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Broad regioselectivity of a-galactosidase from Thermotoga maritima (TmGal36A) is a limiting factor for
application of the enzyme in the directed synthesis of oligogalactosides. However, this property can be
used as a convenient tool in studies of thermodynamics of a glycosidic bond. Here, a novel approach
to energy difference estimation is suggested. Both transglycosylation and hydrolysis of three types of
galactosidic linkages were investigated using total kinetics of formation and hydrolysis of pNP-galacto-
biosides catalysed by monomeric glycoside hydrolase family 36 a-galactosidase from T. maritima, a
retaining exo-acting glycoside hydrolase. We have estimated transition state free energy differences
between the 1,2- and 1,3-linkage (DDG�

0 values were equal 5.34 ± 0.85 kJ/mol) and between 1,6-linkage
and 1,3-linkage (DDG�

0 = 1.46 ± 0.23 kJ/mol) in pNP-galactobiosides over the course of the reaction
catalysed by TmGal36A. Using the free energy difference for formation and hydrolysis of glycosidic
linkages (DDG�

F �DDG�
H), we found that the 1,2-linkage was 2.93 ± 0.47 kJ/mol higher in free energy

than the 1,3-linkage, and the 1,6-linkage 4.44 ± 0.71 kJ/mol lower.
� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In nature, the diversity of glycosidic linkages enables carbohy-
drate structures to have various functions. Synthesis of different
oligosaccharides is required due to varied purposes. Transglycosy-
lation by wild-type retaining glycoside hydrolases still has its place
in the glycobiologist’s armamentarium, as the disadvantages of
alternative technique remain numerous.1 Fully chemical synthesis,
with its cycles of protection and deprotection, requires all the
labour of an initial synthesis to be repeated for each subsequent
one, and on a large scale, toxic waste becomes problematic.2
Enzymic synthesis using glycosyltransferases and nucleotide sugar
donors becomes prohibitively expensive unless elaborate cycles for
donor regeneration are devised.3 Glycosynthases (retaining glyco-
sidases in which the enzyme nucleophile has typically been
mutated to serine)4,5 require a heavy initial investment in molecu-
lar biology with no absolute guarantee of success and glycosyl fluo-
ride substrates of opposite anomeric configuration to the natural
substrates. Wild-type retaining glycosidases thus have their place
in the synthesis of intrasaccharide linkages. To be useful in saccha-
ride synthesis, they should be thermally stable and have a well-
defined +1 site. Subsequent hydrolysis of the product competes
with transformation of the glycosyl donor, so donors with particu-
larly high kcat/Km values should be accessible and stable.

A common problem for glycoside hydrolases is their wide
regioselectivity, which results in a number of products with a
range of linkages. Nevertheless, a number of a-galactosidases have
been studied for their ability to synthesize various oligogalacto-
sides.6–10 To the best of our knowledge, no comparative studies
have been reported on regioselectivity of a-galactosidases in the
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hydrolysis and synthesis of oligogalactosides with all possible
linkages, particularly within the context of determining the rela-
tive thermodynamic stability of the products.

Traditionally, the thermodynamics of glycosidic linkages have
been analysed via hydrolysis reactions, calorimetry yielding
change in enthalpy, DH0 and measurements of positions of hydro-
lytic equilibrium giving change in Gibbs free energy, DG�. Some
early papers report differences between the hydrolysis enthalpies
of a-1,4- and a-1,6-glycosidic linkages,11,12 and more detailed
studies of different oligosaccharide hydrolyses enabled both
enthalpy and entropy changes to be measured.13 In the present
paper, a novel approach to estimation of free energy differences
is suggested. Both transglycosylation and hydrolysis of three types
of a-galactosidic linkages were investigated using total kinetics of
formation and hydrolysis of pNP-galactobiosides catalysed by
monomeric glycoside hydrolase family 36 (GH36) a-galactosidase
from Thermotoga maritima, a retaining exo-acting glycoside hydro-
lase.14 Both enzymatically and chemically synthesized substrates
were used for the complete analysis of regioselectivity and ther-
modynamics of galactosidic bonds.

2. Results and discussion

2.1. Theoretical background

In the well established chemical mechanism,15 the nucleophile
of the a-galactosidase of Thermotoga maritima (GH family 36 in
CAZy; PDB code 1ZY9) has been identified as Asp 327 based on
the ability of the normally inactive Asp327Gly mutant to convert
p-nitrophenyl a-galactopyranoside (pNPaGal) and azide ion to
pNP and b-D-galactopyranosyl azide (bGalN3), as addition of azide
ions replaced the excised CH2COO- grouping. Likewise, the
acid-base catalyst was identified as Asp387 from the ability of
the Asp387Gly mutant to generate aGalN3 from pNPaGal and azide
ion. The b-galactosyl-enzyme intermediate was hydrolytically
stable as a result of the absence of general base catalysis but could
be directly attacked by azide ion. The available X-ray structure sug-
gests an anti-protonation trajectory, and a possible role for Asp 220
in stabilizing oxocarbenium-ion-like transition states.14

The minimal kinetic scheme for a retaining glycosidase also
acting as a transglycosylase is given by Scheme 1:

Here E is the enzyme, TmGal36A, S is pNPGal, E.S is the
Michaelis complex of enzyme and pNPGal, EbGal is the b-galacto-
syl-enzyme covalent intermediate and aGalORi is a pNPdiGal
regioisomer. The index i (for a-1,2-, a-1,3- and a-1,6-isomers
i = 1, 2 and 3, respectively) enables the three pathways for hydro-
lysis and formation of different isomers to be included in brackets
on the left-hand side of Scheme 1. E.Xi is E.pNPdiGal Michaelis
complex for the hydrolysis of a pNPdiGal regioisomer or is
EbGal.pNPGal Michaelis complex for the i-isomer formation; E.aGal
is a complex of the enzyme with a product.

When acting as a hydrolase, the Michaelis–Menten parameters
are given by kcat ¼ k2k3=ðk2 þ k3Þ and Km ¼ k3ðk1 þ k2Þ=k1ðk2 þ k3Þ,
so that the bimolecular rate constant kcat=Km ¼ k1k2=ðk�1 þ k2Þ
Scheme 1.
contains no terms for processes occurring after galactosyl-enzyme
formation. Product inhibition affects the distribution of the
different enzyme forms, and thus, influences the absolute rate of
hydrolysis and transglycosylation at different times, so the product
complex E.aGal needs to be included in Scheme 1 for kinetic mea-
surements other than those of initial rates.

In the presence of acceptors RiOH, which do not have a binding
site, the transglycosylation reaction is described by a bimolecular
rate constant kF (see an expression for the constant below), and
k3 in the expressions for kcat and Km can be replaced by
(k3 + kF[RiOH]). When the acceptor has a binding site, the possibil-
ity that the EbGal.RiOH complex may be in a steady state makes the
expressions very complex, although if there is no hydrolysis
(k3 = 0), the kinetic analysis simplifies to that of a ping-pong reac-
tion, with A = aGalOR, B = RiOH (see Eq. (1)):

V ¼ Vmax½A�½B�=ðKB
m½A� þ KA

m½B� þ ½A�½B�Þ ð1Þ

When ½A� � KA
m and B� KB

m the physical situation corresponds
to the interception of the galactosyl-enzyme by small concentra-
tions of RiOH, described either by kF[E]0 [RiOH] of the Scheme 1
or Vmax½B�=KB

m of the ping-pong mechanism, which are thus seen
to be equivalent.

A frequently ignored determinant of regioselectivity is the
relative thermodynamic stability of the products.16 The kinetic
parameters for the hydrolysis of a link are related to the kinetics
of its formation and its thermodynamic stability by Haldane rela-
tionships: those for a classic ping-pong reaction (equivalent to
transglycosylation without hydrolysis in the present system) have
been explicitly derived.17 The more complex purely algebraic anal-
ysis of a transglycosylation with accompanying hydrolysis, both of
EbGal and of EbGal.pNPGal complex, is not essential for our pur-
poses, since the equations we wish to use to determine regioisom-
er free energy differences become apparent from inspection of the
relevant free energy profiles (reaction coordinate diagrams, Fig. 1).

Figure 1A shows the first half of the profile, explicitly account-
ing for the generation of the glycosyl-enzyme with all the known
or suspected intermediates. However, the important free energy
differences are those between the highest transition state and
the free enzyme and substrate on one side (given by kH = kcat/Km

for hydrolysis of aGalOR1) and between the highest transition state
and the galactosyl-enzyme (given by kF) on the other. However,
Figure 1B shows that any number of these half-profiles can be fit-
ted together at the galactosyl-enzyme to generate the free energy
differences between galactosides (pathways to hydrolysis do not
affect free energy differences between glycosides).

Inspection of Fig 1B reveals that the free energy difference
between GalOR2 and GalOR1 is given by Eq. (2):

DG0
ð1!2Þ ¼ �RT ln k1

Hk2
F=ðk

1
F k2

HÞ
n o

ð2Þ

However, kF values are equivalent to (kcat/Km)B values in a
ping-pong mechanism. It is axiomatic in enzyme kinetics that in
any situation representing a competition — whether different
between different sites in the same molecule or between different
molecules—the selectivity observed at any substrate concentration
is that dictated by the ratio of kcat/Km values.18 Therefore, the ratio
kF

1/kF
2 can be obtained by measuring the initial ratio of galactoside

regioisomers produced from EbGal at any concentration. It should
be noted that in the present scheme, the galactosyl-enzyme com-
plex EbGal is the key component since both hydrolysis and trans-
glycosylation pass via its formation.

Second order constants were derived from the Scheme 1 as

ki
H ¼ ki

1ki
2=ðk

i
�1 þ ki

�2Þ and ki
F ¼ ki

�1ki
�2=ðk

i
�1 þ ki

�2Þ. Here, kH
i (equal

to kcat/Km) and kF
i are second order rate constants for a pNPdiGal

regioisomer hydrolysis and formation.



Figure 1. Free energy profiles of the pNP digalactosides formation/hydrolysis reaction by TmGal36A. A: Free energy profile of the half-reaction of a transglycosylating GH36
a-galactosidase, showing intermediates known or suspected: E.aGalOR, the Michaelis complex; E.aGalOR⁄, a possible second Michaelis complex suggested on the basis of a
low blg(V/K) for aryl galactosides and the possibility of a rate-determining conformation change; EbGal.HOR, non-covalent complex of the glycosyl acceptor and leaving group.
The existence or otherwise of various complexes interconverted by unimolecular processes does not affect the argument about free energy differences between glycosides,
which is based only on second-order rate constants kH = kcat/Km and kF, the rate of reaction of the glycosyl-enzyme with ROH, and the existence of the glycosyl-enzyme. A = ln
(kT/h), where k is Boltzmann’s constant, T is the absolute temperature and h is Planck’s constant. B: Schematic free energy profiles showing transglycosylations and hydrolysis
going through a common galactosyl-enzyme intermediate. Only bimolecular energy barriers, which are rate limiting at low substrate concentrations, are shown. As indicated
by the half profile coming above, any number of transglycosylations can be considered, provided the profiles intersect at E.bGal.
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2.2. Determination of thermodynamics of a galactosidic linkage
using transglycosylation

To test these ideas, we carried out several experiments
monitoring the formation of transglycosylation products in situ
at different substrate concentrations by NMR spectroscopy. At
100 mM-substrate concentration, time-courses for appearance
and disappearance of transglycosylation products are typically
bell-shaped (Fig. 2). The rate of transglycosylation determines
the left-hand part of the curve, while the rate of the hydrolysis
of each isomer influences the right branch. The shape of this
curve enabled determination of the second order rate constants
for both hydrolysis and transglycosylation reactions after fitting
the experimental data. We used the methodology described in
the Experimental section and Dynafit software19 to calculate
initial rates for formation (VF

i ) of each regioisomer at two
concentrations of the substrate (100 and 200 mM, respectively)
at the temperature 50 �C. For pNP1,3diGal, VF

i values were
0.35 ± 0.02 and 0.55 ± 0.03 lM/s; for pNP1,6diGal, VF

i values were
0.28 ± 0.02 and 0.31 ± 0.02 lM/s; and for pNP1,2diGal VF
i values

were 0.077 ± 0.005 and 0.075 ± 0.010 lM/s. It appeared that at
these particular conditions, pNPGal hydrolysis occurred with rates
of 30 ± 3 and 35 ± 4 lM/s, respectively. Noticeably, increase of
initial concentrations of pNPGal from 100 to 200 mM leads to
1.6- and 1.1-fold increase of the relative formation rates for
a-1,3- and a-1,6-, respectively, while for a-1,2-isomers the trans-
glycosylation rate remains the same. From this, second order rate
constants were calculated (Table 1).

The kinetics of transglycosylation were measured at both 50 and
60 �C at 200 mM of initial concentration of pNPGal. Ten degrees
increase in temperature increased the initial rate of formation
3.1-fold for a-1,3- and a-1,6-isomers and 4.6-fold for the a-1,2-iso-
mer, while the rate of hydrolysis of pNPGal increased only twice
(from 35 ± 4 lM/s to 71 ± 5 lM/s) (Table S2 in Supplemental mate-
rial). Regioselectivity of TmGal36A in transglycosylation reaction
towards pNP1,3diGal remained the same under various conditions,
described above, although relative yields of isomers depended on
temperature and the initial concentration of pNPGal.



Figure 2. Kinetics of TmGal36A transglycosylation at 50 �C. The graph represents
data obtained at the initial concentration of pNPGal equal to 100 mM/L: d for
pNP1,3diGal; � for pNP1,6diGal; N for pNP1,2diGal.

Table 2
Transient state free energy difference relative to 1,3-isomer at two temperatures.

Product DDG�
F, kJ/M

50 �C 60 �C

pNP1,2diGal 6.22 ± 1.00 5.00 ± 0.80
pNP1,6diGal 1.85 ± 0.30 1.66 ± 0.27

Reactions were carried out at 200 mM initial concentration of the substrate.

118 A.S. Borisova et al. / Carbohydrate Research 401 (2015) 115–121
As shown above, one can calculate thermodynamic characteris-
tics, namely the difference between the free energy of the highest
transition states for different types of links. For this, constants ki

H

and ki
F, for example, relative barrier heights DDG�

F = RTln(ki
F/ki

F)
as well as the free energy differences for different digalactosides
(Eq. (2)) can be used. The transition states for formation of the
1,2- and 1,6-isomers can thus be estimated as 5.34 ± 0.85 and
1.46 ± 0.23 kJ/mol higher in free energy than that for the 1,3 isomer
(values for Gibbs energy are given for the experimental conditions
described in Experimental section).

The ratio of constants ki
H for different competitive pathways is

determined by the free energy difference (DDG�
H = RTln(ki

H/ki
H)

between their transition states and the starting state (free enzyme
and substrate): DDG�

H values of 2.41 ± 0.39 and 5.90 ± 0.94 kJ/mol
have been estimated for the free energy differences between the
1,2- and 1,3-linkage as well as between 1,6-linkage and 1,3-linkage.
These free energy differences for formation and hydrolysis of
glycosidic linkage (DDG�

F � DDG�
H) pertain to the p-nitrophenyl

a-galactobiosides. We found that the 1,2-linkage was 2.93 ±
0.47 kJ/mol higher in free energy than the 1,3-linkage, and the
1,6-linkage 4.44 ± 0.71 kJ/mol lower revealed different stability of
each linkage. The free energy difference between more and less sta-
ble linkages was 7.37 ± 1.18 kJ/mol and was in line with measure-
ments of hydrolytic equilibrium (e.g., 8.4 kJ/mol difference in free
energy of hydrolysis of maltose and isomaltose17).

Temperature change had little effect on the free energy differ-
ence of the transition state for the 1,6-isomer (�0.2 kJ/mol) but
led to 1.2 ± 0.2 kJ/mol decrease in DDG� for the 1,2-isomer com-
pared to the 1,3-linkage (Table 2). Since DG = DH � TDS, that is,
varies linearly with temperature, one can estimate a relative
impact of enthalpy and entropy into the transition state for both
isomers relative to 1,3-isomer. Calculated values for the 1,2-isomer
Table 1
Second order rate constants for hydrolysis and formation of pNPdigalactosides.

Product ki
H, 100 mM, 50 �C ki

F, 100 mM, 50

pNP1,2diGal 37.97 ± 3.04 0.00067 ± 0.00
pNP1,3diGal 93.27 ± 7.46 0.00483 ± 0.00
pNP1,6diGal 10.37 ± 0.83 0.00280 ± 0.00
pNPGal 208.73 ± 16.70 18.33 ± 1.47

Second order rate constants for hydrolysis were calculated only at 100 mM and 50 �C. V
95% confidence limits.
were DDH0 = 45.6 ± 7.3 kJ/mol and DDS0 = �0.12 ± 0.02 kJ/mol/K;
for the 1,6-isomer, they were as DDH0 = 8.0 ± 1.3 kJ/mol and
DDS0 = �0.020 ± 0.003 kJ/mol/K. Therefore, the relative stabiliza-
tion of the transition state for the 1,2-linkage in comparison with
the 1,3-linkage with increasing temperature was entropy-driven,
while for the 1,6-isomer such an effect was minor.

2.3. Regioselectivity of TmGal36A in the hydrolysis of synthetic
and natural substrates

Kinetic parameters for TmGal36A hydrolysis of four chemically
synthesized a-galactobioses (1,3diGal, 1,2diGal, 1,6diGal and
1,4diGal) were measured using a Dionex system (Dionex Corpora-
tion, USA), in two separate experiments. We observed apparent
spontaneous hydrolysis, which was particularly noticeable for
1,3diGal and 1,2diGal, and was likely caused by the highly-alkaline
conditions required for analysis of the reaction components by
the Dionex equipment, which interfered with measurements of
enzymatic hydrolysis. To minimize the effect of spontaneous
degradation, the reaction mixture was immediately put on ice
and analysed at 10 �C. In order to validate catalytic constants val-
ues obtained as described above, relative rates of hydrolysis for
each galactobioside were estimated in the experiment with fixed
substrate concentration [S0]� Km. The values of kcat were well cor-
related with the results of this experiment (Table 3).

Additionally, we derived the Km value for the (UV-silent) galac-
tobiose substrates as the KI for their inhibition of the hydrolysis of
(chromogenic) p-nitrophenyl galactoside, since the determination
of inhibition constants is very convenient way to estimate the
affinity of different substrates. Analysis of the data revealed good
agreement between kinetic parameters calculated from different
experiments (Table 3). The value for kcat/Km in hydrolysis of
1,3diGal was 7.8 times higher than that for a-1,2-isomer, 22.3
times higher than for a-1,6-isomer and 776 times higher than for
1,4diGal (DDG�

H kJ/mol 5.3 ± 0.3, 8.0 ± 0.4 and 17.2 ± 0.9, respec-
tively), and thus TmGal36A can be considered to have modest reg-
ioselectivity towards the a-1,3-linkage in hydrolysis.

For mapping the active site of TmGal36A, the natural substrates of
different lengths (melibiose, a-D-Galp-(1 ? 6)-D-Glcp; raffinose, a-D-
Galp-(1 ? 6)-a-D-Glcp-(1M2)-b-D-Fruf; and stachyose (a-D-Galp-
(1 ? 6)-a-D-Galp-(1 ? 6)-a-D-Glcp-(1M2)-b-D-Fruf) that all contain
a fissile a-D-(1 ? 6)-Galp-residue were used. According to Hiromi
theory,20 the substrate binding affinity is determined by affinities of
sugar residues bound with the glycosidase active site. Usually, a dif-
ference of kcat values for oligomeric substrates isdue to differentquota
�C ki
F, 50 �C, 200 mM ki

F, 60 �C, 200 mM

005 0.00073 ± 0.00011 0.00023 ± 0.00003
039 0.00820 ± 0.00123 0.00143 ± 0.00021
022 0.00347 ± 0.00052 0.00780 ± 0.00117

18.33 ± 1.47 18.33 ± 1.47

alues for k3 were fixed as 18.33 sec�1 (see the Scheme 1). The uncertainties refer to



Table 3
Kinetic parameters of the TmGal hydrolysis of diGals

Substrate kcat, s�1a Hydrolysis rateb, s�1 Km
a, mM Ki

c, mM kcat/Km, s mM�1

1,2diGal 1.4 ± 0.04 0.8 ± 0.02 0.305 ± 0.010 0.42 ± 0.02 4.6 ± 0.2
1,3diGal 2.5 ± 0.08 3.2 ± 0.08 0.07 ± 0.006 0.062 ± 0.008 35.7 ± 1.0
1,4diGal 0.06 ± 0.01 0.04 ± 0.008 1.3 ± 0.05 1.91 ± 0.10 0.046 ± 0.005
1,6diGal 0.16 ± 0.008 0.16 ± 0.01 0.105 ± 0.005 0.11 ± 0.01 1.6 ± 0.1

a Values for kcat and Km were obtained after stopping the reaction by 0.5 M NaOH followed by separation of the reaction products using Dionex system and integration of
the corresponding peaks.

b Values for hydrolysis rates were derived from the experiments with fixed [S0]� Km. The reaction was stopped by injection of the reaction aliquot onto the column in
0.05 M NaOH, see Section 3.6 of Experimental.

c Michaelis constants Km for galactobiosides were assumed to be equal Ki and calculated from the Dixon plot of reciprocal rates of pNPGal hydrolysis (1/v) as a function of
inhibitor concentration [I].

A.S. Borisova et al. / Carbohydrate Research 401 (2015) 115–121 119
of productive enzyme-substrate complexes. Kinetic parameters for
natural substrate hydrolysis by TmGal36A are presented in Table 4.
The lowest value of Km, and the highest value of kcat/Km corresponded
for melibiose, with the two other saccharides showing reduced affin-
ity. This suggests the existence of one �1 site and one +1 site in the
active centre of TmGal36A according to the accepted nomenclature.21

To illustrate the regioselectivity of TmGal36A in hydrolysis reac-
tions, flexible docking of natural and synthesized substrates into
the active site has been performed, for both anomers of reducing
sugars. Melibiose was calculated to bind the most tightly of the
a-galactobioses, with the trisaccharide raffinose and the tetrasac-
charide stachyose binding less tightly (Table 5), in line with our
suggestion of only +1 and �1 subsites in the active site. b-Anomers
of reducing sugars were calculated to bind less tightly than
a-anomers.

Galactobiosides modelled in the active site represented the
same tendency in terms of binding constant resulting in higher
affinity for 1,3diGal (Table 3). Affinity of the four different isomers
can be ranked in descending order as follows: 1,3diGal, 1,6diGal,
1,2diGal, 1,4diGal, where the lowest and the highest binding con-
stants differed by two orders of magnitude. As shown previously,22

protein–ligand interactions in situ often have binding energy dom-
inated by such changes in enthalpy and entropy that are not
unequivocally predictable, so that each case should be considered
individually. It is clearly seen for all the galactobiosides that apply-
ing surface energy density constant as low as 0.038 kJ/(mol � Å2)
led to domination of the hydrophobic interactions in total binding
free energy. Electrostatic interactions were dominant, likely deter-
mining the regioselectivity of the enzyme. According to the dock-
ing calculations, an a-1,4-glycosidic bond forced the reducing
galactose into an unfavorable conformation in which the plane of
the sugar ring rotated along the groove central axis and moved
away from the groove bottom (Fig. S1, Supplemental material),
which could lead to increase in entropy for this particular galacto-
bioside. This was the only observed conformational change that
suggested the mechanism for why cleavage of a-1,4 was slightly
disfavored in TmGal36A hydrolysis and transglycosylation
reactions.

Based on the absence of +2 site in TmGal36A, and neglecting any
differential effects of the nitrophenyl group, we hypothesize the
same transition states exist in reactions with galactobiosides and
pNP-galactobiosides. We can calculate that in chromophore-free
galactobiosides the 1,2-linkage is 0.48 ± 0.08 kJ/mol lower in free
energy than the 1,3-linkage, and the 1,6-linkage 6.47 ± 1.04 kJ/
Table 4
Kinetic parameters of the TmGalA hydrolysis of galactose-containing substrates

Substrate Km, mM kcat, s�1 kcat/Km, s mM�1

Melibiose 1.17 ± 0.09 2.33 ± 0.11 1.99 ± 0.25
Raffinose 10.4 ± 0.6 5.0 ± 0.4 0.48 ± 0.07
Stachyose 2.84 ± 0.2 0.53 ± 0.03 0.18 ± 0.02
mol lower. Free energy differences for 1,2- and 1,6-linkages in
galactobiosides and pNP-galactobiosides can be explained by: (a)
positioning of the electronegative nitrophenyl-group near the link-
age and (b) the increased entropy factor for galactobiosides in the
solution resulting in a distribution of furanose and pyranose forms
of the terminal galactoside that is essential for the 1,2-linkage
(Table S1 in Supplemental material). Thermodynamic reasoning
leads to consideration of only three states: a mixture of free
enzyme and glycosyl-enzyme intermediate (an initial and final
states) and transition state with the highest energy. Therefore, it
becomes possible to explore the ratio of all constants in a simple
experiment using the transglycosylation profile.

Analysis of experimental data revealed that the most
energetically favourable is the 1,6-linkage, in accordance with its
prevalence in nature (stachyose and raffinose saccharides are fre-
quently found in plants)23. The lower transition state energy of
the 1,3-bond hydrolysis catalysed by this particular enzyme may
reflect its preferred use in the processes of recognition and informa-
tion transfer in living cells. Rare abundance of 1,2-bonds in natural
compounds, in our opinion, can be explained by significantly higher
energy of this linkage and the highest energy transition state.

3. Experimental

3.1. Materials

All chemicals were obtained from Sigma Chemical (St. Louis,
USA) or Acros Organics (Geel, Belgium) unless otherwise noted
and were used without further purification. p-nitrophenyl
a-D-galactopyranoside (pNPGal) was synthesized from D-galactose
as previously described for a glucoside.20 Galactobiosides with
different types of linkages were synthesized and characterized as
described in details in Supplemental material (Section S1. Synthe-
sis of galactobiosides).

A plasmid containing the a-galactosidase gene was kindly
donated by Prof. R.M. Kelly (North Carolina State University,
USA). The a-galactosidase gene from T. maritima MSB8 was
expressed in E. coli BL-21 (DE3) and the recombinant enzyme
was purified from cells grown overnight as previously described.14

3.2. Synthesis of pNP-galactobiosides

All pNP-galactobiosides used were synthesized via transglycosy-
lation from pNPGal catalysed by TmGal36A. The transglycosylation
reaction was carried out at 60 �C in 50 mM sodium phosphate
buffer, pH 7.0. The reaction mixture (3 mL) contained 180 mg
(200 mM) of pNPGal. The reaction was initiated by the addition of
18 U of the enzyme. The progress of the reaction was monitored
by thin layer chromatography as described above. The reaction
was stopped by incubating the sample for 10 min in boiling water.
To determine the substrate conversion, 5 lL aliquots of the reaction
mixture were withdrawn, 10% Na2CO3 (3 mL) was added and the



Table 5
Calculated binding free energies for a-galactobioses and natural substrates

Ligand Position with the lowest binding energy, kJ/M Average total Kb�10�6

sf el en total

a-Galp-(1 ? 2)-a-Galp �24.79 �5.19 4.40 �25.58 �25.41 3.79 2.57
a-Galp-(1 ? 2)-b-Galp �23.86 �8.50 4.23 �28.14 �27.05 1.97
a-Galp-(1 ? 3)-a-Galp �25.41 �14.36 4.31 �35.46 �34.08 0.12 0.067
a-Galp-(1 ? 3)-b-Galp �24.53 �16.70 4.02 �37.22 �36.89 0.04
a-Galp-(1 ? 4)-a-Galp �23.49 �4.44 3.77 �24.16 �23.53 0.81 4.24
a-Galp-(1 ? 4)-b-Galp �23.57 �4.81 3.94 �24.45 �24.28 5.95
a-Galp-(1 ? 6)-a-Galp �24.99 �9.50 3.73 �30.77 �28.97 0.91 0.57
a-Galp-(1 ? 6)-b-Galp �23.11 �13.10 4.44 �31.78 �31.02 0.40
Melibiose: a-Galp-(1 ? 6)-a-Glcp �25.54 �14.49 3.81 �36.22 �34.79 0.09 0.78
a-Galp-(1 ? 6)-b-Glcp �24.45 �10.13 4.23 �30.35 �28.43 1.13
Raffinose �29.35 �7.29 4.86 �31.82 �30.48 0.50
Stachyose �38.85 3.52 6.28 �29.06 �26.75 2.21

sf—hydrophobic energy, el—electrostatic energy, en—entropy loss by amino acid’s side chains following the binding with ligand, total—total binding free energy. Kb is binding
constant calculated as Kb = exp(DGb/kBT), where kB is the Boltzmann’s constant and T is the temperature.
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absorbance at 400 nm in 1 cm path-length cuvette was measured
with a Jasco V-560 spectrophotometer.

For separation of the transglycosylation products, the reaction
mixture was applied to a Discovery BIO Wide Pore C18 column
(250 � 21.2 mm, 10 lm, Supelco) and then eluted with a linear
gradient (0–90%) of acetonitrile in water for 180 min at a flow rate
of 4 mL/min; the eluent was monitored by absorption at 303 nm.
Fractions containing products of transglycosylation were freeze-
dried, and compounds were identified by NMR analysis. 1H NMR,
1H–13C HSQC and 1H–1H NOESY measurements were made to iden-
tify chemical structures of the pNP galactobiosides obtained. The
spectra obtained were in a good agreement with the published
data.21

3.3. Kinetics of transglycosylation reactions followed by in situ
proton NMR spectroscopy

Kinetic experiments were performed using a Varian NMR
700 MHz Spectrometer as follows: a tube containing 23 mg or
45 mg of pNPGal dissolved in 650 lL of 20 mM deuterium (D2O)
phosphate buffer, pH 7.0, warmed to 50 or 60 �C, placed in the
spectrometer, and the magnetic field homogeneity and solvent
signal suppression optimized. To suppress the solvent (H2O)
signals, a sequence with water saturation during relaxation or
the sequence WET were used. The reaction was initiated by the
addition of 100 lL of the TmGal36A dissolved in the same D2O
phosphate buffer (5.16 U or 11.36 U of the enzyme were used
depending on the temperature). To analyse and compare the data
obtained, values for the rates in all kinetic experiments were scaled
to the lower enzyme concentration. The concentration of each
constituent of the reaction mixture was determined by integration
of the anomeric non-overlapping proton signals with the following
chemical shifts d: 5.82 for pNP1,3diGal (H1), 6.00 for pNP1,2diGal
(H1), 5.83 for pNP1,6diGal (H1), 5.26 and 4.58 for a- and
b-galactose (H1), 5.77 for pNPGal, 6.91 for pNP-OH (p-nitrophenol).
Data processing has been done using the Varian VNMRJ software,
version 3.2C.

3.4. Calculations of kinetic constants and reaction rates

Initial rates for pNPGal hydrolysis (VH
0) and formation of

pNPdiGals (VF
i in assumption that VH

i = 0 due to low pNPdiGal
concentration) were calculated by linear fitting of experimental
data from the initial part of the reaction curve treated by Origin
8.0 software (OriginLab Corp., Northampton, MA).

In the case of bell-shaped kinetics curves for the transfer prod-
uct formation, one can estimate values for the rates of pNPdiGals
hydrolysis (assuming VF
i = 0 due to low concentration of pNPGal)

by linear fitting of experimental data from right-hand part of the
curve (Fig. 2) treated by Origin. Then, the resulting rate values
enable calculation of the ratio of the second order constants for

each type of pNP-galactobiosides as: ki
F

ki
H
¼ Vi

H �X0

V0
H �S0

and ki
F

kj
F

¼ Vi
F

Vj
F

where VF
i are initial rates of the pNP galactobiosides formation;

VH
i are the initial rates of the pNP galactobioside hydrolysis; S0 is

the initial pNPGal-substrate concentration; kF
i and kF

j are second
order rate constants for different pNP galactobiosides formation;
kH

i and kH
j are the rate constants for different pNP galactobioside

hydrolysis. Indexes i and j refer to pNP galactobiosides with differ-
ent linkage types.

For ultimate determination of the rate constants kF
i and kH

i ,
least-square fitting of experimental data was made using the pro-
gramme DYNAFIT19 by solving the system of differential equations
derived from Scheme 1 (Section 2.1, Results and Discussion). For
the iterative fitting of pNPGal pathway at 50 �C, initial values for
rate constants were chosen as: k3 is approx. equal to kcat, k1 =
(k�1 + k2)/Km), k4 = k1 and k�4 = k4/KI. For certainty k2 > k3 and
k�1 > k2 was assumed. A trial round of fitting included data on
decrease of the substrate with fixed values k3 and k�1 and enabled
determination of all other constants for the substrate hydrolysis
pathway. At the next stage, to estimate initial values for micro-
scopic constants ki

�2, a ratio of initial velocities of hydrolysis and

formation of pNPdiGals was used as ki
�2 ¼ k3 � Vi

F

V0
H
; VH

0 is the initial

rate of pNPGal hydrolysis. At a final round of fitting, values for ki
1

were fixed at 800 (mM s)�1 and second order constants

ki
H ¼ ki

1ki
2=ðk

i
�1 þ ki

�2Þ and ki
F ¼ ki

�1ki
�2=ðk

i
�1 þ ki

�2Þ were calculated.
3.5. Computer calculations

Spatial structures of a-galactobioses and natural substrates
were generated using GLYCAM Carbohydrate Builder (Woods
Group. (2005–2014) GLYCAM Web. Complex Carbohydrate
Research Center, University of Georgia, Athens, GA. (http://www.
glycam.com)). For galactobioses both a- and b-anomeric forms of
the reducing galactose residue were constructed. Point charges
were assigned to atoms of the substrates in accordance with the
GLYCAM06 force field.24

A procedure of flexible docking was carried out to identify the
modes of binding of a-galactobioses and natural substrates in the
active centre of TmGal36A. The procedure of flexible docking was
performed using Molsoft ICM Pro 3.6 package.25,26 For details
see Supplemental material (Section S3. Computer calculations
(details)).

http://www.glycam.com
http://www.glycam.com
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3.6. Kinetics of hydrolysis of a-galactobiosides

a-Galactosidase activity towards pNPGal was determined at
37 �C in 50 mM sodium acetate buffer, pH 5.0. One unit of the
activity was defined as amount of the enzyme releasing 1 lM of
nitrophenol from pNPGal per min at 37 �C.

The kinetic studies of the TmGal36A hydrolysis of a-galactobio-
sides with different glycosidic linkages (1,2diGal, 1,3diGal, 1,4diGal
and 1,6diGal) were performed by high performance anion exchange
chromatography with pulsed amperometric detection using a
Dionex ICS-3000 system (Dionex, Sunnyvale, CA). Reactions were
carried out at 37 �C in 50 mM phosphate-citrate buffer, pH 5.0,
the total reaction volume was 100 lL. The range of initial substrate
concentrations was from 0.009 to 2.4 mM for 1,2diGal, 0.003–
0.8 mM for 1,3diGal, 0.03–6.5 mM for 1,4diGal and from 0.005 to
1.7 mM for 1,6diGal. Each reaction was initiated by addition of an
appropriate amount of enzyme (0.06–220 mU) and stopped by
addition of 10 lL of 0.5 M sodium hydroxide and thorough mixing.
The reaction tube was immediately put on ice to avoid spontaneous
hydrolysis in the highly alkaline conditions. Aliquots of 10 lL of the
reaction mixture were injected on a CarboPac™ analytic column
PA10 column (4 � 250 mm; Dionex) mounted on a DIONEX system
and thereafter analysed. All reaction products were analysed on the
PA10 column at 10 �C and at a flow rate of 0.3 mL/min, using
following procedure: 13 min of isocratic elution with 50 mM
sodium hydroxide, followed by a linear gradient over 5 min to
80 mM sodium hydroxide and 10 mM sodium acetate. Blank reac-
tion mixtures (without enzyme added) for each reaction were used
to correct for spontaneous hydrolysis of the substrate at the high pH
of the reaction mixture. The quantification of the hydrolysis prod-
ucts was done by using 5 standards detector was calibrated solu-
tions of known concentration for each sugar over a range of;
0.05–15 mM for the digalactosides, and 0.05–2 mM for galactose.
The Dionex system was re-calibrated before and after each analysis
using the standards. Peaks were integrated using the software
Chromeleon, version 6.8 (Dionex, Sunnyvale, CA). Kinetic parame-
ters were extracted from the experimental curves according to
the Michaelis–Menten equation. The curve plot and calculations
were made in Origin 8.0 (OriginLab Corp., Northampton, MA).

Measurements of relative hydrolysis rate were made on
samples thermostatted at 37 �C in the Dionex sample chamber.
The reaction was started by adding the enzyme (0.16–235 mU)
and stopped by the injection of the first 10 lL aliquot onto the col-
umn equilibrated in 0.05 mM sodium hydroxide. The second 10 lL
aliquot of the reaction was injected after one separation method
run (27 min). Initial concentrations of substrates were: 4.5 mM
(10 Km) for 1,2diGal, 1.6 mM (26 Km) for 1,3diGal, 16 mM (8.5
Km) for 1,3diGal and 1.6 mM (10 Km) for 1,6diGal.

Competitive inhibition constants for different digalactosides
were determined from initial rates of hydrolysis of pNPGal
(0.016–0.4 mM) in the presence of inhibitor (0.1–10 mM
(1,2diGal); 0.02–2 mM (1,3diGal); 0.6–6 mM (1,4diGal); 0.03–
0.3 mM (1,6diGal).27

3.7. Kinetics of hydrolysis of melibiose, raffinose and stachyose

Purified TmGal36A (0.13–9.7 mU) was incubated at 37 �C with
the substrates, sample volume 50 lL, in 50 mM sodium acetate
buffer, pH 5.0. After the reaction was stopped by boiling, liberated
glucose was determined by the glucose-oxidase method9 using
melibiose as substrate. Liberated galactose was measured by the
Somogyi–Nelson method28 for the reactions with raffinose and
stachyose as substrates. Substrate concentrations were in the
range 3–50 mM. The Michaelis–Menten constants Km and kcat were
determined by non-linear least squares fitting of experimental data
in Origin 8.0 software.
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