactions. Both possibilities involve the 
cleavage of a glycosidic bond. Within the active 
site of GHs and GTs, different residues form dis-
tinct pockets, or subsites, which dock the glyco-
syl residues framing the glycosidic bond that is 
going to be cleaved. These subsites determine 
substrate specifi city. According to the nomencla-
ture established by Davies et al., the subsites are 
designated with integer numbers from – n  to +  n , 
numbered from the nonreducing to the reducing 
end of the substrate, with the cleavage occurring 
between subsites −1 and +1 (Davies et al.  1997 ). 

2.2.1     Enzymatic Hydrolysis 
of Polysaccharides 

 Enzymatic hydrolysis is more attractive than 
chemical hydrolysis because it is environmen-
tally friendly, it does not use hazardous chemical 
products, it allows an easy control of depolymer-
ization extent, and it does not produce undesired 
side products (Chapla et al.  2010 ; da Silva et al. 
 2014 ). Oligosaccharides such as xylooligosac-
charides (XOS), feruloyl xylooligosaccharides 
(FeXOS), maltooligosaccharides (MOS), gen-
tiooligosaccharides (GeOS), fructo- 
oligosaccharides (FOS), chitooligosaccharides 
(COS), and cyclodextrins (CDs) can be obtained 
by enzymatic hydrolysis from polysaccharides. 

 XOS are released from xylan, a widely avail-
able polysaccharide, by endo-ß-(1,4)-xylanase 
(EC 3.2.1.8) and exo-ß-(1,4)-xylanase (EC 
3.2.1.37) (Maalej-Achouri et al.  2009 ). 
Xylanases from different microorganisms are 
used, although fungi are generally considered 
more effi cient producers than bacteria or yeasts 
(Ahmed et al.  2009 ). Wheat bran arabinoxylan 

has been used as a substrate to obtain XOS by 
combining the action of endo- and exo-xylanases 
and α-l - arabinofuranosidase (EC 3.2.1.55), 
yielding 0.3 g of XOS per g of soluble polysac-
charides (Manisseri and Gudipati  2010 ). 
Commercial xylanase from  Trichoderma viride  
released xylobiose, xylotriose, and xylose from 
the grass  Sehima nervosum  (Samanta et al. 
 2012 ) .  Xylan from alkali-treated corncobs was 
hydrolyzed by a xylanase from  Aspergillus foeti-
dus  to obtain a mix of XOS with DPs from 2 to 
5, with a yield of 6.7 mg XOS/g of raw corncobs 
(Chapla et al.  2010 ; Chapla et al.  2012 ). 
Thermophilic xylanases (Xyn A/B/C and Xyn W 
belonging to family GH10) from  Humicola inso-
lens  yielded xylose, xylobiose, and xylotriose 
using brewing industry waste as a source of 
xylan (Du et al.  2013 ). FeXOS result from the 
hydrolysis of xylan esterifi ed with trans-ferulic 
acid, which is present in a high proportion of 
vegetal waste material (Katapodis and 
Christakopoulos  2008 ). Endoxylanases from 
diverse sources show different substrate binding 
effi ciencies to partially feruloyl- substituted 
xylan.  Thermoascus aurantiacus  GH10 endox-
ylanase produced FeXOS using as substrate 
wheat bran dietary fi ber previously treated with 
 Bacillus subtilis  GH11 endoxylanase (Katapodis 
and Christakopoulos  2008 ). 

 Cyclodextrin glycosyltransferase (CGTase, 
EC 2.4.1.19), belonging to the GH13 family 
(Lombard et al.  2014 ), is employed to produce 
α-, ß-, or γ-CDs from starch or starch derivatives 
(Li et al.  2007b ). In the fi rst step the enzyme 
cleaves an α-1,4 glycosidic bond at position  n  
from the nonreducing end of an amylose chain ( n  
value being between 9 and about 100) (Terada 
et al.  1997 ). The resulting oligosaccharide of  n  
units forms a covalent intermediate with the 
enzyme through the C-1 of the residue at the 
reducing end. Subsequently, this C-1 undergoes 
an intramolecular nucleophilic attack by the 
4-hydroxyl group of the nonreducing end, releas-
ing a cyclodextrin of  n  glucosyl units (Li et al. 
 2007b ). Archaea and bacteria may secrete 
CGTases in order to take over the starch present 
in the medium since cyclodextrins cannot be 
metabolized by competing microorganisms 
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(Leemhuis et al.  2010 ). Most CGTases character-
ized so far yield a mixture of α- and ß-CDs as 
major products. A specifi c production of ß-CD 
was achieved with a CGTase from  Paenibacillus 
illinoisensis  (Lee et al.  2013 ). Interesting proper-
ties of γ-CDs, such as higher water solubility and 
bioavailability, have fostered the search of 
CGTases that synthetize this product (Li et al. 
 2007b ). For instance, CGTases from  Bacillus sp., 
Bacillus thuringiensis, Paenibacillus macerans , 
and  Bacillus clarkia , yield γ-CDs with a high 
specifi city (Goo et al.  2014 ; Lee et al.  2013 ; Li 
et al.  2007b ; Wu et al.  2012 ). 

 FOS can be obtained from inulin or levan by 
enzymatic hydrolysis with either inulinases or 
levanases, respectively (both types of enzymes 
belonging to the GH32 family). Like other carbo-
hydrate hydrolases, inulinases may have endo or 
exo action. Endoinulinases (2,1-ß- D -fructan fruc-
tanohydrolases; EC 3.2.1.7) specifi cally hydro-
lyze internal ß-(2,1) glycosidic bonds releasing 
inulotriose, inulotetraose, and inulopentaose 
(Mutanda et al.  2014 ). Exoinulinases (ß-D- 
fructohydrolases; EC 3.2.1.80) cleave the termi-
nal fructosyl residue from inulin and are used to 
obtain high-fructose syrup (Apolinário et al. 
 2014 ). Many yeast and bacterial strains produce 
inulinase, for instance, species belonging to 
 Pichia ,  Cryptococcus ,  Candida ,  Yarrowia , 
 Debaryomyces ,  Xanthomonas , and  Pseudomonas . 
However, molds like  Aspergillus  and  Penicillium  
and the yeast  Kluyveromyces  are more frequently 
used (Paixão et al.  2013 ).  Bacillus licheniformis  
endolevanase is able to produce FOS containing 
ß-(2,6) linkages from levan, with a yield of 97 %, 
based on total sugar content (Porras-Domínguez 
et al.  2014 ). 

 Chitinases are GH18 and GH19 glycoside 
hydrolases (EC 3.2.1.14.) (Lombard et al.  2014 ) 
which hydrolyze ß-1,4 linkages between 
N-acetylglucosamine units from chitin yielding 
COS (Kim and Rajapakse  2005 ). Hexa-N- 
acetylchitohexaose was produced by chitin 
hydrolysis using the chitinase ASCHI6 isolated 
from  Aeromonas schubertii  (Liu et al.  2014 ) .  
Chitinases from  Bacillus cereus  produced a mix 
of COS with DPs between 2 and 5 (Wang et al. 
 2012 ).  

2.2.2     Enzymatic Synthesis 
of Oligosaccharides 

 The enzymatic synthesis of oligosaccharides can 
be carried out by using either glycosidases with 
transferase capacity or glycosyltransferases. In 
both cases, the catalytic mechanism implies the 
transfer of a glycosyl residue from one of the two 
sugar substrates involved in the reaction (glyco-
syl donor) to the other substrate (glycosyl 
acceptor). 

 Glycosidases (EC 3.2.1) are enzymes with the 
capability to hydrolyze glycosidic bonds. 
Depending on the stereochemistry of the product 
compared to that of the glycosyl donor, glycosi-
dases are classifi ed into retaining or inverting 
enzymes. The inverting mechanism occurs in a 
single step involving two critical residues: One 
acts as general base, activating the water mole-
cule that carries out the nucleophilic attack on the 
anomeric carbon. The other acts as general acid 
and protonates the leaving sugar. Instead, retain-
ing glycosidases proceed through a double 
nucleophilic substitution mechanism. In the fi rst 
step, a nucleophilic residue in the active site 
attacks the anomeric carbon of the substrate, and 
the leaving group is protonated by an acid/base 
catalyst. This results in a covalent intermediate 
between the enzyme and the glycosyl donor, 
which is subsequently released by the nucleo-
philic attack of a water molecule activated by the 
acid/base catalyst. The retaining mechanism con-
fers glycosidases the potential to catalyze trans-
glycosylation reactions, which occur when a 
second sugar molecule enters the catalytic site of 
the covalent intermediate and acts as glycosyl 
acceptor (Fig.  2.2 ) (Davies and Henrissat  1995 ).

   Glycosyltransferases (EC 2.4) catalyze the 
transfer of sugar moieties from donor to acceptor 
molecules thereby forming glycosidic bonds. The 
acceptor substrate may be as simple as a monosac-
charide or as complex as a heteropolysaccharide, 
oligosaccharide, protein, nucleic acid, or lipid 
(Lairson et al.  2008 ; Weijers et al.  2008 ). These 
enzymes are responsible for the synthesis of most 
cell-surface glycoconjugates. Like glycosidases, 
glycosyltransferases can be retaining or inverting, 
although their detailed molecular mechanism is 
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not completely understood. Inverting glycosyl-
transferases utilize a direct displacement S N -2-like 
mechanism assisted by an enzymatic base catalyst. 
Retaining glycosyltransferases operate through a 
double- displacement reaction involving a cova-
lently bound glycosyl-enzyme intermediate, 
except for members from families GH4 and 
GH109 which use an elimination/addition mecha-
nism with a transient oxidation, and retaining 
ß- hexosaminidases that use an intramolecular 
nucleophile (Lairson et al.  2008 ; Mark et al.  2001 ). 

 Enzymes with transglycosylating activity have 
been classically classifi ed as  non-Leloir  or  Leloir  
transferases depending on the nature of the glyco-
syl donor. Enzymes that use activated donor carbo-
hydrates bound to nucleosides mono- or 
diphosphate (CMP, UDP, GDP, or TDP) are classi-
fi ed as  Leloir.  Enzymes that use nonactivated car-
bohydrate donors or monophosphate- substituted 
sugars are classifi ed as non- Leloir.  In this chapter, 
however, we have employed a more practical clas-
sifi cation into two groups of enzymes, based on 
their capability to synthesize oligosaccharides 
using either activated or nonactivated donors.  

2.2.3     Synthesis of Oligosaccharides 
with Nonactivated Donors 

 Lactose is the substrate for the synthesis of galac-
tooligosaccharides (GOS) and related com-
pounds like lactosucrose and lactulose, which 

represent about 40 % of annual oligosaccharide 
production (Gänzle  2012 ). β-Galactosidases 
transfer the galactosyl moiety from lactose to an 
acceptor. Lactose can also act as galactosyl, glu-
cosyl, or fructosyl acceptor through the action of 
ß-galactosidases, glucansucrases, and fructansu-
crases, respectively. 

 GOS synthesis is catalyzed by β-galactosidases, 
with lactose acting as both glycosyl donor and 
acceptor. The transglycosylation/hydrolysis ratio 
depends on the structural conformation of the 
active site of the enzyme, but it is also infl uenced 
by other factors such as lactose concentration 
(Bruins et al.  2003 ; Ji et al.  2005 ), water activity, 
and, to a minor extent, reaction temperature 
(Millqvist-Fureby et al.  1998 ). The chemical 
structure and DP of the resulting oligosaccharide 
also rely on structural features of the active site 
that have not been fully explained yet. The most 
common products are the trisaccharides 6′-galac-
tosyllactose, 3′-galactosyllactose, and 4′-galacto-
syllactose. GOS yields obtained with different 
enzymes vary between 2 % and 70 %, based on 
the total sugar content (Park and Oh  2010 ; Torres 
et al.  2010 ). Fungi, bacteria, and archaea have 
been used as enzyme sources for GOS produc-
tion. Currently, commercial enzymes are obtained 
from from  Kluyveromyces lactis ,  Streptococcus 
thermophilus ,  Bacillus circulans ,  Aspergillus 
oryzae , and  Bifi dobacterium bifi dum .   The three 
former belong to the GH2 family, and synthesize 
GOS with yields up to 44 %, 25 %, and 39 %, 

  Fig. 2.2    Synthesis of oligosaccharides with nonactivated 
donors can be carried out by retaining glycosidases. The 
enzyme ( Enz ) forms a covalent intermediate with a glyco-
syl group from the glycosyl donor. This group can be 

transferred to a water molecule (hydrolysis) or to a glyco-
syl acceptor (transglycosylation), releasing the free 
enzyme to start a new cycle of catalysis       
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respectively (Rodriguez-Colinas et al.  2011 , Torres 
et al.  2010 , Song et al.  2011 ). Different 
β-galactosidases from  Bifi dobacterium bifi dum  
produce GOS with yields ranging between 
15–47 % (Goulas et al.  2009 ). They are used for 
the production of ß-(1,3) GOS ( B. bifi dum ), ß-(1,4) 
GOS ( B. circulans ), and ß-(1,6) GOS ( Aspergillus 
oryzae ,  Streptococcus thermophilus  and 
 Kluyveromyces lactis ) (Goulas et al.  2009 ; Torres 
et al.  2010 ; Rodriguez-Colinas et al.  2011 ). GH35 
ß-galactosidases from  Aspergillus  and  Penicillium  
species have rendered 30–45 % GOS yields 
(Torres et al.  2010 ), whereas GH42 ß-galactosi-
dase from  Bacillus longum  synthesized GOS 
with lower (10 %) yields (Torres et al.  2010 ). 
Since high lactose concentrations have a strong 
positive infl uence in GOS yield, the use of high 
temperatures is desirable in order to increase lac-
tose solubility (Roos  2009 ). This can be accom-
plished with ß- galactosidases that are stable at 
temperatures between 70 °C and 90 °C (Park and 
Oh  2010 ). Moreover, these enzymes usually 
show high structural resistance, convenient for 
industrial applications. Therefore, different ther-
mostable β-galactosidases have been studied. 
GH1 enzymes from  Sulfolobus solfataricus , 
 Pyrococcus furiosus , and  Thermus caldophilus  
produced GOS with 53 %, 40 %, and 77 % yield, 
respectively (Torres et al.  2010 ).  Thermotoga 
maritima  β-galactosidase from GH2 family 
yielded 18 % GOS (Ji et al.  2005 ), whereas that 
from  Geobacillus stearothermophilus , belonging 
to the GH42 family, yielded only 2 % GOS 
(Placier et al.  2009 ). The enzymes from 
 Sulfolobus solfataricus , and  Pyrococcus furiosus  
produce ß-(1,3) and ß-(1,6) GOS (Torres et al. 
 2010 ), whereas those from  Thermus 
sp.,    Thermotoga maritima , and  Geobacillus stea-
rothermophilus  show a higher preference for the 
synthesis of  ß-(1,3) GOS (Akiyama et al.  2001 ; 
Marín-Navarro et al.  2014 ; Placier et al.  2009 ). 

 Lactulose is synthesized by transgalactosyl-
ation when the enzymatic hydrolysis of lactose 
occurs in the presence of fructose. In this case the 
galactosyl moiety from lactose is linked to the 
C-4 atom of fructose. The yield depends on the 
enzyme and the ratio of concentrations of lactose 
and fructose. Lactulose is produced in the early 
stage of the reaction and can be consumed in the 

fi nal stages. Because of this, it is necessary to 
stop the reaction or separate the enzyme from the 
product (Panesar and Kumari  2011 ). Some 
ß-galactosidases and ß-glycosidases have been 
used for lactulose production. GH1 ß- glycosidases 
from  Aspergillus oryzae, Pyrococcus furiosus , 
and  Sulfolobus solfataricus  yielded 30, 44, and 
12.5 % lactulose relative to lactose, respectively 
(Panesar and Kumari  2011 ; Kim et al.  2006 ; 
Wang et al.  2013 ). Lactulose has also been syn-
thesized from lactose in the absence of fructose 
by combining a ß-galactosidase from 
 Kluyveromyces lactis  and a glucose isomerase 
from  Streptomyces   murinus , with a conversion 
yield of 19 % (Wang et al.  2013 ). Another method 
for lactulose production using only lactose as 
substrate has made use of a thermostable 
cellobiose- 2-epimerase with isomerase activity, 
from  Caldicellulosiruptor saccharolyticus , yield-
ing 58 % lactulose (Kim and Oh  2012 ). 

 Lactosucrose has been obtained with levansu-
crase from  Zymomonas mobilis  using a 1:1 
mass ratio of lactose and sucrose as substrate, 
achieving a conversion effi ciency of 28 %. Since 
this enzyme is inhibited by the glucose released 
in the reaction, the former yield could be 
increased up to 43 % by combining the action of 
levansucrase with glucose oxidase thus trans-
forming the produced glucose into 
D-gluconolactone, which does not exert inhibi-
tory effect (Han et al.  2009 ). Trisaccharides 
derived from lactulose (Lu-GOS) have been 
 synthesized by transglycosylation using the 
ß- galactosidase from  K. lactis , with a yield of 
14 % from total carbohydrate content (Martinez- 
Villaluenga et al.  2008 ). The galactosyl unit from 
a lactulose molecule was transferred to another 
lactulose at two different positions releasing two 
types of Lu-GOS. 

 Fructosyltransferases (FTase, EC 2.4.1) and 
ß-fructofuranosidases (FFase, EC 3.2.1.26) with 
high transfructosylating activity, belonging to 
GH32 and GH68 families, are the enzymes 
involved in the synthesis of FOS from sucrose, 
which acts both as donor and acceptor of the fruc-
tosyl group (Dominguez et al.  2014 ; Ganaie et al. 
 2013 ). Fructosyl units can be connected through 
ß-(2,1) linkages (inulin-type FOS or  1F FOS, as 
1-kestose) or ß-(2,6) linkages (levan- type FOS or 
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 6F FOS, as 6-kestose). In neoseries FOS or  6G FOS, 
a ß-(2,6) link connects a fructosyl unit to the glu-
cosyl moiety of sucrose, as in neokestose (Linde 
et al.  2012 ; Porras-Domínguez et al.  2014 ). 
Commercial FOS have been produced by enzymes 
from fungi and bacteria, with different yields and 
product specifi city. Several fungal strains, mostly 
from the genus  Aspergillus  and  Penicillium , pro-
duce intracellular and extracellular FTases that 
synthesize mainly inulin- type FOS, with yields 
ranging between 25 % and 70 % from total sugar 
content (Dominguez et al.  2014 ). FOS mixtures 
include 1-kestose, 1- nystose, and 1-fructofurano-
syl nystose as predominant oligosaccharides 
(Ganaie et al.  2013 ). There are fewer reports on 
the production of levan-type FOS as a major prod-
uct of enzymatic transfructosylation. GH68 levan-
sucrase from  Zymomonas mobilis  synthesizes a 
mixture of 6-kestose, 1-kestose, and neokestose 
with different ratios depending on the reaction 
conditions and a 6-kestose maximum specifi city 
of 49.1 % of total FOS (Vigants et al.  2013 ). In 
contrast,  Schwanniomyces occidentalis  GH32 
FTase produces FOS with a 16.4 % yield, 6-kes-
tose representing 75 % of total FOS (Álvaro-
Benito et al.  2007 ). Production of neoseries FOS 
has been reported by FTases from 
 Xanthophyllomyces dendrorhous ,  Penicillium 
oxalicum , and  Penicillium citrinum  with 57 %, 
19 %, and 11 % conversion yields to neokestose, 
respectively (Ning et al.  2010 ; Xu et al. 
 2015 ; Hayashi et al.  2000     ). 

 IMOS can be produced by dextransucrases 
(EC 2.4.1.5) belonging to the family GH70 
(Lombard et al.  2014 ). These enzymes catalyze 
the transfer of the glucose moiety from a sucrose 
molecule to a glucose acting as acceptor. 
 Leuconostoc mesenteroides  dextransucrase is 
able to produce a mixture of IMOS with DPs 
between 4 and 9. Maximum conversion yields 
(between 70–90 %, in terms of glucose equiva-
lents) were achieved with a sucrose/maltose ratio 
of 2:1  (Lee et al.  2008 ). α-Glucosidases (EC 
3.2.1.20) are exo-glycosidases grouped in GH13 
and GH31 families that catalyze the release of 
glucose from the nonreducing end of short oligo-
saccharides. Some α-glucosidases with transgly-
cosylating activity, such as the enzymes from 
 Aspergillus niger, S. cerevisiae , or 

 Xanthophyllomyces dendrorhous , synthetize 
IMOS (DPs between 2 and 4) from maltose with 
conversion yields between 30 % and 60 %, from 
total sugar content (Duan et al.  1995 ; Fernández- 
Arrojo et al.  2007 ) .  

 In the case of GeOS synthesis, a few examples 
have been reported. A mixture of GeOS with dif-
ferent polymerization degrees (between 3 and 9) 
has been achieved with a combination of 
ß- glucosidase and ß-(1,6)-glucanase (GH5) from 
 Penicillium multicolor.  In this case, ß-glucosidase 
synthesizes gentiotriose using gentiobiose as sub-
strate, and this trisaccharide is elongated by 
ß-(1,6)-glucanase yielding the fi nal GeOS mix 
(Fujimoto et al.  2009 ). GH70 alternansucrase (EC 
2.4.1.140) from  Leuconostoc mesenteroides  is 
capable of synthesizing GeOS with DPs between 
3 and 5 in presence of gentibiose (Côté  2009 ). 

 Fucosyl- N -acetylglucosamine, one of the com-
ponents of HMOs, can be synthesized using 
fucosidases with transglycosylating capability 
such α- L -fucosidases AlfB and AlfC from 
 Lactobacillus casei  that yield fucosyl-α-1,3-N- 
acetylglucosamine and fucosyl-α-1,6-N- 
acetylglucosamine, respectively, using 
 p -nitrophenyl-α- L -fucopyranoside (pNP-fuc) as 
fucosyl donor and  N -acetylglucosamine (GlcNAc) 
as acceptor (Rodriguez-Diaz et al.  2011 ).  

2.2.4     Synthesis of Oligosaccharides 
with Activated Donors 

 Synthesis of oligosaccharides with activated 
donors is carried out by two main groups of 
enzymes (Fig.  2.3 ). Phosphorylases can act as 
glycosyltransferases in their reverse reaction 
using phosphorylated glycosyl donors, whereas 
Leloir glycosyltransferases use glycosyl donors 
activated with nucleotide mono- or diphosphate 
(CMP, UDP, GDP, or GTP).

   In their forward reaction, phosphorylases cat-
alyze the phosphorolysis of glycosyl linkages at 
the nonreducing end of carbohydrates, releasing 
a monosaccharide 1-phosphate in the presence of 
phosphate. In the reverse reaction, these enzymes 
catalyze the transfer of the activated monosac-
charide to a carbohydrate acceptor. In one par-
ticular case, the enzyme α-1,4-glucan-maltose-1-P 
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maltosyltransferase (EC 2.4.99.16) has been 
described to release maltose 1-phosphate from 
glycogen (Nakai et al.  2013 ), which would allow 
the transglycosylation of a disaccharide in a single 
step in the reverse reaction. Reversible phospho-
rolysis of α-glucosides is catalyzed by phosphory-
lases belonging to glycoside hydrolase families 
GH13 and GH65 and to glycoside transferase 
families GT4 and GT35. ß-Glucosides, ß-galacto-
sides, and ß-manosides are substrates of phosphor-
ylases belonging to families GH94, GH112, and 
GH130, respectively. Family GH94 also includes a 
chitobiose phosphorylase capable of transferring 
N-acetyl-glucosamine moieties (Honda et al. 
 2004 ). Despite the wide diversity of potential natu-
ral sugars able to act as glycosyl acceptors, little 
use of phosphorylases to produce oligosaccharides 
has been made due to the reduced number of 
enzymes characterized so far (Nakai et al.  2013 ). 

 GH65 kojibiose phosphorylase (EC 2.4.1.230) 
from  Thermoanaerobacter brockii  catalyzes the 
synthesis of kojibiose (α- D -glucopyranosyl-
(1,2)- D -glucopyranose) by transglycosylation 
using ß-D-glucose-1-phosphate as glycosyl 
donor and  D -glucose as acceptor, yielding inor-
ganic phosphate. This enzyme is also able to use 
other glycosyl acceptors such as  L -sorbose, malt-
ose, and glucosyl-maltose to yield glucosyl-l   - 
sorbose, glucosyl-sucrose, and glucosyl-maltose, 
respectively, as novel oligosaccharides 
(Chaen et al.  2001 ). Maltose phosphorylase (EC 
2.4.1.8) from  Propionibacterium freudenreichii  
catalyzes the transglycosylation of ß- D -glucose 
from ß-D- glucose-1-phosphate to different 
acceptors such as  D -glucose,  D -glucosamine, 
 N -acetylglucosamine, mannose, 2-deoxy-D- 
glucose    , and 2-deoxy- D -xylose (Aisaka et al. 
 1996 ), making this enzyme suitable for the 

  Fig. 2.3    Synthesis of oligosaccharides with activated 
donors is carried out by phosphorylases (right side) and 
Leloir glycosyltransferases (left side). The activated gly-

cosyl donor is a phosphorylated sugar or a nucleotide 
mono- or diphosphate (CMP, UDP, GDP, or GTP), 
respectively       

 

2 Enzyme Engineering for Oligosaccharide Biosynthesis



20

synthesis of oligosaccharides with a broad 
chemical diversity. 

 Leloir enzymes require the previous synthesis 
of an activated substrate, which is a nucleotide 
mono- or diphosphate glycoside. Such com-
pounds are synthesized by the consecutive action 
of a kinase, which phosphorylates the sugar, and 
a nucleoside transferase/pyrophosphorylase 
(Weijers et al.  2008 ). Therefore, the use of this 
methodology requires the implementation of in 
situ coupled reactions either in vitro or in vivo 
(Weijers et al.  2008 ). Leloir transferases are clas-
sifi ed in two different superfamilies depending 
on their structure: GT-A and GT-B, and both of 
them include retaining and inverting enzymes. 

 The requirement of a nucleotide-activated 
donor makes  Leloir  glycosyltransferases less 
attractive than those using nonactivated sugars 
for industrial production of low-added-value oli-
gosaccharides. However, these enzymes show a 
high promiscuity, accepting a rather wide range 
of substrates which leads to the synthesis of a 
diversity of products. Indeed,  Leloir  glycosyl-
transferases are able to synthesize most human 
milk oligosaccharides (HMOs), such as trisac-
charides (sialyllactose and fucosyllactose) or 
other complex oligosaccharides (lacto- N -biose 
derivatives). These compounds are very interest-
ing to be used as functional ingredients in com-
mercial infant formula because of their prebiotic 
and immunogenic effects (Bode  2009 ). The syn-
thesis of these oligosaccharides requires the com-
bined action of several enzymes and cofactors. 
This has been carried out both by in vitro and 
whole-cell approaches, being the latter more con-
venient for industrial purposes, due to the high 
costs associated to enzyme purifi cation and 
cofactor synthesis (Table  2.2 ).

2.3         Enzyme Engineering 

 As it has been described in previous sections, 
glycosidases and GTs have proven to be useful 
tools for oligosaccharide synthesis in vitro. 
However, sometimes native enzymes do not pro-
vide good performance, specifi city, or stability. 
In this case, one can either look for new enzymes 

in nature or change the properties of an existing 
enzyme by protein engineering. The procedures 
used to improve enzyme performance are muta-
genesis, either random or site directed 
(Bornscheuer  2013 ), and immobilization 
(Homaei et al.  2013 ). 

2.3.1     Directed Evolution 

 Directed evolution attempts to mimic the natural 
selection process by recursive rounds of muta-
tion, recombination, and selection (Kittl and 
Withers  2010 ) Random mutagenesis carried out 
by error-prone PCR is generally used to obtain 
the initial library of mutants. The major limita-
tions of this approach are the inherent bias of 
existing mutagenesis methods (Wong et al.  2006 ) 
and the requirement in many instances of techni-
cally complex high-throughput screening meth-
ods. However, this approach is a powerful tool 
for molecular engineering of enzymes, and it 
does not require any previous information about 
the structural-function relationships of the 
enzyme of interest. Directed evolution has suc-
cessfully been used to increase the transglycosyl-
ating activity of a ß-glycosidase (GH1) from 
 Thermus thermophilus . Mutant F401S/N282T, 
using either maltose or cellobiose as acceptors 
and  o -nitrophenyl-β- D -galactopyranoside as 
donor, showed molar yields of trisaccharides up 
to 60 % and 75 %, respectively, whereas the 
wild-type yield was only 8 %. Galactosyl transfer 
to maltose ocurred with a major β-(1,3) regiose-
lectivity, whereas with cellobiose both β-(1,3) 
and β-(1,6) isomers were synthesized. These 
mutations may reorient the glycone at the −1 sub-
site allowing a better transfer to the acceptors 
(Feng et al.  2005 ). A similar approach was used 
to obtain α- L -arabinofuranosidase (GH51) from 
 Thermobacillus xylanilyticus  with better trans-
glycosylation and lower hydrolytic activity with 
mutants N344P and N344Y (Arab-Jaziri et al. 
 2013 ). α- L -Fucosidase (GH29) from  Thermotoga 
maritima  was converted into α- L -transfucosidase. 
The change of activity required mutations at 
only three positions (T264A, Y267F, L322P). 
This was carried out by a fi rst step of random 
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mutagenesis after which selected mutations were 
combined to yield a 32-fold increase in the trans-
ferase/hydrolytic ratio while keeping 60 % of the 
overall wild-type enzyme activity (Osanjo et al. 
 2007 ). In another instance, aiming to prevent 
product hydrolysis, cyclodextrin glucanotrans-
ferase (GH13) from  Thermoanaerobacterium 
thermosulfurigenes  was subjected to error-prone 
PCR, searching for mutant versions of the 
enzyme with lower hydrolytic rate. Two muta-
tions were identifi ed, located at the outer region 
of the active site (W232R and S77P). These 
mutations lowered the hydrolytic activity up to 
15-fold while keeping the cyclization activity 
(Arnold et al.  2009 ). Signifi cant increase of GOS 
production was achieved by mutagenesis of 
ß-galactosidase (GH42) from  Geobacillus stea-
rothermophilus . A random mutagenesis approach 
led to the isolation of mutant R109K with a six-
fold higher yield than that obtained with the wild- 
type enzyme. Saturation mutagenesis at this 
position allowed the characterization of muta-
tions R109V and R109W, which caused an even 
higher (around 11-fold) yield increment, up to 
23 % from total carbohydrate content (Placier 
et al.  2009 ). Random mutagenesis of 
ß- fructofuranosidase from  Schwanniomyces 
occidentalis  increased 6-kestose production 
around twofold over the parent type, with the 
mutations Q78L and F523V. While Gln78 is 
located close to the active site, Phe523 resides 
out of the catalytic domain and probably exerts a 
long-distance effect (de Abreu et al.  2011 ) .  
Kojibiose phosphorylase from 
 Thermoanaerobacter brockii  was also improved 
by random mutagenesis. Two mutants, S676N 
and N687I, showed higher productivity of koji-
oligosaccharides than the wild type (Yamamoto 
et al.  2006 ).  

2.3.2     Site-Directed Mutagenesis 

 Knowing the structure and reaction mechanism 
of a given protein allows designing specifi c muta-
tions to improve its activity or change its sub-
strate specifi city. Work done with glycosyl 
hydrolases has had as a major objective to 

increase the transglycosylation/hydrolysis ratio. 
Site-directed mutagenesis of ß-glucosidase 
(GH1) from  Pyrococcus furiosus  at residues 
within the catalytic pocket revealed that the 
F426Y mutant had an increased GOS yield (up to 
45 % from total carbohydrate content) compared 
to the wild type (40 %). Moreover, the double 
mutant M424K/F426Y had better transglycosyl-
ating properties at low substrate (lactose) concen-
trations compared to the wild type and the 
corresponding single mutants (Hansson et al. 
 2001 ). In another GH1 enzyme, the 
ß- galactosidase from  Sulfolobus solfataricus , 
wild-type GOS production (50.9 %) was 
increased up to 58 % and 62 % as a consequence 
of mutations F359Q and F441Y, respectively (Wu 
et al.  2013 ). This F441 is homologous to the 
aforementioned F426 and F401 from the GH1 
β-glycosidases from  P. furiosus  and  T. thermoph-
ilus , respectively (Feng et al.  2005 ; Hansson 
et al.  2001 ), all resulting in a higher GOS yield 
when mutated. The observed effect may be 
caused by a reorientation of the glycone at the −1 
subsite to a position more favorable for transgly-
cosylation. On the other hand, the F359Q muta-
tion may increase the affi nity of the +1 subsite for 
the lactose molecule acting as glycosyl acceptor 
(Wu et al.  2013 ). 

 Within invertases belonging to the GH32 fam-
ily, different studies with plant and yeast enzymes 
showed that substitution of one or the two aspara-
gines within the so-called β-fructofuranosidase 
motif (WMNDPGN), harboring the catalytic 
nucleophile, resulted in increased FOS synthesis 
(Alvaro-Benito et al.  2010 ; Lafraya et al.  2011 ; 
Ritsema et al.  2006 ; Schroeven et al.  2008 ). One 
of the most dramatic changes was observed with 
the invertase from  Saccharomyces cerevisiae , 
where N21S and N24S amino acid replacements 
caused a sixfold increase of 6-kestose synthesis. 
The combination of the aforementioned changes 
with the W19Y substitution (also within the 
β-fructofuranosidase motif) further increased the 
synthesis of 6-kestose up to tenfold, compared to 
the wild type. Another conserved motif within 
hydrolytic GH32 enzymes is the “ECP” motif 
harboring the acid/base catalyst. The substitution 
of Pro by Val in this motif also increased 6- kestose 
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synthesis by the invertase from  S. cerevisiae  and 
the β-fructofuranosidase from  S. occidentalis  by 
sixfold and twofold, respectively (Alvaro-Benito 
et al.  2010 ; Lafraya et al.  2011 ). GH32 enzymes 
from yeasts synthesize mainly 6-kestose, whereas 
their plant homologues produce mainly 1- kestose. 
Although the −1 subsite is rather conserved, the 
+1 subsite is more divergent between the two 
groups. The second Trp in the “WGW” motif in 
hydrolytic plant enzymes has been proposed to 
be part of the sucrose acceptor subsite, and its 
replacement by Tyr in the invertase from 
 Arabidopsis thaliana  doubled the transferase 
capacity of the enzyme (Altenbach et al.  2009 ). 
Not only the transglycosylation yield but also 
substrate and product specifi city can be modu-
lated by site-directed mutagenesis. Donor and 
acceptor substrate selectivity has been altered in 
a plant GH32 enzyme, transforming a fructan- 
fructan fructosyltransferase into a sucrose- 
sucrose fructosyltransferase (Lasseur et al.  2009 ; 
Van den Ende et al.  2009 ). On the other hand, the 
introduction of the N228A substitution changed 
the FOS product profi le of the N21S mutant of  S. 
cerevisiae  invertase, from a highly specifi c 
6- kestose synthesis to an equimolar production 
of 6-kestose and 1-kestose. This Asn 228, 
together with Trp 291, was proposed to build the 
acceptor sucrose-binding platform in yeast 
enzymes (Lafraya et al.  2011 ). Mutations at an 
equivalent residue to this Asn 228 in the 
β-fructofuranosidase from  S. occidentalis  also 
resulted in a broader product spectrum, further 
confi rming this hypothesis (Alvaro-Benito et al. 
 2012 ). 

 Two GH18 family chitinases were converted 
into transglycosylases:  Bacillus circulans  chitin-
ase A1 ( Bc  ChiA1) and  Trichoderma harzianum  
chitinase 42 ( Th  Chit42) were mutated at the con-
served aspartates that act as stabilizers of the gen-
eral acid/base glutamate. Mutants D200A and 
D202A of  Bc  ChiA1, as well as D170N and 
D170A of  Th  Chit42, retained the ability to cata-
lyze the transglycosylation reaction but lost the 
hydrolytic activity (Martinez et al.  2012 ). 

 Glycosyltransferases have an enormous 
potential for the synthesis of novel, nonnatural, 
relevant carbohydrate structures (Hancock et al. 

 2006 ). However, methodological diffi culties in 
synthesizing the required activated substrates 
hamper the production of oligosaccharides by 
this procedure. Few studies have dealt the molec-
ular engineering of glycosyltransferases, aiming 
to change the donor specifi city of the enzymes. 
Mutation Y289L in bovine ß-(1,4)-galactosyl-
transferase (GT7) broadened the profi le of 
donor substrates from a strict specifi city for 
transglycosylation of UDP-galactose to include 
also UDP-N- acetyl-galactosamine and UDP- N -
acetylglucosamine, without compromising galac-
tosyltransferase activity (Ramakrishnan and 
Qasba  2002 ). Mutation of residue R228K in the 
same enzyme increased glucosyltransferase 
activity (15-fold) and decreased galactosyltrans-
ferase activity (30-fold) (Ramakrishnan et al. 
 2005 ). Similarly, the P234S mutation of a human 
α-(1,3)-galactosyltransferase (GT6) changed the 
donor specifi city from UDP-galactose to UDP-
N- acetyl-galactosamine (Ramakrishnan and 
Qasba  2002 ).  

2.3.3     Glycosynthases 

 Withers and colleagues ( 1998 ) mutated the 
nucleophile of a retaining exo-acting glycosidase 
(a β-glucosidase) belonging to the GH7 family. 
The resulting mutant was inactive as hydrolase. 
Using as substrate an activated glycoside fl uoride 
donor, such as α-glucosyl or α-galactosyl- 
fl uoride, with anomeric conformation opposite to 
that of the substrate of the wild-type enzyme, the 
mutant enzyme was able to carry out 
 transglycosylation. These new types of enzymes 
were called glycosynthases (GS). The same year, 
using the same approach, an endo-acting glyco-
synthase, able to catalyze the glycosylation of 
different glucoside acceptors with 
α-laminaribiosyl fl uoride, was constructed from a 
GH16 β-endoglucanase (Malet and Planas  1998 ). 
This methodology has been applied to many 
other enzymes, belonging to different GHs fami-
lies, with good results in improving the yield of 
oligosaccharide synthesis (Cobucci-Ponzano 
et al.  2011 ). The mutated enzymes include exo-
acting glycosidases as glucosidases, mannosidases, 
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galactosidases, fucosidases, and xylosidases and 
endo-acting glycosidases as endoglucanases, 
endoxylanases, laminarinases, and mannanases. 
In all these cases, substitution of the nucleophile 
by a residue with a shorter side chain (such as 
Ala, Gly, or Ser) made the resulting mutant 
unable to hydrolyze glycosidic bonds but still 
performed transglycosylation when incubated 
with activated glycosyl donors. Most GS derived 
from β-retaining GHs prefer α-glycosyl-fl uorides 
donors and proceed through a single- displacement 
mechanism (α → β). Hyperthermophylic GS 
obtained from β-retaining GHs use 
aryl β-glycosides and require an excess of for-
mate that acts as a nucleophile, forming an 
α-glycosyl formate intermediate in a double- 
displacement mechanism (β → α → β). In con-
trast, for GS derived from α-retaining GHs, 
β-glycosyl- azides work better as activated donors 
than β-glycosyl-fl uorides (Cobucci-Ponzano 
et al.  2011 ). Some more recent examples are the 
GH13 cyclodextrin glucanotransferase E284G 
from  Bacillus  sp. (Li et al.  2014 ) and the GH35 
ß-galactosidase E233G from  Bacillus circulans  
(Henze et al.  2014 ) which used α-maltosyl- 
fl uoride and α- D -galactopyranosyl-fl uoride as 
donors, respectively. The latter mutant has been 
used to produce galacto- N -biose or lacto- N -biose 
with good yields (40–90 %) (Henze et al.  2014 ). 

 In some instances, consecutive rounds of 
directed mutagenesis have been applied to further 
improve the properties of a fi rst generation of 
GS. One approach has been site-saturation muta-
genesis of the nucleophilic residue to select the 
mutation (Ala, Ser, or Gly) that leads to higher 
transglycosylating effi ciencies (Cobucci- 
Ponzano et al.  2011 ). Random mutagenesis has 
also been used to improve the transglycosylating 
activity of glycosynthases from families GH1 
and GH52 up to 27- and 45-fold, respectively 
(Ben-David et al.  2007 ; Kim et al.  2004 ). Other 
studies have pursued more complex goals, aim-
ing to change the substrate specifi city of the 
enzyme through site-directed mutagenesis. This 
was the case of  Humicola insolens  Cel7B E197A 
mutant, a glycosynthase whose properties were 
altered by additional mutations at the +1 catalytic 
subsite. Mutations H209A, H209G, and A211T, 
combined with the original E197A mutation, 
were designed in order to widen the substrate 

specifi city to include N-acetyl-glucosaminyl 
acceptors. However, the resulting mutants were 
unable to transfer α-lactosyl fl uoride onto  N ′, N ″-
diacetylchitobiose, although cellobiose and  N ′-
acetylchitobiose still remained as good 
acceptors (Blanchard et al.  2007a ). In contrast, a 
change in the regioselectivity was observed using 
α-lactosyl fl uoride as substrate donor and  O -allyl 
N′-acetyl-2″-azido-ß-chitobioside as acceptor. 
While E197A and the triple mutant E197A/
H209A/A211T preferentially catalyzed the for-
mation of a ß-(1,3)-linked tetrasaccharide 
between the two disaccharides, the product speci-
fi city of the double mutants E197A/H209A and 
E197A/H209G was switched to a ß-(1,4) linkage 
(Blanchard et al.  2007b ). 

 Honda and Kitaoka described in 2005 the fi rst 
glycosynthase derived from an inverting glycosi-
dase, the exo-oligoxilanase (GH8) from  Bacillus 
halodurans . This glycosynthase was constructed 
by saturation random mutagenesis at the catalytic 
base D263. Nine of these mutants synthesized a 
xylotrisaccharide from xylose and α-xylobiose 
fl uoride, with the D263C mutant showing the 
highest yield (Honda and Kitaoka  2006 ). An 
alternative method to convert the  Bacillus halo-
durans  exo-oligoxilanase into a glycosynthase 
was the mutagenesis of the Y198 residue, which 
is known to bind the water molecule acting as 
nucleophile in the hydrolytic reaction. This 
caused a drastic decrease in the hydrolytic activ-
ity and a small increase in the fl uoride-releasing 
activity, which made the transglycosylation 
 catalyzed by the Y198F mutant accumulate a 
larger amount of product than that achieved with 
the D263C mutant (Honda et al.  2008 ; Kitaoka 
et al.  2008 ). Another glycosynthase has been pro-
duced from the inverting 1,2-α- L -fucosidase 
(GH95) from  Bifi dobacterium bifi dum  by mutat-
ing the catalytic acid residue. The D766G mutant 
synthesized 2′-fucosyllactose from β-fucosyl- 
fl uoride and lactose (Wada et al.  2008 ).  

2.3.4     Enzyme Immobilization 
for Oligosaccharide Synthesis 

 Enzyme production is expensive for most indus-
trial applications. Enzymes are labile and sensi-
tive to denaturation by chemical agents and 
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physical conditions, which hinders their use. 
Moreover, unlike conventional chemical cata-
lysts, most enzymes operate in aqueous solutions 
making it diffi cult to separate them from the fi nal 
product for convenience or to reuse the enzyme 
in a new reaction (Homaei et al.  2013 ). 
Immobilization of enzymes offers a possible 
solution to these problems and allows their 
implementation in continuous fl ow reactors. 
There is an ample variety of immobilization 
methods, generally classifi ed in three main types: 
covalent or noncovalent surface binding, physical 
entrapment, and self-aggregation by cross- 
linking (Mateo et al.  2007 ; Sheldon and van Pelt 
 2013 ). There is no universal method, or support 
to immobilization, because it depends on the 
nature of the enzyme, the chemical characteris-
tics of the substrate, and the operating conditions. 
Compared to the free form, immobilized enzymes 
are generally more stable (to temperature, pH, 
etc.) and easier to manipulate (Homaei et al. 
 2013 ). Sometimes, immobilization changes the 
kinetic properties of an enzyme altering its activ-
ity or substrate specifi city (Rodrigues et al.  2013 ). 
The immobilization of oligosaccharide- 
producing enzymes is a promising strategy for 
large-scale production of these compounds, and 
there are some examples in bibliography with 
different supports and enzymes. 

 Because of the importance of GOS in the food 
market, immobilization of ß-galactosidases to 
improve the yield of GOS production has been 
assayed by different groups (Panesar et al.  2010 ). 
 Aspergillus oryzae  ß-galactosidase was immobi-
lized using three different techniques: adsorption 
on celite, covalent coupling to chitosan with glu-
taraldehyde, and self-aggregation by cross- 
linking. The best activity was reported by 
covalent binding to chitosan, yielding a higher 
GOS yield (17.3 % of the total sugar) than the 
free enzyme (10 %) (Gaur et al.  2006 ). In other 
instances, total GOS production remained 
unchanged, but the possibility of reusing the 
enzyme made the process interesting. That was 
the case of  Bacillus circulans  ß-galactosidase 
immobilized in glyoxal-derivatized agarose, 
which yielded the same GOS production and pro-
fi le than the free enzyme but allowed carrying out 
ten repeated batches (Urrutia et al.  2013 ), or 
covalent immobilization of  Thermotoga mari-

tima  ß-galactosidase on the surface of epoxy- 
activated magnetic beads which allowed four 
cycles of reutilization without a signifi cant degree 
of inactivation (Marín-Navarro et al. 
 2014 ). Immobilized β-galactosidases have also 
been used in continuous operation systems for 
GOS production (Klein et al.  2013 ). 

 FOS-, COS-, IMOS-, and XOS-producing 
enzymes have also been subjected to immobiliza-
tion by different methods.  Aspergillus fl avus  fruc-
tosyltransferase was entrapped on chitosan and 
alginate showing better performance with the lat-
ter support. The thermal stability of the enzyme 
increased, and immobilization allowed work with 
a continuous system, accumulating up to 63 % 
(w/w) of FOS after 7 days of reaction (Ganaie 
et al.  2014 ). Immobilization of chitosanase from 
 Bacillus pumilus  by multipoint covalent attach-
ment with glutaraldehyde, using as support 
amylose- coated magnetic nanoparticles, allowed 
reusability of the enzyme, producing COS with a 
yield of 40 % of the used chitosan (Kuroiwa et al. 
 2008 ). Endo-dextranase from  Penicillium  sp. was 
covalently attached to an epoxy-activated disk 
and used to produce IMOS. The immobilized 
enzyme retained more than 77 % of its activity for 
78 days including storage time and repeated uses 
every 10 days, with a total operational time of 90 
h (Bertrand et al.  2014 ). Alginate fi ber entrapment 
enabled repeated use during ten batches of the 
 Leuconostoc mesenteroides  dextransucrase for 
IMOS production (Tanriseven and Doğan  2002 ). 
Production of XOS by xylan hydrolysis, using 
immobilized xylanases, has been successfully 
assayed.  Talaromyces thermophilus  xylanase, 
entrapped in gelatin and cross-linked by glutaral-
dehyde, yielded the same product profi le than the 
free enzyme but allowed up to 13 successive 
cycles of hydrolysis (Maalej- Achouri et al.  2009 ). 
Xylanase B from  Thermotoga maritima  fused to a 
histidine tag was fi xed covalently to a nickel-che-
late epoxy support. The double functionality of 
this resin allows a specifi c attachment of the 
enzyme to the support through the histidine-nickel 
interaction and also has the advantage of a stable, 
covalent binding mediated by the epoxy groups. 
Immobilization improved the thermostability of 
the xylanase and allowed its use in a continuous 
process (Li et al.  2007a ).      

2 Enzyme Engineering for Oligosaccharide Biosynthesis



26

  Acknowledgments   The authors have been funded by 
grant BIO2013-48779-C4-3-R, from Spain’s “Secretaría 
de Estado de Investigación, Desarrollo e Innovación.” D 
T-P held a FPU fellowship from “Ministerio de Economía 
y Competitividad.”  

   References 

     Aachary AA, Prapulla SG (2011) Xylooligosaccharides 
(XOS) as an emerging prebiotic: microbial synthesis, 
utilization, structural characterization, bioactive prop-
erties, and applications. Compr Rev Food Sci Food 
Saf 10:2–16  

    Ahmed S, Riaz S, Jamil A (2009) Molecular cloning of 
fungal xylanases: an overview. Appl Microbiol 
Biotechnol 84:19–35  

   Aisaka K, Masuda T, Chikamune T (1996) Properties of 
maltose phosphorylase from  Propionibacterium freud-
enreichii . J Ferment Bioeng 82:171–173  

   Akiyama K, Takase M, Horikoshi K, Okonogi S (2001) 
Production of galactooligosaccharides from lactose 
using a beta-glucosidase from  Thermus  sp. Z-1. Biosci 
Biotechnol Biochem 65:438–441  

    Albermann C, Piepersberg W, Wehmeier UF (2001) 
Synthesis of the milk oligosaccharide 2′-fucosyllac-
tose using recombinant bacterial enzymes. Carbohydr 
Res 334:97–103  

    Altenbach D, Rudino-Pinera E, Olvera C, Boller T, 
Wiemken A, Ritsema T (2009) An acceptor-sub-
strate binding site determining glycosyl transfer 
emerges from mutant analysis of a plant vacuolar 
invertase and a fructosyltransferase. Plant Mol Biol 
69:47–56  

    Álvaro-Benito M, de Abreu M, Fernández-Arrojo L, Plou 
FJ, Jiménez-Barbero J, Ballesteros A, Fernández- 
Lobato M (2007) Characterization of a 
β-fructofuranosidase from  Schwanniomyces occiden-
talis  with transfructosylating activity yielding the pre-
biotic 6-kestose. J Biotechnol 132:75–81  

     Alvaro-Benito M, de Abreu M, Portillo F, Sanz-Aparicio 
J, Fernandez-Lobato M (2010) New insights into the 
fructosyltransferase activity of  Schwanniomyces occi-
dentalis  β-fructofuranosidase, emerging from noncon-
ventional codon usage and directed mutation. Appl 
Environ Microbiol 76:7491–7499  

   Alvaro-Benito M, Sainz-Polo MA, Gonzalez-Parez 
D, Gonzalez B, Plou FJ, Fernández-Lobato M, Sanz- 
Aparicio J (2012) Structural and kinetic insights reveal 
that the amino acid pair Gln-228/Asn-254 modulates 
the transfructosylating specifi city of  Schwanniomyces 
occidentalis  β-fructofuranosidase, an enzyme that pro-
duces prebiotics. J Biol Chem 287:19674–19686  

    Apolinário AC, de Lima Damasceno BPG, de Macêdo 
Beltrão NE, Pessoa A, Converti A, da Silva JA (2014) 
Inulin-type fructans: a review on different aspects of 
biochemical and pharmaceutical technology. 
Carbohydr Polym 101:368–378  

    Arab-Jaziri F, Bissaro B, Dion M, Saurel O, Harrison D, 
Ferreira F, O’Donohue MJ (2013) Engineering trans-
glycosidase activity into a GH51 α-l- 
arabinofuranosidase. New Biotechnol 30:536–544  

    Arnold K, Kiefer F, Kopp J, Battey JN, Podvinec M, 
Westbrook JD, Schwede T (2009) The protein model 
portal. J Struct Funct Genom 10:1–8  

   Ben-David A, Bravman T, Balazs YS, Czjzek M, 
Schomburg D, Shoham G, Shoham Y (2007) 
Glycosynthase activity of  Geobacillus stearother-
mophilus  GH52 beta-xylosidase: effi cient synthesis of 
xylooligosaccharides from alpha-D-xylopyranosyl 
fl uoride through a conjugated reaction. ChemBioChem 
8:2145–2151  

    Bertrand E, Pierre G, Delattre C, Gardarin C, Bridiau N, 
Maugard T, Michaud P (2014) Dextranase immobili-
zation on epoxy CIM® disk for the production of iso-
maltooligosaccharides from dextran. Carbohydr 
Polym 111:707–713  

   Blanchard S, Cottaz S, Coutinho PM, Patkar S, Vind 
J, Boerd H, Koivula A, Driguez H, Armand S (2007a) 
Mutation of fungal endoglucanases into glycosyn-
thases and characterization of their acceptor substrate 
specifi city. J Mol Catal B: Enzym 44:106–116  

    Blanchard S, Armand S, Couthino P, Patkar S, Vind J, 
Samain E, Cottaz S (2007b) Unexpected regioselectiv-
ity of  Humicola insolens  Cel7B glycosynthase 
mutants. Carbohydr Res 342:710–716  

     Bode L (2009) Human milk oligosaccharides: prebiotics 
and beyond. Nutr Rev 67:S183–S191  

    Bornscheuer U (2013) Protein engineering as a tool for 
the development of novel bioproduction systems. In: 
Zeng AP (ed) Fundamentals and application of new 
bioproduction systems, vol 137. Springer, Berlin/
Heidelberg, pp 25–40  

    Bruins ME, Strubel M, van Lieshout JFT, Janssen AEM, 
Boom RM (2003) Oligosaccharide synthesis by the 
hyperthermostable β-glucosidase from  Pyrococcus 
furiosus : kinetics and modelling. Enzym Microb 
Technol 33:3–11  

    Cardelle-Cobas A, Corzo N, Olano A, Pelaez C, Requena 
T, Avila M (2011) Galactooligosaccharides derived 
from lactose and lactulose: infl uence of structure on 
 Lactobacillus ,  Streptococcus  and  Bifi dobacterium  
growth. Int J Food Microbiol 149:81–87  

    Carvalheiro F, Esteves MP, Parajó JC, Pereira H, Gı́rio 
FM (2004) Production of oligosaccharides by autohy-
drolysis of Brewery’s spent grain. Bioresour Technol 
91:93–100  

    Chaen H, Nishimoto T, Nakada T, Fukuda S, Kurimoto M, 
Tsujisaka Y (2001) Enzymatic synthesis of novel oli-
gosaccharides from l-sorbose, maltose, and sucrose 
using kojibiose phosphorylase. J Biosci Bioeng 
92:173–176  

     Chapla D, Divecha J, Madamwar D, Shah A (2010) 
Utilization of agro-industrial waste for xylanase pro-
duction by  Aspergillus foetidus  MTCC 4898 under 
solid state fermentation and its application in sacchari-
fi cation. Biochem Eng J 49:361–369  

D. Talens-Perales et al.



27

    Chapla D, Pandit P, Shah A (2012) Production of xylooli-
gosaccharides from corncob xylan by fungal xylanase 
and their utilization by probiotics. Bioresour Technol 
115:215–221  

    Chen M-H, Bowman MJ, Dien BS, Rausch KD, 
Tumbleson ME, Singh V (2014) Autohydrolysis of 
 Miscanthus giganteus  for the production of xylooligo-
saccharides (XOS): kinetics, characterization and 
recovery. Bioresour Technol 155:359–365  

    Closa-Monasterolo R, Gispert-Llaurado M, Luque V, Ferre 
N, Rubio-Torrents C, Zaragoza-Jordana M, Escribano 
J (2013) Safety and effi cacy of inulin and oligofructose 
supplementation in infant formula: results from a ran-
domized clinical trial. Clin Nutr 32:918–927  

      Cobucci-Ponzano B, Strazzulli A, Rossi M, Moracci M 
(2011) Glycosynthases in biocatalysis. Adv Synth 
Catal 353:2284–2300  

    Côté GL (2009) Acceptor products of alternansucrase 
with gentiobiose. Production of novel oligosaccha-
rides for food and feed and elimination of bitterness. 
Carbohydr Res 344:187–190  

     Courtois J (2009) Oligosaccharides from land plants and 
algae: production and applications in therapeutics and 
biotechnology. Curr Opin Microbiol 12:261–273  

        Crittenden RG, Playne MJ (1996) Production, properties 
and applications of food-grade oligosaccharides. 
Trends Food Sci Technol 7:353–361  

   da Silva AF, García-Fraga B, López-Seijas J, Sieiro C 
(2014) Characterization and optimization of heterolo-
gous expression in  Escherichia coli  of the chitinase 
encoded by the chiA gene of  Bacillus halodurans  
C-125. Process Biochem 49:1622–1629  

    Davies G, Henrissat B (1995) Structures and mechanisms 
of glycosyl hydrolases. Structure 3:853–859  

    Davies GJ, Wilson KS, Henrissat B (1997) Nomenclature 
for sugar-binding subsites in glycosyl hydrolases. 
Biochem J 321:557–559  

    de Abreu MA, Alvaro-Benito M, Plou FJ, Fernandez- 
Lobato M, Alcalde M (2011) Screening beta- 
fructofuranosidases mutant libraries to enhance the 
transglycosylation rates of beta-(2 → 6) fructooligo-
saccharides. Comb Chem High Throughput Screening 
14:730–738  

    Del Valle EMM (2004) Cyclodextrins and their uses: a 
review. Process Biochem 39:1033–1046  

     Dominguez A, Rodrigues L, Lima N, Teixeira J (2014) An 
overview of the recent developments on fructooligo-
saccharide production and applications. Food Bioproc 
Technol 7:324–337  

    Du Y, Shi P, Huang H, Zhang X, Luo H, Wang Y, Yao B 
(2013) Characterization of three novel thermophilic 
xylanases from  Humicola insolens  Y1 with applica-
tion potentials in the brewing industry. Bioresour 
Technol 130:161–167  

   Duan KJ, Sheu DC, Lin CT (1995) Transglucosylation of 
a fungal alpha-glucosidase. The enzyme properties 
and correlation of isomaltooligosaccharide produc-
tion. Ann N Y Acad Sci 31:750:325-328  

    Endo T, Koizumi S, Tabata K, Ozaki A (2000) Large-scale 
production of CMP-NeuAc and sialylated oligosac-
charides through bacterial coupling. Appl Microbiol 
Biotechnol 53:257–261  

     Feng HY, Drone J, Hoffmann L, Tran V, Tellier C, Rabiller 
C, Dion M (2005) Converting a β-glycosidase into a 
β-transglycosidase by directed evolution. J Biol Chem 
280:37088–37097  

    Fernández-Arrojo L, Marín D, Gómez De Segura A, 
Linde D, Alcalde M, Gutiérrez-Alonso P, Ballesteros 
A (2007) Transformation of maltose into prebiotic iso-
maltooligosaccharides by a novel α-glucosidase from 
 Xantophyllomyces dendrorhous . Process Biochem 
42:1530–1536  

    Fraser-Reid B, Wu Z, Udodong UE, Ottosson H (1990) 
Armed/disarmed effects in glycosyl donors: rational-
ization and sidetracking. J Organ Chem 
55:6068–6070  

    Fujimoto Y, Hattori T, Uno S, Murata T, Usui T (2009) 
Enzymatic synthesis of gentiooligosaccharides by 
transglycosylation with β-glycosidases from 
 Penicillium multicolor . Carbohydr Res 344:972–978  

     Ganaie MA, Gupta US, Kango N (2013) Screening of bio-
catalysts for transformation of sucrose to fructooligo-
saccharides. J Mol Catal B Enzym 97:12–17  

    Ganaie MA, Rawat HK, Wani OA, Gupta US, Kango N 
(2014) Immobilization of fructosyltransferase by chi-
tosan and alginate for effi cient production of fructooli-
gosaccharides. Process Biochem 49:840–844  

    Gänzle MG (2012) Enzymatic synthesis of galacto- 
oligosaccharides and other lactose derivatives (hetero- 
oligosaccharides) from lactose. Int Dairy J 
22:116–122  

    Gaur R, Pant H, Jain R, Khare SK (2006) Galacto- 
oligosaccharide synthesis by immobilized  Aspergillus 
oryzae  β-galactosidase. Food Chem 97:426–430  

    Goffi n D, Delzenne N, Blecker C, Hanon E, Deroanne C, 
Paquot M (2011) Will isomalto-oligosaccharides, a 
well-established functional food in Asia, break 
through the European and American market? The sta-
tus of knowledge on these prebiotics. Crit Rev Food 
Sci Nutr 51:394–409  

    Goo BG, Hwang YJ, Park JK (2014)  Bacillus thuringien-
sis : a specifi c gamma-cyclodextrin producer strain. 
Carbohydr Res 386:12–17  

    Goulas T, Goulas A, Tzortzis G, Gibson GR 
(2009) Expression of four beta-galactosidases from 
 Bifi dobacterium bifi dum  NCIMB41171 and their con-
tribution on the hydrolysis and synthesis of galactooli-
gosaccharides. Appl Microbiol Biotechnol 
84:899-907  

    Han WC, Byun SH, Kim MH, Sohn EH, Lim JD, Um BH, 
Jang KH (2009) Production of lactosucrose from 
sucrose and lactose by a levansucrase from  Zymomonas 
mobilis . J Microbiol Biotechnol 19:1153–1160  

    Han NS, Kim TJ, Park YC, Kim J, Seo JH (2012) 
Biotechnological production of human milk oligosac-
charides. Biotechnol Adv 30:1268–1278  

2 Enzyme Engineering for Oligosaccharide Biosynthesis



28

    Hancock SM, Vaughan MD, Withers SG (2006) 
Engineering of glycosidases and glycosyltransferases. 
Curr Opin Chem Biol 10:509–519  

     Hansson T, Kaper T, van Der Oost J, de Vos WM, 
Adlercreutz P (2001) Improved oligosaccharide syn-
thesis by protein engineering of beta-glucosidase CelB 
from hyperthermophilic  Pyrococcus furiosus . 
Biotechnol Bioeng 73:203–210  

    Hayashi S, Yoshiyama T, Fujii N, Shinohara S (2000) 
Production of a novel syrup containing neofructo- 
oligosaccharides by the cells of  Penicillium citrinum . 
Biotechnol Lett 22:1465–1469  

    Henze M, You DJ, Kamerke C, Hoffmann N, Angkawidjaja 
C, Ernst S, Pietruszka J, Kanaya S, Elling L (2014) 
Rational design of a glycosynthase by the crystal 
structure of beta-galactosidase from  Bacillus circulans  
(BgaC) and its use for the synthesis of 
N-acetyllactosamine type 1 glycan structures. J 
Biotechnol 191:78–85  

    Hernandez-Hernandez O, Marin-Manzano MC, Rubio 
LA, Moreno FJ, Sanz ML, Clemente A (2012) 
Monomer and linkage type of galacto- oligosaccharides 
affect their resistance to ileal digestion and prebiotic 
properties in rats. J Nutr 142:1232–1239  

    Hernot DC, Boileau TW, Bauer LL, Middelbos IS, 
Murphy MR, Swanson KS, Fahey GC (2009) In vitro 
fermentation profi les, gas production rates, and micro-
biota modulation as affected by certain fructans, 
galactooligosaccharides, and polydextrose. J Agric 
Food Chem 57:1354–1361  

      Homaei A, Sariri R, Vianello F, Stevanato R (2013) 
Enzyme immobilization: an update. J Chem Biol 
6:185–205  

    Honda Y, Kitaoka M (2006) The fi rst glycosynthase 
derived from an inverting glycoside hydrolase. J Biol 
Chem 281:1426–1431  

    Honda Y, Kitaoka M, Hayashi K (2004) Reaction mecha-
nism of chitobiose phosphorylase from  Vibrio proteo-
lyticus : identifi cation of family 36 glycosyltransferase 
in Vibrio. Biochem J 377:225–232  

    Honda Y, Fushinobu S, Hidaka M, Wakagi T, Shoun H, 
Taniguchi H, Kitaoka M (2008) Alternative strategy 
for converting an inverting glycoside hydrolase into a 
glycosynthase. Glycobiology 18:325–330  

    Ishii T, Tobita T (1993) Structural characterization of fer-
uloyl oligosaccharides from spinach-leaf cell walls. 
Carbohydr Res 248:179–190  

    Ishikawa M, Koizumi S (2010) Microbial production of 
N-acetylneuraminic acid by genetically engineered 
 Escherichia coli . Carbohydr Res 345:2605–2609  

     Ji ES, Park NH, Oh DK (2005) Galacto-oligosaccharide 
production by a thermostable recombinant 
β-galactosidase from  Thermotoga maritima . World J 
Microbiol Biotechnol 21:759–764  

     Katapodis P, Christakopoulos P (2008) Enzymic produc-
tion of feruloyl xylo-oligosaccharides from corn cobs 
by a family 10 xylanase from  Thermoascus aurantia-
cus . LWT Food Sci Technol 41:1239–1243  

    Kim YS, Oh DK (2012) Lactulose production from lac-
tose as a single substrate by a thermostable cellobiose 
2-epimerase from  Caldicellulosiruptor saccharolyti-
cus . Bioresour Technol 104:668–672  

     Kim S-K, Rajapakse N (2005) Enzymatic production and 
biological activities of chitosan oligosaccharides 
(COS): a review. Carbohydr Polym 62:357–368  

    Kim YW, Lee SS, Warren RA, Withers SG (2004) Directed 
evolution of a glycosynthase from  Agrobacterium sp . 
increases its catalytic activity dramatically and 
expands its substrate repertoire. J Biol Chem 
279:42787–42793  

    Kim Y-S, Park C-S, Oh D-K (2006) Lactulose production 
from lactose and fructose by a thermostable 
β-galactosidase from  Sulfolobus solfataricus . Enzym 
Microb Technol 39:903–908  

    Kitaoka M, Honda Y, Hidaka M, Fushinobu S (2008) 
Strategy for converting an inverting glycoside hydro-
lase into a glycosynthase. In: Park KH (ed) 
Carbohydrate-active enzymes. Woodhead Publishing, 
Cambridge, UK, pp 193–205  

   Kittl R, Withers SG (2010) New approaches to enzymatic 
glycoside synthesis through directed evolution.
Carbohydr Res 345:1272–1279  

   Klein MP, Fallavena LP, Schöffer JN, Ayub MA, Rodrigues 
RC, Ninow JL, Hertz PF (2013) High stability of 
immobilized β-D-galactosidase for lactose hydrolysis 
and galactooligosaccharides synthesis. Carbohydr 
Polym 95:465-70  

    Koizumi S, Endo T, Tabata K, Nagano H, Ohnishi J, Ozaki 
A (2000) Large-scale production of GDP- fucose and 
Lewis X by bacterial coupling. J Ind Microbiol 
Biotechnol 25:213–217  

    Kuroiwa T, Noguchi Y, Nakajima M, Sato S, Mukataka S, 
Ichikawa S (2008) Production of chitosan oligosac-
charides using chitosanase immobilized on amylose- 
coated magnetic nanoparticles. Process Biochem 
43:62–69  

      Lafraya A, Sanz-Aparicio J, Polaina J, Marin-Navarro J 
(2011) Fructo-oligosaccharide synthesis by mutant 
versions of  Saccharomyces cerevisiae  invertase. Appl 
Environ Microbiol 77:6148–6157  

     Lairson LL, Henrissat B, Davies GJ, Withers SG (2008) 
Glycosyltransferases: structures, functions, and mech-
anisms. Annu Rev Biochem 77:521–555  

    Lasseur B, Schroeven L, Lammens W, Le Roy K, 
Spangenberg G, Manduzio H, Van den Ende W (2009) 
Transforming a fructan: fructan 6G-fructosyltransferase 
from perennial ryegrass into a sucrose: sucrose 
1- fructosyltransferase. Plant Physiol 149:327–339  

    Lee MS, Cho SK, Eom HJ, Kim SY, Kim TJ, Han NS 
(2008) Optimized substrate concentrations for produc-
tion of long-chain isomaltooligosaccharides using 
dextransucrase of  Leuconostoc mesenteroides  
B-512F. J Microbiol Biotechnol 18:1141–1145  

     Lee YS, Zhou Y, Park DJ, Chang J, Choi YL (2013) beta- 
cyclodextrin production by the cyclodextrin glucano-
transferase from  Paenibacillus illinoisensis  ZY-08: 

D. Talens-Perales et al.



29

cloning, purifi cation, and properties. World J 
Microbiol Biotechnol 29:865–873  

    Leemhuis H, Kelly R, Dijkhuizen L (2010) Engineering 
of cyclodextrin glucanotransferases and the impact for 
biotechnological applications. Appl Microbiol 
Biotechnol 85:823–835  

    Li L, Zhu Y, Huang Z, Jiang Z, Chen W (2007a) 
Immobilization of the recombinant xylanase B (XynB) 
from the hyperthermophilic  Thermotoga maritima  on 
metal-chelate Eupergit C 250L. Enzym Microb 
Technol 41:278–285  

        Li Z, Wang M, Wang F, Gu Z, Du G, Wu J, Chen J (2007b) 
γ-Cyclodextrin: a review on enzymatic production and 
applications. Appl Microbiol Biotechnol 77:245–255  

    Li C, Ahn H-J, Kim J-H, Kim Y-W (2014) 
Transglycosylation of engineered cyclodextrin glu-
canotransferases as O-glycoligases. Carbohydr Polym 
99:39–46  

    Linde D, Rodriguez-Colinas B, Estevez M, Poveda A, 
Plou FJ, Fernandez Lobato M (2012) Analysis of neo-
fructooligosaccharides production mediated by the 
extracellular beta-fructofuranosidase from 
 Xanthophyllomyces dendrorhous . Bioresour Technol 
109:123–130  

    Liu C-L, Lan C-Y, Fu C-C, Juang R-S (2014) Production 
of hexaoligochitin from colloidal chitin using a chitin-
ase from  Aeromonas schubertii . Int J Biol Macromol 
69:59–63  

       Lombard V, Golaconda Ramulu H, Drula E, Coutinho 
PM, Henrissat B (2014) The carbohydrate-active 
enzymes database (CAZy) in 2013. Nucleic Acids Res 
42:D490–D495  

     Maalej-Achouri I, Guerfali M, Gargouri A, Belghith H 
(2009) Production of xylo-oligosaccharides from 
agro-industrial residues using immobilized 
 Talaromyces thermophilus  xylanase. J Mol Catal B 
Enzym 59:145–152  

    Macfarlane GT, Steed H, Macfarlane S (2008) Bacterial 
metabolism and health-related effects of galacto- 
oligosaccharides and other prebiotics. J Appl 
Microbiol 104:305–344  

    Mackenzie LF, Wang Q, Warren RAJ, Withers SG (1998) 
Glycosynthases: mutant glycosidases for oligosaccha-
ride synthesis. J Am Chem Soc 120:5583–5584  

    Malet C, Planas A (1998) From beta-glucanase to beta- 
glucansynthase: glycosyl transfer to alpha-glycosyl 
fl uorides catalyzed by a mutant endoglucanase lacking 
its catalytic nucleophile. FEBS Lett 440:208–212  

    Manisseri C, Gudipati M (2010) Bioactive xylo- 
oligosaccharides from wheat bran soluble polysaccha-
rides. LWT Food Sci Technol 43:421–430  

     Marín-Navarro J, Talens-Perales D, Oude-Vrielink A, 
Cañada F, Polaina J (2014) Immobilization of thermo-
stable β-galactosidase on epoxy support and its use for 
lactose hydrolysis and galactooligosaccharides bio-
synthesis. World J Microbiol Biotechnol 30:989–998  

    Mark BL, Vocadlo DJ, Knapp S, Triggs-Raine BL, 
Withers SG, James MNG (2001) Crystallographic evi-

dence for substrate-assisted catalysis in a bacterial 
β-hexosaminidase. J Biol Chem 276:10330–10337  

    Martinez EA, Boer H, Koivula A, Samain E, Driguez H, 
Armand S, Cottaz S (2012) Engineering chitinases for 
the synthesis of chitin oligosaccharides: catalytic 
amino acid mutations convert the GH-18 family gly-
coside hydrolases into transglycosylases. J Mol Catal 
B Enzym 74:89–96  

    Martinez-Villaluenga C, Cardelle-Cobas A, Olano A, 
Corzo N, Villamiel M, Jimeno ML (2008) Enzymatic 
synthesis and identifi cation of two trisaccharides pro-
duced from lactulose by transgalactosylation. J Agric 
Food Chem 56:557–563  

    Mateo C, Palomo JM, Fernandez-Lorente G, Guisan JM, 
Fernandez-Lafuente R (2007) Improvement of enzyme 
activity, stability and selectivity via immobilization 
techniques. Enzym Microb Technol 40:1451–1463  

    Millqvist-Fureby A, MacManus DA, Davies S, Vulfson 
EN (1998) Enzymatic transformations in supersatu-
rated substrate solutions: II. Synthesis of disaccha-
rides via transglycosylation. Biotechnol Bioeng 
60:197–203  

    Monsan P, Ouarné F (2009) Oligosaccharides derived 
from sucrose. In: Charalampopoulos D, Rastall R 
(eds) Prebiotics and probiotics science and technol-
ogy. Springer, New York, pp 293–336  

    Moon I-S, Cho G (1997) Production of maltooligosaccha-
rides from starch and separation of maltopentaose by 
adsorption of them on activated carbon (I). Biotechnol 
Bioprocess Eng 2:19–22  

    Moreno FJ, Montilla A, Villamiel M, Corzo N, Olano A 
(2014) Analysis, structural characterization, and bio-
activity of oligosaccharides derived from lactose. 
Electrophoresis 35:1519–1534  

    Mu W, Chen Q, Wang X, Zhang T, Jiang B (2013) Current 
studies on physiological functions and biological pro-
duction of lactosucrose. Appl Microbiol Biotechnol 
97:7073–7080  

    Mutanda T, Mokoena MP, Olaniran AO, Wilhelmi BS, 
Whiteley CG (2014) Microbial enzymatic production 
and applications of short-chain fructooligosaccharides 
and inulooligosaccharides: recent advances and current 
perspectives. J Ind Microbiol Biotechnol 41:893–906  

     Nakai H, Kitaoka M, Svensson B, Ohtsubo KI (2013) 
Recent development of phosphorylases possessing 
large potential for oligosaccharide synthesis. Curr 
Opin Chem Biol 17:301–309  

   Ning Y, Wang J, Chen J, Yang N, Jin Z, Xu X 
(2010) Production of neo-fructooligosaccharides 
using free-whole-cell biotransformation by 
 Xanthophyllomyces dendrorhous . Bioresour Technol 
101:7472-7478  

    Nishimoto M, Kitaoka M (2007) Practical preparation of 
lacto-N-biose I, a candidate for the bifi dus factor in 
human milk. Biosci Biotechnol Biochem 
71:2101–2104  

    Osanjo G, Dion M, Drone J, Solleux C, Tran V, Rabiller 
C, Tellier C (2007) Directed evolution of the alpha-L- 

2 Enzyme Engineering for Oligosaccharide Biosynthesis



30

fucosidase from  Thermotoga maritima  into an alpha-
L- transfucosidase. Biochemistry 46:1022–1033  

    Otaka K (2006) Functional oligosaccharide and its new 
aspect as immune modulation. J Biol Macromol 
6:3–9  

    Paixão SM, Teixeira PD, Silva TP, Teixeira AV, Alves L 
(2013) Screening of novel yeast inulinases and further 
application to bioprocesses. New Biotechnol 
30:598–606  

     Panesar PS, Kumari S, Panesar R (2010) Potential appli-
cations of immobilized β-galactosidase in food pro-
cessing industries. Enzyme Res 27:473137  

  Panesar PS, Kumari S (2011) Lactulose: production, puri-
fi cation and potential applications. Biotechnol Adv 
29:940–948  

     Park A-R, Oh D-K (2010) Galacto-oligosaccharide pro-
duction using microbial β-galactosidase: current state 
and perspectives. Appl Microbiol Biotechnol 
85:1279–1286  

    Park S, Gildersleeve JC, Blixt O, Shin I (2013) 
Carbohydrate microarrays. Chem Soc Rev 
42:4310–4326  

     Patel S, Goyal A (2011) Functional oligosaccharides: pro-
duction, properties and applications. World J 
Microbiol Biotechnol 27:1119–1128  

      Placier G, Watzlawick H, Rabiller C, Mattes R (2009) 
Evolved beta-galactosidases from  Geobacillus stearo-
thermophilus  with improved transgalactosylation 
yield for galacto-oligosaccharide production. Appl 
Environ Microbiol 75:6312–6321  

     Porras-Domínguez JR, Ávila-Fernández Á, Rodríguez- 
Alegría ME, Miranda-Molina A, Escalante A, 
González-Cervantes R, López Munguía A (2014) 
Levan-type FOS production using a  Bacillus licheni-
formis  endolevanase. Process Biochem 49:783–790  

    Prasad S, Dhiman RK, Duseja A, Chawla YK, Sharma A, 
Agarwal R (2007) Lactulose improves cognitive func-
tions and health-related quality of life in patients with 
cirrhosis who have minimal hepatic encephalopathy. 
Hepatology 45:549–559  

     Ramakrishnan B, Qasba PK (2002) Structure-based 
design of beta 1,4-galactosyltransferase I (beta 4Gal- 
T1) with equally effi cient 
N-acetylgalactosaminyltransferase activity: point 
mutation broadens beta 4Gal-T1 donor specifi city. J 
Biol Chem 277:20833–20839  

    Ramakrishnan B, Boeggeman E, Qasba PK (2005) 
Mutation of arginine 228 to lysine enhances the gluco-
syltransferase activity of bovine beta-1,4- 
galactosyltransferase I. Biochemistry 44:3202–3210  

    Raman R, Raguram S, Venkataraman G, Paulson JC, 
Sasisekharan R (2005) Glycomics: an integrated sys-
tems approach to structure-function relationships of 
glycans. Nat Methods 2:817–824  

    Ritsema T, Hernandez L, Verhaar A, Altenbach D, Boller T, 
Wiemken A, Smeekens S (2006) Developing fructan- 
synthesizing capability in a plant invertase via muta-
tions in the sucrose-binding box. Plant J 48:228–237  

    Rodrigues RC, Ortiz C, Berenguer-Murcia A, Torres R, 
Fernandez-Lafuente R (2013) Modifying enzyme 
activity and selectivity by immobilization. Chem Soc 
Rev 42:6290–6307  

    Rodriguez-Colinas B, de Abreu MA, Fernandez-Arrojo L, 
de Beer R, Poveda A, Jimenez-Barbero J, Haltrich D, 
Ballesteros-Olmo AO, Fernandez-Lobato M, Plou FJ 
(2011) Production of galacto-oligosaccharides by the 
β-Galactosidase from  Kluyveromyces lactis : compara-
tive analysis of permeabilized cells versus soluble 
enzyme. J Agric Chem 59:10477–10484  

    Rodriguez-Diaz J, Monedero V, Yebra MJ (2011) 
Utilization of natural fucosylated oligosaccharides by 
three novel alpha-L-fucosidases from a probiotic 
 Lactobacillus casei  strain. Appl Environ Microbiol 
77:703–705  

    Roos YH (2009) Solid and liquid states of lactose. In: 
McSweeney P, Fox PF (eds) Advanced dairy chemis-
try. Springer, New York, pp 17–33  

    Rycroft CE, Jones MR, Gibson GR, Rastall RA (2001) 
Fermentation properties of gentio-oligosaccharides. 
Lett Appl Microbiol 32:156–161  

    Sabater-Molina M, Larque E, Torrella F, Zamora S (2009) 
Dietary fructooligosaccharides and potential benefi ts 
on health. J Physiol Biochem 65:315–328  

   Samala A, Srinivasan R, Yadav M (2015) Comparison of 
xylo-oligosaccharides production by autohydrolysis 
of fi bers separated from ground corn fl our and 
DDGS. Food Bioprod Process 94:354–364  

    Samanta AK, Jayapal N, Kolte AP, Senani S, Sridhar M, 
Suresh KP, Sampath KT (2012) Enzymatic production 
of xylooligosaccharides from alkali solubilized xylan 
of natural grass ( Sehima nervosum ). Bioresour 
Technol 112:199–205  

    Schroeven L, Lammens W, Van Laere A, Van den Ende W 
(2008) Transforming wheat vacuolar invertase into a 
high affi nity sucrose: sucrose 1-fructosyltransferase. 
New Phytol 180:822–831  

    Schuster-Wolff-Bühring R, Fischer L, Hinrichs J (2010) 
Production and physiological action of the disaccha-
ride lactulose. Int Dairy J 20:731–741  

    Sheldon RA, van Pelt S (2013) Enzyme immobilisation in 
biocatalysis: why, what and how. Chem Soc Rev 
42:6223–6235  

    Singh M, Sharma R, Banerjee UC (2002) Biotechnological 
applications of cyclodextrins. Biotechnol Adv 
20:341–359  

    Song J, Imanaka H, Imamura K, Minoda M, Katase 
T, Hoshi Y, Yamaguchi S, Nakanishi K (2011) Cloning 
and expression of a β-galactosidase gene 
of  Bacillus circulans . Biosci Biotechnol Biochem 
75:1194-1197   

  Szymanski CM, Wren BW (2005) Protein glycosylation 
in bacterial mucosal pathogens. Nat Rev Microbiol 
3:225–237  

    Tanriseven A, Doğan Ş (2002) Production of isomalto- 
oligosaccharides using dextransucrase immobilized in 
alginate fi bres. Process Biochem 37:1111–1115  

D. Talens-Perales et al.



31

    Terada Y, Yanase M, Takata H, Takaha T, Okada S (1997) 
Cyclodextrins are not the major cyclic alpha-1,4- glucans 
produced by the initial action of cyclodextrin glucano-
transferase on amylose. J Biol Chem 272:15729–15733  

          Torres DPM, Gonáalves M d P, Teixeira JA, Gonáalves M d 
P, Rodrigues L g R (2010) Galacto-oligosaccharides: 
production, properties, applications, and signifi cance as 
prebiotics. Compr Rev Food Sci Food Saf 9:438–454  

   Urrutia P, Mateo C, Guisan JM, Wilson L, Illanes A 
(2013) Immobilization of  Bacillus circulans  
β-galactosidase and its application in the synthesis of 
galacto-oligosaccharides under repeated-batch opera-
tion. Biochem Eng J 77:41–48  

    Van den Ende W, Lammens W, Van Laere A, Schroeven L, 
Le Roy K (2009) Donor and acceptor substrate selec-
tivity among plant glycoside hydrolase family 32 
enzymes. Febs J 276:5788–5798  

    Vigants A, Upite D, Scherbaka R, Lukjanenko J, Ionina R 
(2013) An infl uence of ethanol and temperature on 
products formation by different preparations of 
 Zymomonas mobilis  extracellular levansucrase. Folia 
Microbiol 58:75–80  

    Wada J, Honda Y, Nagae M, Kato R, Wakatsuki S, 
Katayama T, Taniguchi H, Kumagai H, Kitaoka M, 
Yamamoto K (2008) 1,2-alpha-l-Fucosynthase: a gly-
cosynthase derived from an inverting alpha- 
glycosidase with an unusual reaction mechanism. 
FEBS Lett 582:3739–3743  

    Wang S-L, Liu C-P, Liang T-W (2012) Fermented and 
enzymatic production of chitin/chitosan oligosaccha-
rides by extracellular chitinases from Bacillus cereus 
TKU027. Carbohydr Polym 90:1305–1313  

    Wang H, Yang R, Hua X, Zhao W, Zhang W (2013) 
Enzymatic production of lactulose and 1-lactulose: 
current state and perspectives. Appl Microbiol 
Biotechnol 97:6167-6180  

         Weijers CAGM, Franssen MCR, Visser GM (2008) 
Glycosyltransferase-catalyzed synthesis of bioactive 
oligosaccharides. Biotechnol Adv 26:436–456  

    Weishaupt M, Eller S, Seeberger PH (2010) Chapter 
Twenty-Two: solid phase synthesis of oligosaccha-
rides. In: Minoru F (ed) Methods in enzymology, vol 
478. Academic, San Diego, pp 463–484  

    Whisner CM, Martin BR, Schoterman MH, Nakatsu 
CH, McCabe LD, McCabe GP, Weaver CM (2013) 
Galacto-oligosaccharides increase calcium 
absorption and gut bifidobacteria in young girls: a 
double-blind cross-over trial. Br J Nutr 
110:1292–1303  

    Wong TS, Roccatano D, Zacharias M, Schwaneberg U 
(2006) A statistical analysis of random mutagenesis 
methods used for directed protein evolution. J Mol 
Biol 355:858–871  

    Wu D, Chen S, Wang N, Chen J, Wu J (2012) Gamma- 
cyclodextrin production using cyclodextrin glycosyl-
transferase from  Bacillus clarkii  7364. Appl Biochem 
Biotechnol 167:1954–1962  

     Wu Y, Yuan S, Chen S, Wu D, Chen J, Wu J (2013) 
Enhancing the production of galacto-oligosaccharides 
by mutagenesis of  Sulfolobus solfataricus  
β-galactosidase. Food Chem 138:1588–1595  

    Yamamoto T, Nishimoto T, Chaen H, Fukuda S (2006) 
Improvement of the enzymatic properties of kojibiose 
phosphorylase from  Thermoanaerobacter brockii  by 
random mutagenesis and chimerization. J Appl 
Glycosci 53:123–129  

   Xu Q, Zheng X, Huang M, Wu M, Yan Y, Pan J, Yang Q, 
Duan CJ, Liu JL, Feng JX (2015) Purifi cation and bio-
chemical characterization of a novel fructofuranosidase 
from  Penicillium oxalicum  with transfructosylating 
activity producing neokestose. Process Biochem 
50:1237–1246    

2 Enzyme Engineering for Oligosaccharide Biosynthesis


	2: Enzyme Engineering for Oligosaccharide Biosynthesis
	2.1	 Introduction
	2.2	 Oligosaccharide Production
	2.2.1	 Enzymatic Hydrolysis of Polysaccharides
	2.2.2	 Enzymatic Synthesis of Oligosaccharides
	2.2.3	 Synthesis of Oligosaccharides with Nonactivated Donors
	2.2.4	 Synthesis of Oligosaccharides with Activated Donors

	2.3	 Enzyme Engineering
	2.3.1	 Directed Evolution
	2.3.2	 Site-Directed Mutagenesis
	2.3.3	 Glycosynthases
	2.3.4	 Enzyme Immobilization for Oligosaccharide Synthesis

	References


