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ABSTRACT: The unique ability of cyclodextrin glycosyltransferase to form
and utilize the cyclic maltooligosaccharide cyclodextrin (CD) makes this
enzyme an attractive catalyst for the synthesis of alkyl glycosides. Here, we
characterize the sugar headgroup elongation of alkyl glucosides (acceptor)
via two transglycosylation reactions from either a linear (maltohexose) or a
cyclic (CD) glycosyl donor. Inclusion complex formation overcomes both
poor substrate solubility and aggregation. We have used pure alkyl
glucosides and αCD as model compounds. The complex between CD and
alkyl glucoside was efficiently used as a substrate. Kinetic and thermodynamic measurements allow the prediction of the optimal
synthesis conditions. This optimum corresponds to the transition between a donor-limiting and an acceptor-limiting regime. The
resulting rational design should lead to the practical development of a cost-efficient industrial synthesis. Our findings with respect
to the importance of complexation should also readily apply to other enzymatic systems.
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1. INTRODUCTION

Alkyl glycosides (AGlys) are biobased, nonionic surfactants
composed of a hydrophobic alkyl chain and a hydrophilic sugar
headgroup derived from renewable resources. AGlys possess
interesting physicochemical properties, combining biodegrad-
ability with chemical stability, and are found, for instance, in
detergents, cosmetics, and protein extraction applications.1

Industrially, the synthesis of such carbohydrate-based surfac-
tants relies entirely on chemical methods (Fischer glycosyla-
tion) involving condensation between a carbohydrate and a
fatty alcohol.2 Despite using renewable raw materials, chemical
methods producing a long sugar head and anomerically pure
AGlys involve, in general, inherently circuitous and expensive
protection and deprotection steps,3,4 which decreases the
attractiveness of the process. Complex mixtures of oligomeric
species composed of alkyl mono-, di-, tri-, and oligoglucopyr-
anosides with C8−C16 long tails are typically obtained.
Alternatively, enzymatic syntheses of AGlys represent an

attractive path to produce anomerically pure AGlys with a
longer carbohydrate part. In principle, two methodologies
could be exploited for the enzymatic glycosylation: reverse
hydrolysis (thermodynamically controlled approach) and
transglycosylation (kinetically controlled approach). So far,
reverse hydrolysis catalyzed by glycosidases is limited to
substrates of moderate size.5 Indeed, efficient synthesis is
prevented by miscibility problems arising from substrate
mixtures of longer alcohols and sugars.6

An effective method to synthesize AGlys containing long
sugar and alkyl chain may be the transglycosylation by action of
the cyclodextrin glucanotransferase (CGTase),7 a member of
the hydrolase family 13.8 This enzyme has the unique ability of
producing and utilizing cyclodextrins (CDs). The cyclic

maltooligosaccharides, consisting of 6 (α), 7 (β), or 8 (ω)
glucose units linked via 1,4 α-glycosidic linkages, are formed
through an intramolecular transglycosylation (cyclization)
reaction from long and linear maltooligosaccharide chains, for
example, starch as a natural substrate. The opposite of
cyclization is the coupling reaction in which a CD molecule
(glycosyl donor) is first cut (linearization) and then transferred
entirely onto an acceptor molecule. This transfer represents an
intermolecular transglycosylation reaction with a bound
glycosyl intermediate (substrate-enzyme complex) as transfer
group. The coupling reaction proceeds via a ternary complex
mechanism9 because both substrates can bind simultaneously
and in random order. In the third reaction type, disproportio-
nation, rearrangement between two linear maltooligosacchar-
ides (donor and acceptor) is achieved by cleaving the linear
sugar donor, thereby forming the transfer but also a leaving
group (coproduct). After the liberation of the coproduct, the
acceptor binds and becomes transglycosylated by the glycosyl
intermediate. Thus, disproportionation proceeds via a sub-
stituted-enzyme mechanism.10 Scheme 1 schematically summa-
rizes the major reactions catalyzed by CGTase. Natively, pure
hydrolysis activity of CGTase is only minor.9

CGTase can usually be used to elongate the sugar
headgroups of alkyl glucosides (AGlu’s) by exploiting the
coupling11 and disproportionation reaction, respectively, using
either cyclic or linear sugars as donor molecules. In both
approaches, using AGlu as the acceptor substrate, a complex
system is obtained as a result of aggregate- and complex-
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forming substrates, respectively. Because AGlu’s are surfactants,
they self-assemble (micelle formation) in aqueous solution
above the critical micelle concentration (CMC). Enzymatically
catalyzed synthesis is often hampered by self-assembling
substrates because of decreased monomer availability.12 The
addition of organic solvent is frequently employed with the
purpose of increasing the monomer availability of poorly
dissolved and aggregating substrates, respectively. However,
enzyme stability and activity often suffer from the presence of
organic solvents, with the consequence of enzyme inactiva-
tion.13 An attractive alternative among reaction additives,
enhancing the dissolved substrate form, is the use of CDs in
enzymatic reactions.14 Because of their nature, CDs are benign
to enzymes and the environment. The principle behind
substrate solubilization with CDs is based on inclusion
complexation between the guest molecule (substrate) and the
CD.15 As a drawback, the complexed substrate may become
inert for enzymatic catalysis. Both decrease and increase in
enzymatic conversion have been reported when using a CD as
the solubilizing additive.15−19

Complex formation between a guest molecule and CDs has
been studied intensively.20−23 There are many applications in
which complexation is exploited: for example, aroma complex-
ation and slow release, stabilization of flavors, for odor removal
and perfume carrier, in pharmaceuticals for drug protection, in
membrane protein science, and many more.24−26 The complex-
ation between CDs and AGlu’s has also been intensively
studied in the field of physical chemistry.27 Among those, Casu
and co-workers28 provided one of the earlier studies on
formation, structure, and properties of CD−AGlu complexes
(CD:AGlu). As a result of the hydrophobic cavity of the conical
cylinder, nonpolar guest molecules can be encapsulated by
CDs. Several interactions are involved to form such a “host−
guest” inclusion complex. All of them are weak interactions,
strong enough for complexation (with water displacement by
the guest molecule in the cavity as the main driving force), but
also weak enough to allow the release of the guest molecule.20

Thus, complexation is a dynamic equilibrium process
established between dissociated and associated species ex-

pressed by the equilibrium association constant, KA. For AGlu’s
with long alkyl chains, complexes with stoichiometry larger than
one were detected.29 In addition to creating different substrate
species, in free and complexed forms, complexation stands in
direct competition to micelle formation, and it was thus found
that in a CD/AGlu aqueous system, the CMC is shifted
(equilibrium shift) directly dependent on the amount of CD
added.27 In the presence of CDs the critical association
concentration (CAC) is then determining micelle formation.
So far, mainly alkyl maltosides have been used as starting

material because they possess better solubility and reactivity
than AGlu’s. Promising results were obtained by Zehentgruber
at al.30 in elongating the maltose headgroup of dodecyl-β-D-
maltoside (C12G2) by applying an excess amount of αCD.
This system combines the complexation process with CD as
solubilization agent and being an actual substrate. Nonetheless,
because of the process of complexation, different molecular
(substrate) species are formed, and their reactivity is unknown.
For industrial applications, AGlu’s are much more attractive
because they constitute a less expensive precursor as they are
more easily synthesized. In addition, an excess amount of CDs
as donor needs to be avoided if not even replaced by less
expensive alternatives. With this article, we provide a rational
design for AGly synthesis with quantitative analysis of
mechanisms and kinetics, which condenses into a model
predicting optimal synthesis conditions. In addition, because
CGTase was found to accept guest−CD complexes as
substrate, this system could be applied to transglycosylate
different hydrophobic compounds.

2. EXPERIMENTAL SECTION
Bacillus macerans cyclodextrin glucanotransferase (CGTase, EC
2.4.1.19) was kindly provided by Amano Enzyme Europe Ltd.
(Oxfordshire, UK). N-Octyl-β-D-glucoside (C8G1), N-n-decyl-
(C10G1), and n-dodecyl- (C12G1) were obtained from
Anatrace Inc. (Maumee, OH); and α-cyclodextrin, αCD,
(CAVAMAX W6) was kindly provided by Wacker Chemie
AG (Stuttgart, Germany). Maltohexaose, G6, (purity >90%)
was purchased from Sigma-Aldrich Co. (Sweden). All other
chemicals were of pro-analysis grade from VWR International
(Stockholm, Sweden) if not otherwise stated.

2.1. Enzymatic Reactions. Enzymatic reactions were
performed in 4.5 mL glass vials with 10 mM sodium citrate
buffer, pH 5.2, containing 2 mM CaCl2 placed in a
ThermoMixer (HCL Biotech, Bovenden, Germany) set to 60
°C and 750 rpm. Stock solutions of the substrates were
prepared in the reaction buffer. α-Cyclodextrin solutions were
boiled at 100 °C and kept at 60 °C in the thermoshaker to
ensure solubility during use. The donor (αCD) and the
acceptor (AGlu) concentrations were set by using stock
solutions of αCD and AGlu. First, the respective amount of
αCD was added to the buffer, and second, the respective
amount of C8G1, to obtain a homogeneous mixture. The
reaction mixture was equilibrated for 10 min at 60 °C in a
thermoshaker.
The reaction was started by adding the enzyme solution

(0.1−2 μg/mL). Samples were withdrawn at respective time
intervals with a Hamilton syringe and diluted in 5 mM sodium
hydroxide solution (quenching the enzyme reaction). Reaction
products were subsequently analyzed by UHPLC or HPAEC-
PAD (high-performance anion-exchange chromatography,
pulsed amperometric detector). For the disproportionation
reaction between G6 and other substrates (AGlu’s, αCD, G6)

Scheme 1. Three Reaction Catalyzed by CGTase:
Disproportionation, Coupling and Cyclization (solid lined
boxes)a

aNon-enzymatic processes between the substrate molecules are shown
in dashed boxes. At the critical micelle concentration (CMC) the alkyl
glucoside/glycoside surfactant molecules (blue/blue-orange circle(s)
with black chain) aggregate and form micelles, whereas complexation
occurs when surfactants are complexed by cyclodextrin (orange ring).
In the scheme: each circle represents one glucose unit connected to
another via an O-glycosidic bond.
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the same procedure was applied, but by boiling the substrate
solution prior to the reaction. The specific transglycosylation
activity (U/mg, disproportionation or coupling) was estimated
by the amount (micromoles) of primary product (for example,
octyl-β-D-pentaoside, C8G5, octyl-β-D-heptaoside, C8G7, or
sugars) formed over time (minutes) per amount (milligrams)
of enzyme used.
2.2. UHPLC and HPAEC-PAD Analysis. Alkyl glucosides

and their elongated alkyl glycosides (AGly’s), transglycosylation
products, were analyzed using a Dionex Ultimate 300 UHPLC
(ultra high pressure) system provided with a C-18 reverse
phase column (Acclaim RSCL 120 Å, 2.2 μm, 150 × 2.1 mm)
connected to a charged aerosol detector (CAD) (Dionex, ESA
Corona ultra CAD). The autosampler and column compart-
ment were set to 40 °C, and the post column cooler, to 30 °C.
For sample elution, the initial conditions were composed of
25% (v/v) acetonitrile and 75% acetic acid (aq., 0.1%). Injected
samples were eluted by a linear gradient of 25−95% acetonitrile
within 3 min, followed by 2 min holding time at 95/5 (v/v)
acetonitrile/0.1% acetic acid, 1 min linear gradient back to
initial conditions; and finally, 5 min reconditioning of the
column with the initial conditions of the mobile phase. The
injection volume was set to 5 μL. Peak analysis was performed
using Chromeleon 7 software from Dionex (Thermo Scientific,
Sweden). Because the primary product C8G7 was not
commercially available, a standard curve for C8G7 was made
by in-house production and purification.
Sugar analysis was performed on a HPAEC ICS 5000 DC

Dionex system (Thermo Fischer Scientific Inc.) equipped with
a pulsed amperometric detector ( PAD with a gold working
electrode (Ag/AgCl as reference electrode) and an AS-AP auto
sampler. All eluents were degassed by flushing with helium and
kept constantly under helium pressure. An anion-exchange 250
× 3 mm CarboPac PA 200 column was used at 30 °C, and the
auto sampler temperature was set to 10 °C to suppress possible
residual enzyme activity and product decomposition. The
sample injection volume was set to 10 μL. Eluent A was pure
Milli-Q water, eluent B consisted of 200 mM sodium hydroxide
and 400 mM sodium acetate, and eluent C was 200 mM
sodium hydroxide. The initial mobile phase was composed of
50% A, 5% B, and 45% C (resulting in pH 13.0) at a flow of 0.5
mL/min. Injection samples were eluted by a linear gradient of
B from 5% to 50% and C from 45% to 0% within 20 min,
followed by 5 min isocratic mode and back to initial conditions
within 1 min, followed by 14 min reconditioning. Peaks were
analyzed by Chromeleon 7 software. Identification of the
different carbohydrates was done on the basis of maltose (G2),
maltotriose (G3), maltotetraose (G4), maltohexaose (G6), and
α-cyclodextrin (αCD) standards. Longer maltooligosaccharides
were identified by their regular elution pattern with respect to
the standards.
2.3. Isothermic Titration Calorimetry (ITC). Isothermic

titration calorimetry was used to determine the association
constant between octyl-β-D-glucoside (C8G1) and α-cyclo-
dextrin (αCD). The calorimetry measurements were performed
at 60 °C with a VP-ITC microcalorimeter from MicroCal
(USA) consisting of a 1.463 mL sample cell and an injector
module with a total syringe volume of ∼295 μL. Under optimal
conditions, this instrument has a high sensitivity and is capable
of detecting in the nanowatts range. After the input of the
experimental parameters (concentration, temperature, injection
volume, amount of injections, etc.) the entire experiment takes
place under computer control. All used solutions were filtered

and degassed prior the ITC measurements. For the measure-
ments, the sample cell was loaded with a buffered C8G1
solution (10 mM sodium citrate buffer, pH 5.2) having a
concentration of 1.2, 0.5, and 0.25 mM, and a buffered 8, 10,
and 20 mM CD solution was titrated into the sample cell. The
ITC experiments consisted thereof of four independent
measurements covering the molar ratio (CD/C8G1) of 0−
1.37, 0−4, 0−8.5, and 0−10.2 by having an initial concentration
ratio (syringe/cell, mM/mM) of 8/1.2, 10/0.5, 10/0.25, and
20/0.5, respectively. The four different sets of concentrations
provided four ranges of molar ratios between CD and C8G1, to
increase precision of the modeling procedure and parameter
determination. Origin software (Origin 7 SR4; OriginLab
Corporation, Northampton, MA) was then used to analyze the
ITC data using two fitting models to calculate association
constant (KA), enthalpy (ΔH), and entropy (ΔS). The one-site
binding model was used mainly to fit the experimental data,
assuming a complex stoichiometry of 1. The sequential binding
model was used to estimate possible 2:1 complex formation.
The dilution heat of injection was subtracted from the total
signal as well as the blank run using only buffer. The
monomeric (αCD and S) and complexed (αCD:S) species
can be expressed with the following scheme:

α α+ ⇌CD S CD:S
KA

The association (equilibrium) constant, KA, of the complex
between αCD and surfactant (S) is then expressed as the
concentration ratio between complex [αCD:S] and the
monomers [αCD] and [S].

α
α

=
·

K
c

[ CD:S]
[ CD] [S]

A

0

Using the general convention, the standard concentration, c0, is
taken as 1 mol·L−1, and the constant, KA, divided by c0 is then
expressed in liters per mole (M−1) in coherence with other
studies.27

3. RESULTS AND DISCUSSION
3.1. Alkyl Glycoside Formation through Disproportio-

nation or Coupling. When using cyclodextrin glucanotrans-
ferase (CGTase), the elongation of the glycosyl headgroup of
alkyl glucosides (AGlus’s) can be achieved by exploiting the
transglycosylation activity of this enzyme. Elongation of
AGlus’s is seen as the enzymatically catalyzed transfer reaction
(transglycosylation) adding glycosyl residues from a sugar
donor to the acceptor molecule, forming alkyl glycosides
(AGly’s). In principle, the two reactions, disproportionation
and coupling, can be used to transglycosylate AGlu’s, utilizing
either linear or cyclic (CD) oligosaccharides as donor substrate.
However, the catalytic rate of the two mechanisms may be
different. In addition, because the two donor substrates have a
very different structure, the binding mode of each one at the
active site of CGTase may also differ. This would cause
divergent elongation patterns, that is, a polydisperse product,
between disproportionation and the coupling reaction.
Whether AGlus’s constitute a reactive substrate for CGTase
has not been previously observed. The natural acceptor
substrate, with highest affinity (Km), is optimally composed of
two to four glucose units.31 Using alkyl maltosides with up to
12-carbon-atom-long chains was shown to be utilized by
CGTase as the acceptor, together with linear sugar donors.32

For AGlus’s, so far, only the complexed form has been studied

ACS Catalysis Research Article

dx.doi.org/10.1021/cs500192q | ACS Catal. 2014, 4, 2623−26342625



in transglycosylation reactions using CGTase to form AGlys.11

We thus investigated the two possibilities to elongate the sugar
headgroup of octyl-β-D-glucoside (C8G1) by the two trans-
glycosylation reactions, using either α-cyclodextrin (αCD) or
maltohexaose (G6) as the glycosyl donor.
For both reactions, transglycosylation products were

observed with a difference in the product pattern (Figure 1).

Interestingly, CGTase was able to convert the monomeric
C8G1 into octyl glycosides, revealing that catalytic binding
occurred. Substituting C8G1 with decyl-β-D-glucoside
(C10G1) also resulted in transglycosylation (see Figure S1 in
the Supporting Information (SI)). As we are showing in section
3.3 below, even dodecyl-β-D-glucoside (C12G1) was used as
the acceptor, which also confirmed that longer-chained AGlus’s
are accepted by CGTase, despite the lack of a maltose
headgroup. In addition, CGTase not only transglycosylated

monomeric C8G1 via disproportionation using the linear donor
G6, it also appeared to convert more than via the coupling
reaction in the presence of complexed C8G1 together with
αCD as the glycosyl donor and complexing agent (compare the
peak height in Figure 1).
The primary coupling product was found to be octyl-β-D-

heptaoside (C8G7) accompanied by minor coproducts, which
resulted from the conversion of the primary product in
subsequent disproportionation reactions. In the primary
coupling step, all six glucose residues of αCD were transferred
onto C8G1, with no release of a complementary product
(leaving group). In a similar study, when CGTase was exposed
to higher αCD and acceptor concentrations, secondary and
ternary coupling but less disproportionation products were
observed.7,11 In the case of C8G1 elongation by disproportio-
nation, several transglycosylation products were formed with
octyl-β-D-pentaoside (C8G5) as the predominant octyl glyco-
side. The formation of multiple transglycosylation products for
disproportionation can be caused by consecutive reaction steps
using the primary product as donor and, in addition, by
multiple binding events of the donor molecule (G6) at the
active site. That C8G5 was, in fact, the primary disproportio-
nation product was confirmed through comparison with the
product pattern when G6 was used as a single substrate, acting
as donor and acceptor simultaneously.
In this experiment, all possible primary sugar products

originated from two G6 substrate molecules. At an early stage
of the reaction, multiple product combinations depended
mainly on the binding mode of G6 at the donor and acceptor
site. As shown in Figure 2A, the main transglycosylation
product found was maltodecanose (G10). In addition to G10,
almost equal amounts of maltose (G2) were formed. To realize
G10 formation, the donor G6 had to bind in such a manner
that a maltotetraose:enzyme complex (E-G4) was formed with
G2 as the leaving group. After this first hydrolysis step with E-
G4 formation, acceptor binding (G6) and its subsequent
transglycosylation (G4 transfer) took place, resulting in G10
release. Hence, in the transglycosylation of C8G1 together with
G6, a G4 residue was transferred onto C8G1, resulting in C8G5
as the primary product and G2 as the leaving group. Because
other initial transglycosylation products were shown to be

Figure 1. Number of glycosyl residues transferred onto C8G1
acceptor represented by the different transglycosylation products from
the disproportionation (top) and coupling (bottom) reaction between
G6 and C8G1 as well as αCD and C8G1, respectively. Similar
substrate concentrations for each reaction were chosen, 20 mM donor
and 5 mM acceptor substrate. The reaction time for the CGTase
Amano (1 μg/mL) was 20 min before the reaction was quenched and
analyzed.

Figure 2. (A) Conversion of G6 into different disproportionation products with maltodecanose (G10) and maltose (G2) as their main
transglycosylation product pair. (B) The preferred binding mode of G6 as donor alongside the donor and acceptor binding site of CGTase is
schematically illustrated. The active site pocket of CGTase is reported to be constructed of a donor binding site, containing seven subsites (−1 to
−7), and an acceptor binding site, consisting of at least two subsites (+1 and +2). The cleavage of the bound donor substrate occurs between subsite
−1 and acceptor subsite +1.33,34 The resulting chain length of the glycosyl−enzyme intermediate (gray circles) and leaving group (black circles) thus
depends on how the donor binds alongside the two binding sites.
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minor (Figure 2A), the predominant binding form of G6
alongside the donor and acceptor site (Figure 2B) to form an
E-G4 complex and a G2 leaving group was defined as the
preferred binding mode.
Apart from the preferred binding mode, only a few other

glycosyl−intermediate transfers were found. For the single
substrate reaction with G6, different combinations between
primary product and leaving group, such as maltononaose (G9)
together with maltotriose (G3) and maltooctaose (G8)
together with G4, were also detected, as shown in Figure 2A.
Surprising, however, was the formation of maltododecanose
(G12). Its creation from the condensation between two G6
molecules would require the action of reverse hydrolysis, which
is very unlikely to occur in aqueous solution. A possible
explanation can be the occurrence of two consecutive reactions
with G10 as an alternative donor. It is worth mentioning that
the G2 leaving group acts as a competitive acceptor substrate in
CGTase-catalyzed reactions.31 Especially with a progressing
reaction time, G2 may participate as an acceptor in consecutive
reaction steps in addition to G6. However, the initial formation
of G3 and G4 indicated, rather, the presence of alternative
binding modes instead of the participation of primary products
(G10 and G2) in consecutive reaction steps. Nonetheless,
although alternative binding modes of G6 were found possible,
the preferred binding of G6 in the active site of CGTase was to
transfer a G4-glycosyl intermediate onto the G6 acceptor,
which is schematically illustrated in Figure 2B. Other
transglycosylation products besides C8G5 seen in Figure 1
were thus likely caused by both alternative donor binding and
consecutive disproportionation steps. On the contrary, the
coproducts in the coupling reaction, which do not possess a
number of sugar residues originating from αCD (plus six)
addition could be formed only through consecutive dispro-
portionation of the primary product C8G7. For αCD, only a
G6-glycosyl intermediate can be formed, since alternative
binding of CD does not occur. Because CD is a cyclic substrate,
a leaving group cannot be formed through a single cleavage site,
and rotation will have no influence on the length of the cleaved
intermediate or on the binding mode.
3.2. Nonaggregated Donor and Acceptor Reactivity.

As discussed above, the linear sugar substrate G6 simulta-
neously acts as the glycosyl donor and acceptor. Consequently,
in the presence of another acceptor, such as the alkyl glucoside
C8G1, both types of acceptors will compete for the same
acceptor subsite. To evaluate the acceptor quality of C8G1
compared with G6, we measured the transglycosylation activity
in the presence and absence of C8G1. In the absence of C8G1,
the formation of G10 over time yielded a total disproportio-
nation rate of 110.0 U/mg of CGTase, whereas by addition of
equal amounts of C8G1, the G6 disproportionation rate
decreased only to ∼82% (90.7 U/mg) (Figure 3). This means
that G6 features roughly 5-fold higher acceptor reactivity than
the C8G1. In other words, using G6 as the donor substrate in
AGly synthesis, only a fraction of it participates in the
elongation of the AGlu sugar headgroup; most of it will form
oligosaccharides, such as G10, instead.
When the donor quality of αCD and G6 was evaluated in a

similar manner, the disproportionation reaction was strongly
favored over the coupling reaction, revealing that the cyclic
donor was much less reactive (18%) than the linear G6 donor
(Figure 3). Thus, in the presence of αCD, the G10 formation
decreased from 110.0 to 89.7 U/mg, and the complementary
G12 formation amounted to 20.3 U/mg. Although different

catalytic rates have been reported for coupling and
disproportionation,9,31,35 the conducted competition experi-
ments were solely dependent on the affinity of the donor
substrates to the donor subsite of CGTase.
The conclusion of this quantitative study on nonaggregated

donor and acceptor reactivity is that the G6 donor constituted a
rather strong, competitive acceptor substrate, thereby decreas-
ing the C8G5 formation rate and yield. Alternatively, the
coupling reaction using αCD offers the advantage of elongating
AGlu without coproduct formation. However, considering the
pure donor performance, linear sugars (e.g., G6) are more
reactive than cyclic ones (e.g., αCD). The requirement of
excess CD in the coupling reaction remains a significant
drawback for an economic process. In addition, G6 is a
nonattractive donor substrate because it is too expensive for
industrial application. A less expensive sugar material such as
maltodextrins may be an attractive alternative to utilize
disproportionation more efficiently. From our disproportiona-
tion studies with G6 (Figure 2), we can deduce that a longer
sugar chain increases the donor potential, whereas the acceptor
potential should decrease. Hence, on the basis of reasoning that
a long sugar chain preferably binds alongside donor and
acceptor sites, maltooligosaccharides (maltodextrins) should act
as a donor substrate. In addition, the AGlu concentration could
be raised to compensate for the poor acceptor quality of AGlu
in disproportionation reactions. The feasibility and consequen-
ces of using AGlu in excess is discussed in the following section,
3.3.

3.3. Disproportionation: Aggregation, Solubility and
Complexation of AGlu in Disproportionation Reactions.
In enzyme-catalyzed reactions, the monomer availability of the
substrate(s) is an essential factor for efficient conversion. Only
a few enzymes are known to utilize aggregates (for example,
micelles) as substrate or even to be activated by interfaces.
Within the class of hydrolases, lipases and phosphorylases are
well-known to adsorb to interfaces,36 but also glycosidases such
as cellulases, are assumed to show interfacial activity.37

In Figure 4, the C8G1 acceptor concentration was increased
to compensate for the competitive effect of G6 toward the

Figure 3. Estimation of the donor and acceptor performance for the
different substrates αCD, G6, and C8G1 with 20 mM G6, αCD, and
C8G1, respectively. Single G6 reaction (G6 + G6) represents the
maximum disproportionation rate (G10 formation, yellow bars).
Donor competition between disproportionation and coupling was
achieved by adding equimolar amounts of αCD to the G6 substrate
(CD + G6); G10 became reduced through formation of G12 (red
bar). In addition to having a good donor quality, G6 also dominated as
the acceptor in the presence of C8G1 (G6 + C8G1). Only a little
formation of AGly (C8G5) was observed (blue bar).
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acceptor site. The reaction rate increased linearly until the
CMC (∼22 mM) of C8G138,39 was reached. The reaction rate
was clearly affected most probably as a result of the formation
of micelles, which caused the monomer concentration to
remain constant and the conversion of C8G1 to stagnate. It has
been reported that hydrophilic enzymes, such as proteases and
glucosidases, do not adsorb to surfactant aggregates and,
therefore, do not accept the micelle form as the substrate.40,41

Another parameter for the monomer availability in an
enzymatic reaction is the solubility of the substrate in that
phase in which the enzyme is active. The CMC and solubility of
alkyl glucosides decreases drastically with a increase in the alkyl
chain length,42 whereas the change in the sugar headgroup has
only minor effects on the CMC.43 For example, the CMC of
C10G1 (∼2 mM) is ∼10-times lower than that of C8G1. Each
ethyl extension of the alkyl chain leads to roughly 10-fold
decrease in CMC, and approximately the same behavior is
observed for the solubility.43 For long-chained AGlus’s, not
only the low CMC but also the solubility will limit their
monomer concentration and, thus, their availability as acceptor
in AGly synthesis. Indeed, when using dodecyl-β-D-glucoside
(C12G1) as an acceptor together with G6 in the disproportio-
nation reaction, hardly any transglycosylation product could be
detected (Figure 5, red line). The addition of 5 mM C12G1
(with a CMC of 0.02 mM) to aqueous buffer resulted in the
formation of an emulsion at 60 °C owing to the poor solubility.
Nonetheless, the few monomers present were converted into
the corresponding dodecyl glycosides, clearly detectable by
HPLC (Figure 5). Again, this confirms, as stated above, that the
single glucose residue and bare hydrocarbon chain does not
hinder binding of long alkyl chain glucosides at the acceptor
site of CGTase.
We then followed the approach of CD addition to form

inclusion complexes together with the surfactant, preventing
micellization and forming instead pseudomonomeric substrate
species. The simple addition of an equal amount of αCD to the
C12G1/G6/water emulsion caused the system to become
homogeneous, representing the solubilization of the surfactant.
As shown in Figure 5 (black line), the soluble complex was

then more efficiently converted by the enzyme using G6 as the
donor. Interestingly, the typical AGly product pattern as seen
for monomeric C8G1 together with G6 (discussed above) also
appeared for the complexed C12G1 acceptor. This indicated
that the complex can be used as an acceptor substrate but not
as a donor. Sugar headgroup elongation via αCD would
predominantly form C12G7, which was found to be produced
very little in the presence of αCD and a complexed acceptor
together with G6 (Figure 5).
Providing a good solubility, the complexed acceptor would

allow a much higher concentration for the reaction compared
with the complexed surfactant. For realizing a cost-effective
process, including an inexpensive (linear) donor and
complexed acceptor substrate, the characterization of the
complex together with its formation and utilization by the
enzyme is required. On the basis of these results, we continued
to investigate the complex as the acceptor substrate. A simpler
system with only one initial donor and acceptor substrate,
however, was experimentally suitable. The use of the coupling
reaction between αCD and C8G1 appeared to be the optimal
model system for this approach.

3.4. Complex Characterization by ITC. Previous studies
have indicated that CD and AGly can form complexes and that
complexation influences the kinetics of CGTase-catalyzed
reactions involving AGly and CD substrates.30 To elucidate
these mechanisms in detail, the formation of inclusion
complexes between αCD and C8G1 was studied separately
under the conditions used in the enzymatic synthesis reactions,
by isothermal titration calorimetry (ITC). The results showed
that the 1:1 complex (αCD:C8G1) was the dominating species.
The association constant (KA) was 972 ± 6 M−1 (see SI, Figure
S2 and Table S1), which is somewhat lower than that reported
in the literature (1700−3680 M−1).23,29,44 This difference was
expected to be caused by using altered experimental conditions
and techniques, respectively. Previous measurements by others
were mainly conducted in pure water or different buffers at 25
°C. Here, we used an aqueous buffer system and a much higher
temperature (60 °C) to simulate the conditions for the
enzymatic reactions. Because association constants between

Figure 4. Effect of monomeric and aggregated acceptor substrate
(octyl-β-D-glucoside, C8G1) on the disproportionation activity of
CGTase. Maltohexaose (G6, depicted as orange circle chain) served as
the donor substrate at a constant concentration of 20 mM. The critical
micelle concentration for C8G1 (circle with zigzag chain) is ∼22
mM37,38 and represents the point at which micelle formation (large
circle with C8G1) occurs; matching the intersection point of the two
linear regressions for monomeric (R2 = 0.99) and mixed (R2 = 0.95)
substrate species. When the C8G1 concentration above the CMC was
increased, a stagnation of the disproportionation activity was observed
(visible as a large change in slope between the two linear fittings).

Figure 5. Increased product formation of CGTase in the presence of
complexed acceptor (top chromatogram) compared with aggregated
(bottom chromatogram) acceptor species. The CMC (0.02 mM) of
dodecyl-β-D-glucoside (C12G1) was shifted by addition of α-
cyclodextrin (αCD). The bottom chromatogram represents a reaction
solution composed of 5 mM C12G1 and 20 mM maltohexaose (G6,
depicted as chain); hardly any product could be detected. The addition
of equimolar concentration (5 mM) of αCD shifted the CMC to ∼5
mM (CAC), and in this case, reactive complexes (top chromatogram)
were produced. For the set conditions, complexes between αCD and
C12G1 were expected to have a stoichiometry of 1.
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CDs and other hydrophobic guest molecules have been shown
to decrease considerably with increasing temperature,45 the
higher temperature is a likely explanation for the discrepancy.
At 25 °C, the formation of a 2:1 complex was reported to occur
to some extent (KA/c0= 64 M−1),46 but in our experiments at
60 °C, it was not found significant. The affinity constant
determines the quantitative relationship between the free and
complexed substrate species at equilibrium. For the following
kinetic measurements, we used the determined KA value and
the assumption of 1:1 complexes for the calculation of each
substrate species and for the general interpretation of the data.
3.5. Effect of Complexation on CGTase Catalysis.

3.5.1. Coupling Reaction: What Is a Good Donor? In the
following kinetic study, we characterized the αCD/C8G1/
CGTase system including the determination of substrate
species reactivity. From the ITC experiment, the thermody-
namic and structural parameters of the complex were extracted
and enabled us to quantify each substrate species at any ratio of
the two added substrates: total αCD and C8G1 (see Tables
S2−4 in the SI). The possible substrate species formed are the
free, noncomplexed form of αCD and C8G1 and the inclusion
complex of both donor and acceptor.
To investigate the donor influence on the coupling activity,

the αCD concentration was varied at a constant C8G1 acceptor
concentration (50 mM). As we can observe from Figure 6A, the
coupling activity featured a non-Michaelis−Menten depend-
ency on the donor concentration. Taking the species’

concentrations (αCD(free), C8G1(free), and complex) into
account, the initial “lag phase” of the sigmoidal activity curve
correlated well with the lack of αCD(free) donor. This suggests
that the process of complexation was consuming the added
αCD as long as the donor concentration was below that of the
surfactant acceptor. As soon as all surfactant tails were saturated
with αCD, no more complexes could be formed, and the
αCD(free) concentration increased together with the coupling
activity. In other words, just below a total donor to acceptor
ratio (αCD/C8G1) of 1/1, corresponding to total 40 mM αCD
and 50 mM C8G1, complexation depleted the reactive (free)
αCD donor. Our calculations showed that only about 7% of the
total αCD remained free (see Table S2 in SI). Approaching an
equal ratio of donor and acceptor, the αCD(free) concentration
increased drastically and correlated well with the coupling
activity (Figure 6A). In contrast, the complexed form of αCD
apparently could not serve as donor substrate. The poor donor
performance of the complex can be explained by considering
the binding interactions of αCD at the donor subsite of
CGTase. For donor binding in addition to certain donor and
acceptor residues, a single tyrosine residue (Tyr195) interacts
with the inner cavity of the αCD molecule,47 resembling a
αCD:TYR complex. If one compares the affinity constant for
αCD:C8G1 with that of αCD and phenylalanine (PHE), which
is similar to tyrosine, the surfactant complex is ∼80-times
stronger than the amino acid complex αCD:PHE.48 Hence, the
surfactant complex αCD:C8G1 will not dissociate to exchange
the thermodynamically more favorable alkyl glucoside guest
molecule for the amino acid tyrosine.
The dependency of the coupling activity on free donor was

clarified by plotting the activity against the calculated
αCD(free) concentration (Figure 6B). A typical Michaelis−
Menten behavior was observed, and apparent kinetic
parameters for αCD(free) were estimated.

3.5.2. Complexed Acceptor Binding As Rate-Limiting Step.
Although free C8G1 was shown (section 3.3) to constitute a
good acceptor, its aggregated form (micelles) did not
contribute to the reaction (Figure 4). In the coupling reaction,
however, most of the C8G1 was present as a complex with
αCD. Consequently, the utilization of the free C8G1 acceptor
in the coupling reaction seemed unlikely because it was present
only at low total αCD/C8G1 ratios, at which αCD(free)
constituted the limiting substrate. Despite its acceptor potential,
C8G1(free) and its contribution to the coupling activity
(Figure 6A) can be assumed to be negligible. Hence, the only
available acceptor in the coupling reaction between αCD and
C8G1 represented the αCD:C8G1 complex. As discussed
above, because of the high association constant of the complex,
the release of αCD(free) and its participation in the catalysis as
donor does not occur; consequently, C8G1 also remained
complexed. We also can exclude that the CGTase binding sites
feature a more thermodynamically favorable environment
(higher binding constant) for the C8G1 molecule than the
hydrophobic αCD cavity. Otherwise, complex dissociation at
the active site could spontaneously occur, and consequently,
complexation would not affect the free donor availability that
drastically, which we have shown to be the case. For these
reasons, we propose that the entire complex binds at the
acceptor subsite, and the complexed C8G1 becomes as such
elongated. That CGTase is able to use surfactants and
complexes as acceptor substrate suggests a loosely defined
substrate specificity of the acceptor binding site, which offers a
high potential for the transglycosylation of other compounds.

Figure 6. Importance of the noncomplexed αCD donor (αCDfree) on
the coupling reaction. (A) Varying the total αCD concentration at
constant C8G1 (50 mM) caused a change in substrate species
(αCD(free); C8G1(free); complex αCD:C8G1) through complex-
ation. (B) When coupling activity was plotted against the calculated
αCD(free) concentration, a typical Michaelis−Menten behavior was
observed, and fitting (R2 = 0.996) resulted in apparent parameters,
with Km = 10.3 ± 2.2 mM and V = 64.4 ± 2.2 U/mg.
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For estimating the complexed acceptor performance, the
αCD(free) concentration was kept constant at 100 mM and the
concentration of total C8G1 was increased (Figure 7A). This

approach enabled a maximal possible coupling activity of 73.8
U/mg at 180/80 (mM/mM) total αCD/C8G1 ratio;
corresponding to an αCD(free)/complex ratio of ∼100/80
(compare Figure 7A,B). Unfortunately, because of the complex
solubility limit, precipitations occurred above 80 mM, which
prevented a further enrichment in soluble acceptor.
Fitting the activity data from Figure 7A as a function of

complex concentrations, an apparent Km value of 82.6 ± 16.0
mM for the complex and theoretical (solubility limited)
maximum coupling activity value of 142.2 ± 16.5 U/mg were
estimated. The rather high apparent Km value of the complex
indicated weak acceptor interactions toward the acceptor
subsite.

Although the complex featured no donor quality, its αCD
part may still interact with the maltose binding sites of CGTase.
The maltose binding sites play an important role in guiding the
substrates (oligosaccharides and CD) into the active site.49 Free
and complexed αCD may compete for the maltose binding
sites, which could be one factor contributing to the rather high
apparent Km values of αCD(free) and complex determined. In
the literature, Km values for free CD are usually determined
with 1−5 mM.9,31,35 For the complex, however, its bulky and
non-native acceptor structure was certainly decisive for its
interactions with the enzyme.
To identify the relative reactivity of the complex, we

compared the transglycosylation activity of CGTase in the
presence and absence of the complexed acceptor. For the
coupling reaction, complexation always occurs, but exploiting
the disproportionation reaction complexation can be initiated
by simple addition of αCD to a G6/C8G1 mixture forming 1:1
complexes (αCD:C8G1). Results of this approach are shown in
Table 1. Without αCD, the transglycosylation activity
amounted to 12.2 U/mg, but as soon as the free acceptor
was converted into a complex, the activity decreased drastically
to only 4.1 U/mg. Because the catalytic sugar residue has not
been altered during complexation, the effect on the rate
constant of the reaction (kcat) might be only minor. We assume
the binding event of the complexed acceptor is the rate
-limiting step. This assumption becomes supported by the fact
that the disproportionation and coupling reaction of CGTase
exhibit a very similar velocity for the complexed acceptor C8G1
(see Table 1). The type of donor, linear or cyclic, and the
glycosyl transfer step seemed thus not to be rate-determining.
For the free αCD donor, we estimated a specificity constant

(kcat/Km) ∼4-fold higher than for the complexed acceptor (see
Table S5 SI). In both reactions, disproportionation and
coupling, activity values (around 4 U/mg) for the complexed
acceptor are ∼3-fold smaller than for the noncomplexed form.
These observations suggest a difference in specificity constant
factor of 3 between the free and complexed C8G1 acceptor,
which is affected mainly by a change in the Michaelis−Menten
constant (Km). This in fact indicates that the complex featured
the overall limiting substrate species in both the coupling and
disproportionation reactions. Nonetheless, the complexed
C8G1 offered significantly higher maximal conversion rates
than the monomer form (free C8G1) because its solubility is
constant and thus available over a much wider concentration
range. The low complex reactivity can simply be counteracted
by increasing its concentration. Doubling its concentration
increased the transglycosylation activity about 2-fold (Table 1).

3.5.3. Acceptor and Donor Limiting Regime. Because of the
intrinsic process of inclusion complex formation between CD
and alkyl glucosides, the reaction system composed of αCD,
C8G1, and CGTase is constituted of free and complexed

Figure 7. Performance of complexed acceptor (αCD:C8G1) in the
coupling reaction at constant αCD(free) concentrations (100 mM).
(A) By varying the total octyl glucoside (C8G1) concentration, the
coupling activity depends only on the αCD:C8G1 concentration. (B)
When coupling activity was plotted against the calculated complex
(αCD:C8G1) concentration, a typical Michaelis−Menten behavior
was observed, and fitting (R2 = 0.991) resulted in apparent parameters,
with Km = 82.6 ± 16.0 mM and V = 142.2 ± 16.5 U/mg.

Table 1. Comparison between Free and Complexed Acceptor Species for the Two Transglycosylation Reactions Catalyzed by
CGTasea

reaction coupling disproportionation

donor + acceptor [mM/mM] αCD + (αCD:C8G1) [20/10] G6 + C8G1 [20/10] G6 + (αCD:C8G1) [20/(10/10)] G6 + (αCD:C8G1) [20/(20/20)]
transgly. activity (U/mg) 4.0 ± 0.7 12.2 ± 0.4 4.1 ± 0.5 9.1 ± 0.4

aFor both reaction mechanisms, coupling and disproportionation, the acceptor complex (αCD:C8G1) resembled the limiting substrate species. The
specific transglycosylation activity is based on the formation of transglycosylated surfactant acceptor; side reactions forming pure sugars, as in
disproportionation, were excluded. Numbers in square brackets indicate the total donor to acceptor ratio (free or complexed). Standard deviation
estimated from N = 3.
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substrates. In the coupling reaction, we identified two substrate
limiting regimes, depending on the ratio of total αCD to C8G1.
When varying the total C8G1 concentration at constant total
αCD, a coupling activity curve exhibiting a bell shape (Figure
8) was obtained. Because αCD and C8G1 form complexes with

a stoichiometry of only 1:1, the amount of C8G1 added to the
system sequestrates equal amounts of free αCD, which is
required for maximum reaction rates. As can be seen in Figure
8, the optimum substrate conditions were found at a total
αCD/C8G1 ratio of 2/1. This also corresponded to the actual
available substrate species ratio of 1/1 between αCD(free) and
the complex. The region at higher total donor-to-acceptor
ratios, in which sufficient donor is available but the reaction
suffers from too little acceptor, was ascribed as the acceptor-
limiting regime. When the coupling activity is suppressed
because of αCD(free) depletion, we refer to the donor-limiting
regime. The donor-limiting regime is obtained when too much
of the C8G1 surfactant is present, which results in total donor/
acceptor ratios lower than 2/1.
The rapid decrease in the coupling activity in the donor-

limiting regime indicated that in addition to the high Km values
(αCD and complex), other competitive events between the free
and complexed substrate form must appear. Complexation itself
is a process in equilibrium between association and dissociation.
This means each complex has a certain lifetime before
dissociation and new complex formation occurs. It was shown
by Haller et al.46,50 that the monomer dissociation rate of the
αCD:C8G1 complex is similar to that of monomer exchange of
C8G1 micelles on the order of 105−107 s−1. In contrast,
previously determined rate constants (kcat) for the coupling and
disproportionation reaction are in the range 200−1500
s−1.9,31,35 The enzymatic reaction is thus several orders of
magnitude slower than the process of complexation. When
assuming a lifetime of a few microseconds for the αCD:C8G1
complex, which is also simular to micelles,51 a single C8G1
guest molecule could complex with a few other αCD(free)
molecules during a single substrate binding event and catalytic
turnover. In other words, within that timeframe, the monomer
exchange is so fast that a single surfactant molecule could
“jump” from one complex to a few other αCD(free) molecules,

thereby altering the binding ability as donor through complex-
ation. This would decrease the apparent concentration of
αCD(free), since a noncomplexed αCD molecule interacting
with the enzyme could be complexed before it has bound and
reacted as free donor. The fast monomer exchange of the
complex may decrease the probability of αCD(free) entering
and binding at the CGTase donor subsite. Of course, this rapid
exchange of guest molecules happens in both donor and
acceptor regimes. At high donor/acceptor ratios, however,
there will still be sufficient αCD(free) remaining, whereas at
low ratios containing higher surfactant concentrations, the
guest molecule exchange becomes essentially more dominant.
This increased temporary “occupation” of αCD(free) would
further contribute to lowering the αCD(free) donor availability.
Hence, the dynamic process of associating and dissociating
complexes not only forms new substrate species but also may
alter substrate species already or about to interact with the
enzyme, especially at low donor/acceptor ratios (donor limiting
regime). A reaction system composed of complexing
compounds, thus, constantly changes the properties of the
substrates from free to complexed and, thereby, their kinetic
parameters (e.g., Km).
In principle, both donor- and acceptor-limiting regimes can

be applied to any suitable surfactant guest molecule used in the
coupling reaction together with CDs. The actual determinants
of the CD/guest/CGTase system are (i) the area available for
inclusion complexation (stoichiometry), such as the hydro-
phobic tail of surfactants, and (ii) the association constant of
the complex. The only requirement for a reactive complex is
that the guest molecule reach the catalytic substrate site of the
enzyme. Obviously, the prerequisite is that the guest molecule
features a suitable sugar moiety to be transglycosylated.
However, if very long chain AGly’s or ligands with multiple
binding areas are to be synthesized, the formation of complexes
with a stoichiometry larger than 1 causes the optimum substrate
composition to be shifted toward higher donor/acceptor ratios.
Consequently, an excess of CD addition is required for
sufficient CD(free), and together with large complexes,
precipitation is expected to occur at much lower concentrations
compared with the αCD/C8G1 system. This constraint,
however, can be reduced by exploiting complexation only as
a process to generate soluble and reactive acceptor complexes
and disproportionation as transglycosylation reaction to
elongate the glycosyl headgroup. Knowing the association
constant, multicomplex formation (stoichiometry larger than 1)
can be avoided by minimal CD supply. The addition of CD as a
pure solubilization agent and exploiting disproportionation as
transglycosylation reaction for the synthesis of AGly’s is
demonstrated in Figure 5 (see section 3.3).
As mentioned earlier, the concept and findings overcome and

explain the limiting factors, such as excess CD addition and
poor acceptor quality of long alkyl chained glucosides. Both
cases can be ascribed to either the acceptor- or donor-limiting
regime. Consequently, the rational design presented in this
article may be directly applied to develop an industrially feasible
process for AGly synthesis from AGlus’s using CD alone or
together with linear sugars. Furthermore, the concept of
limiting regimes on the basis of complexation through CD
addition should be applicable to other systems. The general
applicability of our rational design approach to other enzymatic
systems with respect to exploiting complexation for solubilitza-
tion purposes is discussed in the following section (3.6).

Figure 8. Effect of different donor-to-acceptor substrate ratios on the
coupling activity of CGTase. The maximum coupling activity was
reached at 2/1 total ratio, respectively, an equal donor (free αCD)-to-
acceptor (αCD/C8G1) ratio. The stoichiometry of the complex
(αCD:C8G1 of 1:1) determined the optimal substrate ratio. Each side
of the bell-shaped activity curve was limited by either too little
acceptor complex (acceptor-limiting regime) or free donor (donor-
limiting regime), respectively. The change in substrate species was
achieved by varying the total C8G1 concentration and keeping the
total αCD concentration constant.
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3.6. General Applicability of Limiting Regimes. For
enzymatic reactions, which involve CD addition to increase
substrate concentration, there should exist a region (com-
parable to the acceptor-limiting regime in Figure 8) where the
reaction benefits from the substrate solubilization through
complexation upon CD addition, illustrated in Figure 9 as the

substrate-/solubility-limited regime. After a given threshold (in
Figure 9), however, complexation will affect or even inhibit the
enzymatic reaction, and the complexation limited regime is
reached (comparable to the donor-limiting regime in Figure 8).
Especially for other reaction systems not utilizing CD as an
actual substrate, complexation usually causes enzyme inhib-
ition.18,52,53 However, some enzymes, because of their active
site architecture, may utilize the complex in a manner similar to
what we have reported in this article for CGTase. Thus,
complexation may lead to increased pseudomonomer avail-
ability by forming reactive complexes (scenario 1 in Figure 9)
and thereby changing kinetic parameters. Loṕez-Nicolaś and
co-workers reported that the lipooxygenase catalyzed reaction
resulted in an overall higher conversion upon CD addition.19

Compared with our experiments, they did not cover CD-to-
substrate (polyunsaturated fatty acids) ratios systematically and
studied only a few ratios of different concentrations. Nonethe-
less, the trend was similar to our results, that complexation
affected the Michealis−Menten parameters, presumably
through increased Km values. In the study of lipase-catalyzed
hydrolysis of p-nitrophenol esters, Otero et al.16 compared CD
addition to acetonitrile and concluded that the enzymatic
parameters were not affected substantially in the presence of
CD. One has to mention here that two effects influence the
enzyme kinetics: one is the complexation itself, affecting the Km

of the substrate by altering the structure and eliminating
inhibiting compounds,53 and the other is increased substrate
solubility and monomer availability, respectively, which

eventually should result in higher conversions rates (shown
as a combination of scenarios 1 and 2 in Figure 9).
In addition to CGTase, lipases seemed to accept complexed

substrates well because CD addition has been repeatedly
reported to serve as a conversion promoter for trans-
esterification and hydrolysis reactions.15,16,54,55 A similar bell-
shaped activity behavior dependent on CD addition (com-
parable to scenarios 1 and 3 in Figure 9) was described by
Ávila-Gonzaĺez et al. for the transacylation of butyryl
propranolol (BPP) having a maximal conversion rate at a
modified-βCD/BPP ratio of around 70.56,57 Because complex-
ation data were not collected, it can only be assumed that either
multiple complex formation occurred (BPP may have three
possible complexation sites) or the complex had a rather low
association constant to cause the drastic shift to very high
modified-βCD/BPP ratios. The latter case could be attributed
to the substrate-/solubility-limited regime because CD needs to
be added above equimolar quantities to form complexes
(maximum of bell curve, solid line Figure 9).
An inhibiting effect on the CD/substrate ratio was reported

by Truppo et al.18 when the solubility of bridged bicyclic
ketones was increased using βCD. In contrast to refs 56 and 57,
optimal reaction conditions were found at an equimolar CD-to-
substrate ratio, and increasing the CD/substrate ratio led to
decreased activity. As in our presented CGTase case, acceptor
limitation occurred as a result of complexation. the
ketoreductase used by Truppo et al.18 was inhibited by either
the presence of free βCD or by the complexation-inhibiting
regime, indicating that the complex itself was not a reactive
substrate (compare Figure 9, scenario 4). Another possibility
may be the formation of multiple complexes, which fully cover
the catalytic residues of the substrate, whereas for a complex
with stoichiometry of 1, the residues were still accessible by the
enzyme. Because of the lack of data in Truppo et al.,18 the CD
effect is not assigned unambiguously to either scenario 4 or the
complexation-limited regime in Figure 9. The examples
discussed clearly show that the characterization of substrate
complexation would reveal the nature of the enzyme kinetics by
defining the substrate/solubility and complexation limiting
regimes. This, in turn, may promote the reaction design and
facilitating reaction optimization.
As a summary, when CD is applied solely as a solubilization

agent and not accepted as a substrate by the enzyme, the
complex stoichiometry, monomer substrate solubility, inhibit-
ing effect of free CD, and acceptance of the guest−CD complex
determines the outcome of the reaction. This culminates in the
two general phenomena of substrate/solubility and complex-
ation-limiting regime, as illustrated in Figure 9.

4. CONCLUSION
The enzymatic synthesis of alkyl glycosides from alkyl
glucosides/αCD mixtures catalyzed by CGTase is heavily
influenced by the formation of inclusion complexes between
substrates. Combining kinetic studies of substrate complexation
and enzyme reactions resulted in full characterization of the
system and substrate reactivities. Monomeric AGlus’s served as
the reactive acceptor, whereas their aggregates (micelles)
constituted very poor substrates. Complexing a AGlus with
CD created a less reactive acceptor substrate, as shown by an
increased Km value. Altogether, because of substrate complex-
ation, two limiting regimes were observed for the enzymatic
reaction kinetics: donor-limiting at low CD-to-surfactant ratios
and acceptor-limiting at high CD-to-surfactant ratios. The

Figure 9. Effect of substrate solubilization through complex formation
upon CD addition for enzyme-catalyzed reactions. Four scenarios
related to complexation are illustrated at constant substrate
concentration above solubility. Enzymatic substrate conversion can
be improved when (1) complexation forms a soluble and reactive
complex. The substrate conversion rate increases (2) until enzyme
saturation occurs. Toward large CD-to-substrate ratios (3), complex-
ation can inhibit the reaction. Immediate inhibition and a negative
effect is seen (4) when the complex constitutes a nonreactive
substrate. For examples and explanations, see the text.
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optimum conversion rate depends mainly on the stoichiometry
of the complex formed. At higher complex stoichiometries,
more CD would be needed to obtain optimal conditions at a
1:1 ratio between free donor and complexed acceptor.
For CGTase, high disproportionation rates were determined

for the monomeric AGlu form, whereas for the complexed
AGlu species, both coupling and disproportionation were found
equally fast. We concluded that complexation presents a
process competitive with the enzymatic reaction with the
overall limiting step of enzyme (CD:AGlu) complex formation.
The strong association constant between AGlu and CD shifted
their CMC’s and solubilized the long alkyl chain glucosides. It
also prevented the complexed CD molecule from acting as a
free donor substrate, which enables minimal addition of αCD
solely as a complexation agent. This is advantageous when
using a glycosyl donor other than CD. The (CD:AGlu)
complex can be used only as an acceptor substrate. The
systematic analysis and characterization of the AGlu/CD/
CGTase system resulted in a rational design for AGly synthesis,
facilitating the prediction of optimal conditions for various
AGlus substrates.
Starting from AGlus’s instead of maltosides and linear sugar

donor material should have a dramatic impact on making AGly
synthesis industrially competitive. In addition, if CD is
exploited as complexation agent in solely stoichiometric
amounts, it can be recycled after product purification. This
will therefore contribute to an efficient biocatalysis process.
Furthermore, the impact of complexation on enzymatic
reactions is found in other systems, which readily extends the
scope of this study.
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