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a  b  s  t  r  a  c  t

We  present  three  case  studies,  based  on literature  data,  in  which  the  “fingerprinting”  method  of  deter-
mining  the  relative  specificities  of an  enzyme  is applied  to  branched  reaction  schemes.  The first  case  study
involves  the  hydrolysis  of  maltoheptaose  by  a �-amylase  and  shows  that the fingerprinting  method  can
be  applied  to schemes  involving  processivity.  The  analysis  reveals  that the  native  �-amylase  has  a  1.26-
fold  preference  for attacking  maltoheptaose  by  the processive  route  over  the non-processive  route,  but
that for  a mutant  enzyme  this  preference  is  0.18-fold.  The  second  case  study  involves  the  hydrolysis
of  �-1,6-N-acetylglucosamine  oligomers  by DispersinB.  Our  set  of relative  specificity  constants  is  more
consistent  with  the  results  of  initial  rate  experiments  than  is  the  set  that  the authors  obtained  by  fitting
a  pseudo-first  order  model  to  their  data.  The  third  case  study  involves  the  hydrolysis  of  galacturonic  acid
rocessivity
ode of action

ime course kinetics

oligomers  by  an  endopolygalacturonase.  This  enzyme  can  catalyze  a total  of  11  different  reactions  with
a mixture  of tri-,  tetra-,  penta-, hexa-  and  heptagalacturonates.  We determined  the  relative  specificity
constants  for  these  11 reactions.  The  fingerprinting  method  has advantages  over  the  methods  that  have
been  previously  used  to determine  specificity  constants  for branched  reaction  schemes,  being  able  to  use
a  single  experimental  reaction  profile  for  determination  of all relative  specificity  constants.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The enzymatic saccharification of polysaccharides will become
f increasing importance as biorefineries are developed to take
dvantage of biomass [1]. Many of the enzymes that are used in
he saccharification of polysaccharides are capable not only of cat-
lyzing different reactions with the same substrate but also of
atalyzing subsequent reactions with the products of the initial
eactions, giving rise to branched reaction schemes. In order to
elect suitable enzymes for use in saccharification processes, or
ven to change the properties of native enzymes in order to make
hem more suitable for such processes, it is important to know the
elative specificities that the enzyme has for the various different
eactions that it is capable of catalyzing.

With polymers, the specificity of endoenzymes and exoenzymes

ends to be relatively insensitive to chain length [2]. However, near
he end of a saccharification process, there will be many oligosac-
harides present and, in this case, the specificities of endoenzymes

∗ Corresponding author.
E-mail addresses: aline.besp@gmail.com (A.B. Pereira), nkrieger@ufpr.br

N. Krieger), davidmitchell@ufpr.br (D.A. Mitchell).

ttp://dx.doi.org/10.1016/j.bej.2016.05.012
369-703X/© 2016 Elsevier B.V. All rights reserved.
and exoenzymes can be significantly affected by the number of
residues in the oligosaccharide [3–11]. It is interesting, then, to
characterize the specificities that exoenzymes and endoenzymes
have for the various reactions that they can catalyze with oligosac-
charides.

The methods that have been applied to date for estimating rela-
tive specificities of enzymes in branched reaction schemes are often
experimentally cumbersome, requiring numerous assays. Addi-
tionally, they provide estimates of only some of the specificity
constants. For example, some give global specificity constants for
the various substrates, failing to characterize the specificity con-
stants for different reactions that the same substrate can suffer
[3–12]. Other methods give specificity constants for different reac-
tions with the same substrate, but are incapable of characterizing
specificities of the enzyme for different substrates [13–17].

These limitations are avoided in the so-called “fingerprinting”
approach of Mitchell et al. [18–20]. This approach can use data from
a single time course experiment to determine the relative speci-
ficity of the enzyme for all the reactions that it can catalyze starting

from the initial substrate. It has the additional advantage of using
the fractional reaction extent, rather than time, as the independent
variable; this means that complicating phenomena, such as enzyme
denaturation and substrate or product inhibition, do not interfere

dx.doi.org/10.1016/j.bej.2016.05.012
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2016.05.012&domain=pdf
mailto:aline.besp@gmail.com
mailto:nkrieger@ufpr.br
mailto:davidmitchell@ufpr.br
dx.doi.org/10.1016/j.bej.2016.05.012
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introduces experimental error into the calculated independent
4 A.B. Pereira et al. / Biochemical E

ith the analysis. This approach has been well-developed for lin-
ar reaction schemes [18], but not for branched reaction schemes,
n which the enzyme may  catalyze more than one reaction with a
iven species and both products of a reaction may  suffer further
leavage. To date, it has only been applied to schemes with two
imple branches [19,21].

The aim of this work is, therefore, to extend the fingerprinting
ethod to the analysis of reaction schemes with various branches.

t does this by considering three case studies of increasing com-
lexity, namely: (i) hydrolysis of maltoheptaose by a �-amylase

n a scheme that can follow either a processive or non-processive
oute, using the data of Ishikawa et al. [22], (ii) hydrolysis of �-
,6-N-acetylglucosamine oligomers by DispersinB, using the data of
azekas et al. [12], and (iii) hydrolysis of galacturonic acid oligomers
y an endopolygalacturonase from Fusarium moniliforme, using the
ata of Bonnin et al. [6].

. Mathematical methods

.1. Analysis of the consistency of the data set

The consistency of the data was checked for each case study.
n case studies 1 and 2 (Sections 3.1 and 3.2), the remnants of the
backbones” of the original oligomers were identifiable amongst
he reaction products. In this case, the consistency analysis checked
hether the number of “backbone remnants” detected at a sam-
ling time was equal to the original number of oligomers. In case
tudy 3 (Section 3.3), the experimental analysis provided data for
he concentrations of all reaction species. In this case, the consis-
ency analysis checked whether the number of monomeric residues
etected at a sampling time was equal to the initial number of
esidues in the reaction mixture. Details are given in the individ-
al case studies. In case studies 1 and 2, the data sets passed the
onsistency test and were used as extracted from the source. In
ase study 3, the data sets extracted from the original source failed
he test, as too many of the residues (>5% of the original number)
isappeared during the time course of the hydrolysis reaction. In
his case, the data were corrected to a set of data in which the total
umber of residues was conserved throughout the reaction. The
orrection method is given in the case study.

.2. Calculation of relative concentrations and the fractional
eaction extent

The concentrations of all species were expressed relative to the
oncentration of the initial substrate:

# = [X#]
[Xn]0

(1)

here X# is the relative concentration of the oligomer of length
 and [Xn]0 is the initial concentration of the original substrate,
hich is an oligomer of length n.

In those cases in which the original data were not presented in
erms of fractional reaction extent (represented here by the sym-
ol F), but rather in terms of time, the data were converted to F as
he independent variable. Mitchell et al. [18] calculated F for linear
eaction schemes in terms of the number of attackable bonds that
ad been hydrolyzed. This calculation was possible since, in the
chemes that they analyzed, one mole of final product was formed
er mole of hydrolyzed bonds. In branched reaction schemes, the
ame product can potentially be generated by different routes that
nvolve different numbers of hydrolysis reactions and which, there-

ore, make different contributions to the advance of F. In the current
ork, the value of F was therefore calculated by subtracting the

unhydrolyzed attackable bonds” from the total initial number of
ttackable bonds. When an enzyme can potentially attack all the
ring Journal 113 (2016) 93–101

bonds between the residues of the original substrate, F is given by:

F = 1 −
(

n [Xn] + (n − 1) [Xn−1] + · · · + [X2]
n[Xn]0

)

= 1 −
(

nXn + (n − 1) Xn−1 + · · · + X2

n

)
(2)

In this equation, n is the number of residues in the initial sub-
strate. The various [X#] terms represent the concentrations of
oligomers with the number of residues indicated by the subscript
# and [Xn]0 is the initial concentration of Xn. The various X# terms
represent the relative concentrations of the oligomers with # units.
The individual case studies show variations of this equation for spe-
cific situations: case study 1 (Section 3.1) gives the equation for the
release of disaccharides from a heptamer; case study 2 (Section
3.2) gives the equation for when the reducing end of the molecule
is marked and only the hydrolysis of marked oligomers is taken into
account; and case study 3 (Section 3.3) gives the equation for when
the initial substrate is contaminated with another hydrolysable
species.

2.3. Determination of relative specificity constants

Mitchell et al. [18] described the general method for obtain-
ing the set of differential equations that describes the hydrolysis
of the initial substrate and the formation and consumption of
the various intermediates generated during the reaction. Although
they described the methodology in the context of linear reaction
schemes, the same considerations apply to branched schemes. The
equations deduced in the current work are shown in the individual
case studies. Two of the case studies involve reaction profiles gen-
erated in different experiments, each experiment starting with a
different oligomer. In these cases, the equation sets are shown here
only for the hydrolysis of the longest oligomer. The equation sets
for the shorter oligomers are shown in the Supplementary Material.

Each model is a system of differential equations describing
the relative concentrations of the various species involved in the
reaction, with the fractional reaction extent as the independent
variable. The parameters of these equations are the relative speci-
ficities of the enzyme for the various reactions that it can catalyze
with the various species. The models were solved numerically using
the function ode45 of MATLAB®, which is based on an explicit
Runge-Kutta (4,5) algorithm. The values of the parameters of the
model were obtained by using the non-linear optimization func-
tion fminsearch of MATLAB® to adjust the parameters to minimize
the following objective function:

Fobj =
j∑

i=1

(
d2

)
=

j∑
i=1

(√(
xiexp − xicalc

)2 +
(

yiexp − yicalc

)2
)2

=
j∑

i=1

[(
xiexp − xicalc

)2 +
(

yiexp − yicalc

)2
]

(3)

where xexp and xcalc are the experimental and predicted values of
the fractional reaction extent, yexp and ycalc are the experimental
and predicted values of the relative concentrations of the species
and j is the total number of experimental data points.

This objective function was chosen because the experimen-
tal error in the dependent variables (the relative concentrations)
variable (the fractional reaction extent). It minimizes the sum of
the squares of the smallest distances between the predicted curve
and the experimental points [23]: it does not restrict these dis-
tances to be calculated “on the vertical” (i.e. at the same value of
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he independent variable), but rather calculates these distances “on
he diagonal”. In order to implement this method, the differential

odel was solved at intervals of 0.001 of the fractional reaction
xtent. A matrix was then calculated in which each column corre-
ponded to a particular experimental data point. The values in the
olumn of the matrix gave the distances of each predicted point on
he curve from that particular experimental data point. The func-
ion min of MATLAB® was then used to generate a row vector whose
ntries represented the lowest values in each of the columns of the
atrix (i.e. a row vector of j “minimum distances”).
In case studies 2 and 3, the authors undertook several different

xperiments with oligomers of different lengths. In each of these
ase studies, a hydrolysis model was developed for each experi-
ent and these models were solved and optimized simultaneously.

n this manner, a single set of optimized parameter values was
btained and not one set for each experiment.

. Results

.1. Case study 1: hydrolysis of maltoheptaose by a processive
-amylase

The first case study was selected to demonstrate two  points
bout the fingerprinting method: First, that it can quantify speci-
city changes that result from enzyme engineering programs and,
econd, that it can be used to characterize enzymes that show the
henomenon of processivity. This particular case study involves �-
mylase, which can be used to produce maltose-rich hydrolysates
rom starch. It uses data obtained by Ishikawa et al. [22] for the
emoval of maltose units from the non-reducing end of maltohep-
aose, an oligomer containing seven units of �-1,4-glucopyranosyl,
y the �-amylase of soybeans. The final products of this reaction are
wo molecules of maltose and one molecule of maltotriose (Fig. 1).

Initially, Ishikawa et al. [22] undertook studies with the native
-amylase, which can catalyze this reaction following two pos-
ible routes: a non-processive route and a processive route. The
on-processive route consists of two separate steps: in the first
tep, the enzyme binds to maltoheptaose and liberates maltose and
altopentaose into the medium; in the second step, the enzyme

inds to the maltopentaose and liberates maltose and maltotriose
nto the medium. In the processive route, the enzyme binds to

altoheptaose and liberates the first maltose without releasing
he maltopentaose; the enzyme then slides along the maltopen-
aose and liberates maltose and maltotriose into the medium. The
nzyme does not hydrolyze maltotriose. Ishikawa et al. [22] then
roduced two mutant enzymes. The first of these was D53A, in

hich the tendency to follow the processive route was  diminished

n relation to the native enzyme; the second was W55R, in which
he processive route was eliminated.

G7 G5 G3

G2 G2

G2
G2

k7P

k7N k5N
r7N r5N

r7P

ig. 1. Reaction scheme for the hydrolysis of maltoheptaose by a soybean
-amylase. The dashed arrows represent the non-processive route while the con-

inuous arrows represent the processive route. Key: G7 is maltoheptaose, G5 is
altopentaose, G3 is maltotriose and G2 is maltose; k7N, k5N and k7P represent the

pecificity constants of the enzyme for each of the reactions.
ring Journal 113 (2016) 93–101 95

Although Mitchell et al. [18] applied the fingerprinting analysis
to the native enzyme, they only allowed for the non-processive
route in their model, and therefore the model was not able to fit
well to the data obtained by Ishikawa et al. [22] for this enzyme.
On the other hand, the model did fit well to the data obtained with
the non-processive mutant enzyme, W55R. The current case study
demonstrates that it is possible to apply the fingerprinting analysis
when the reaction scheme has both processive and non-processive
branches.

In this analysis, [G7], [G5] and [G3] are the concentrations
of maltoheptaose, maltopentaose and maltotriose, respectively.
Similarly, G7,  G5 and G3 are the relative concentrations of
maltoheptaose, maltopentaose and maltotriose, respectively (i.e.
normalized with respect to the initial concentration of maltohep-
taose, [G7]0).

The consistency index (CI) of the data was  calculated at each
sampling time. It expresses the recovery of “remnants of the back-
bones of the original G7”:

CIm = [G7]m + [G5]m + [G3]m

[G7]0
= G7m + G5m + G3m (4)

where the subscript “m” denotes the mth sampling time. For all
sampling times, 0.95 ≤ CIm ≤ 1.05, and therefore the data set was
used without correction.

For the reaction scheme given in Fig. 1, the fractional reaction
extent is defined as:

F = 1 −
(

2 [G7] + [G5]
2[G7]0

)
= 1 −

(
2G7 + G5

2

)
(5)

Application of the approach described by Mitchell et al. [18]
leads to the following set of differential equations, expressed in
terms of fractional reaction extent:

dG3
dF

= 2
(R7PG7 + R5NG5)

(R7NG7 + 2R7PG7 + R5NG5)
(6)

dG5
dF

= 2
(R7NG7 − R5NG5)

(R7NG7 + 2R7PG7 + R5NG5)
(7)

dG7
dF

= 2
− (R7NG7 + R7PG7)

(R7NG7 + 2R7PG7 + R5NG5)
(8)

where the R-parameters represent relative specificity constants
(i.e. normalized with respect to k7N). By definition, R7N = 1. The
step-by-step deduction of the model is given in the Supplementary
Material.

This set of equations was able to fit well to the profiles reported
by Ishikawa et al. [22] for the two �-amylases with processive
action, namely the native enzyme and the mutant enzyme D53A
(Fig. 2). The values of the relative specificity constants are shown
in Fig. 3.

The value of R7P (= k7P/k7N) of 1.26 shows that the native soy-
bean �-amylase has a slight preference for attacking maltoheptaose
by the processive route, compared to the non-processive route.
The ratio R5N/(R7N + R7P) can be calculated from the relative speci-
ficities in Fig. 3; this ratio represents the specificity that the free
enzyme has for attacking maltopentaose, divided by the specificity
for attacking maltoheptaose by either route. This ratio is 0.89 for
D53A, showing that when this enzyme is free, it has a reasonably
similar specificity for attacking maltoheptaose (by either route) and
maltopentaose. On the other hand, the value of R7P of 0.18 shows
that when this mutant enzyme binds to maltoheptaose, it is 5 times
as likely to follow the non-processive route than the processive

route.

This analysis shows that it is, indeed, possible to apply the finger-
printing analysis when an enzyme can follow either a processive or
non-processive route. It is simply necessary to allow for both routes
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Fig. 2. Fitting of the model to the data of Ishikawa et al. [22] for the action of soy-
bean �-amylase on maltoheptaose. (a) Native �-amylase; (b) mutant D53A. Key: (3)
Maltotriose; (5) Maltopentaose; (7) Maltoheptaose; (—) best fit of the model.

G7 G5 G3

G2 G2

G2
G2

R7P

R7N R5N

Native 1.00

D53A 1.00

Native 2.20

D53A 1.05

Native 1.26

D53A 0.18

Fig. 3. Values of relative specificities for native soybean �-amylase and the mutant
enzyme D53A. The dashed arrows represent the non-processive route while the
continuous arrows represent the processive route. Key: G7 is maltoheptaose, G5
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Fig. 4. Reaction scheme given by Fazekas et al. [12] for the hydrolysis of thiophenyl
N-acetyl-�-(1,6)-pentaglucosamine oligomers by DispersinB. The solid lines repre-
sent reactions that are visible to the analytical method that was  used (i.e. reactions
for  which one of the products contains a thiophenyl group on the reducing end). The
dashed lines represent reactions that consume species that do not contain this func-
tional group. Key: Sn represents a thiophenyl �-1,6-N-acetylglucosamine oligomer
with n units; Pn represents a �-1,6-N-acetylglucosamine oligomer with n units;
s  maltopentaose, G3 is maltotriose and G2 is maltose; R-values represent relative
pecificity constants normalized with respect to k7N for each of the reactions; k7N is
he  specificity constant for the non-processive cleavage of maltoheptaose.

n the reaction scheme, which Mitchell et al. [18] did not do in their
nalysis.

.2. Case study 2: hydrolysis of ˇ-1,6-N-acetylglucosamine
ligomers by DispersinB

The second case study was selected to demonstrate two  addi-
ional points about the fingerprinting method: First, that it can be
sed with reaction schemes involving more than two branches
nd, second, that it has advantages over the method of fitting
 pseudo first-order mathematical model. This case study uses
ata obtained by Fazekas et al. [12] for the hydrolysis of �-1,6-
-acetylglucosamine thiophenylglycosides, containing from 3 to 5

esidues, by DispersinB, which is an N-acetyl-glucosaminidase that
S1  is thiophenyl N-acetyl-�-d-glucosamine; P1 is N-acetyl-d-glucosamine; and the
parameters represented by k are the specificity constants of the enzyme for each of
the reactions.

is specific for �-(1,6) glycosidic bonds. This enzyme has potential
for use in the prevention or eradication of biofilms on biomedical
devices destined for implantation [12].

Fazekas et al. [12] proposed the scheme shown in Fig. 4.
They undertook three different experiments, starting with �-(1,6)-
linked N-acetylglucosamine thiophenyl glycosides with degrees of
polymerization of 3, 4 and 5. We  applied the fingerprinting analy-
sis simultaneously to these three reaction profiles. We  determined
the relative specificities of DispersinB for bonds within oligomers
marked on the reducing end with a thiophenyl group, as these were
the only species for which Fazekas et al. [12] provided data.

Application of the approach described by Mitchell et al. [18]
leads to three sets of differential equations, one set for each exper-
iment (i.e. starting with the triglucosamine, the tetraglucosamine
and the pentaglucosamine). Each set is expressed in terms of the
appropriate fractional reaction extent as the independent variable.
Below, we  present the equations for reactions initiated with the
pentaglucosamine. In these equations, [Sn] represents the concen-
tration of the thiophenyl glycoside with n N-acetylglucosamine
residues, while Sn represents the relative concentration of this
species (i.e. normalized with respect to the initial concentration
of the pentaglucosamine, [S5]0). The corresponding equations for
the reactions initiated with the triglucosamine and the tetraglu-
cosamine are given in the Supplementary Material.

The consistency index (CI) of the data was calculated at each
sampling time. It expresses the recovery of “marked reducing ends”.
For the reaction started with the pentaglucosamine, this index is
given by:

CIm = [S5]m + [S4]m + [S3]m + [S2]m + [S1]m

[S5]0

= S5m + S4m + S3m + S2m + S1m (9)

where the subscript “m” denotes the mth sampling time. For all
sampling times of the three experiments of Fazekas et al. [12],
0.95 ≤ CIm ≤ 1.05. The data were therefore used without correction.

The fractional reaction extent for the reaction started with the
pentaglucosamine is defined as:

F5 = 1 −
(

4 [S5] + 3 [S4] + 2 [S3] + [S2]
4[S5]0

)

= 1 −
(

4S5 + 3S4 + 2S3 + S2
4

)
(10)
The set of differential equations for the pentaglucosamine (S5)
as initial substrate is:
dS1
dF5

= 4
R31S3 + R21S2

(R54 + 2R53 + 3R52)S5 + (R43 + 2R42)S4 + (R32 + 2R31)S3 + R21S2
(11)
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Fig. 5. Fitting of the model to the data of Fazekas et al. [12] for the hydrolysis of
oligomers of thiophenyl �-1,6-N-acetylglucosamine by DispersinB. Fazekas et al.
[12] performed the hydrolysis with different initial substrates, namely (a) the triglu-
c
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F
n
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are not affected by the variations in the concentrations of reaction
species, neither during a particular hydrolysis reaction nor between
reactions carried out with different substrates.

Fig. 6. The “fingerprint” of relative specificity constants for the attack of DispersinB
on oligomers of thiophenyl �-1,6-N-acetylglucosamine. Key: Rxy represents the ratio
of  the specificity constant for the attack of the enzyme on the glycosidic bond indi-
cated by the arrow, relative to the specificity constant for hydrolysis of the glycosidic
bond of the disaccharide; (�—�) results of the fingerprinting analysis performed
osamine, (b) the tetraglucosamine and (c) the pentaglucosamine. The experimental
ata points are represented by numbers that reflect that number of residues in the
ligomer. The continuous lines give the fit of the model.

dS2
dF5

= 4
R52S5 + R42S4 + R32S3 − R21S2

(R54 + 2R53 + 3R52)S5 + (R43 + 2R42)S4 + (R32 + 2R31)S3 + R21S2
(12)

dS3
dF5

= 4
R53S5 + R43S4 − R32S3 − R31S3

(R54 + 2R53 + 3R52)S5 + (R43 + 2R42)S4 + (R32 + 2R31)S3 + R21S2
(13)

dS4
dF5

= 4
R54S5 − R43S4 − R42S4

(R54 + 2R53 + 3R52)S5 + (R43 + 2R42)S4 + (R32 + 2R31)S3 + R21S2
(14)

dS5
dF5

= 4
−R54S5 − R53S5 − R52S5

(R54 + 2R53 + 3R52)S5 + (R43 + 2R42)S4 + (R32 + 2R31)S3 + R21S2
(15)

In these equations, the R-parameters are relative specificity
onstants, based on k21 (i.e. they are defined as Rxy = kxy/k21). By
efinition, R21 = 1.

The three sets of equations fit well to the three data sets that
azekas et al. [12] obtained with the different initial substrates,
amely S3, S4 and S5 (Fig. 5). The set of relative specificity con-
tants obtained through the fitting procedure (Fig. 6) has been

eferred to as a “fingerprint” of the enzyme [19]. These relative
pecificity constants can be analyzed to show the preferences of
ispersinB for the various bonds within the various substrates that

t can attack. In the reaction that removes a single residue from the
ring Journal 113 (2016) 93–101 97

non-reducing end of an oligomer marked on the reducing end with
a thiophenyl group, DispersinB prefers to attack S3 compared to
S2 (R32 = k32/k21 = 1.81). Of the two  possible forms of attack on S3,
the enzyme has a significant preference for attacking the glycosidic
bond at the non-reducing end (R32/R31 = k32/k31 = 1.81/0.06 = 30).
Of the two  possible forms of attack on S4, the enzyme has a
1.6-fold preference for attacking the glycosidic bond next to the
non-reducing end, over attack on the central glycosidic bond
(R43/R42 = k43/k42 = 1.41/0.84). Amongst the three possible forms of
attack on S5, the preference of the enzyme falls almost linearly with
the distance of the glycosidic bond from the non-reducing end of
the molecule (R54/R53/R52 = k54/k53/k52 = 1.98/1.25/0.45).

Fazekas et al. [12] used “pseudo first-order kinetic constants” to
characterize the preference of DispersinB for attacking the various
glycosidic bonds in the various oligomers. These constants were
obtained by fitting a set of pseudo first-order differential equa-
tions to temporal profiles of the reaction species (their full equation
set is provided in the Supplementary Material). The relative values
of their pseudo first-order kinetic constants (obtained by dividing
the values of their constants by the value of the constant for the
hydrolysis of the marked dimer) are larger than the relative speci-
ficity constants that we  obtained by applying our fingerprinting
analysis to their data, with the degree of discrepancy being greater
with increasing oligomer size (Fig. 6). Our estimates are preferable,
since pseudo first-order kinetic constants are not true constants,
but rather complex expressions that involve the concentrations
of the various species present in the reaction medium (a detailed
analysis is provided in the Supplementary Material). In fact, this
explains why Fazekas et al. [12] obtained different estimates for
these constants when they fitted their equation set individually
to the temporal profiles obtained in three different reactions (i.e.
with the three different initial substrates): the concentrations of
the various species in the reaction mixture are different in the
three reactions. Since the constants of the equations used in the fin-
gerprinting method are true constants (specificity constants), they
in  the current work; (�---�) relative values of the pseudo first-order constants
obtained by Fazekas et al. [12], normalized with respect to the pseudo first-order
constant for hydrolysis of the glycosidic bond of the disaccharide. In the diagrams
of  the various oligomers shown below the abscissa, the grey circles indicate the
marked residues at the reducing ends of the oligomers.
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Fig. 7. Values of the relative global specificity constants of DispersinB for each
oligomer of thiophenyl �-1,6-N-acetylglucosamine (i.e. normalized relative to k21).
Key: (�....�) values determined experimentally by Fazekas et al. [12] using initial
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Fig. 8. Reaction scheme for the hydrolysis of oligomers of D-galacturonic acid by the

m m
ate experiments; (�—�) results of the fingerprinting analysis performed in the cur-
ent work; (�---�) results of the analysis performed by Fazekas et al. [12] based on
seudo first-order constants.

Fazekas et al. [12] also obtained direct independent estimates
f the specificity constants for each of the oligomers in experi-
ents based on measurements of the initial rates of consumption

f each of the oligomers from S2 to S5. Since the “global specificity
onstant” for an oligomer is given by the sum of the specificity con-
tants for the various reactions that the enzyme can catalyze with
hat oligomer, it is possible for us to estimate the relative values
f the global specificity constants for each oligomer by summing
ur relative specificity constants for the various reactions of that
ligomer. Similar “relative global pseudo first-order constants” for
ach oligomer can be calculated by summing the appropriate rela-
ive pseudo first-order constants obtained by Fazekas et al. [12]. As
hown by Fig. 7, the relative value of the experimentally determined
lobal specificity constant (i.e. normalized relative to k21) increases
pproximately linearly with oligomer size from the diglucosamine
o the pentaglucosamine. This figure also shows that the relative
lobal specificity constants that we obtained through the finger-
rinting analysis are closer to the directly measured experimental
alues of Fazekas et al. [12] than are the values of the relative global
seudo first-order constants that they themselves obtained.

.3. Case study 3: hydrolysis of galacturonic acid oligomers by an
ndopolygalacturonase from Fusarium moniliforme

The third case study was selected to show the importance of
hecking the consistency of the data and to demonstrate possible
trategies for data correction when the consistency is not adequate.
dditionally, it is the most complex branched reaction scheme

or which all the species (i.e. reaction substrates, intermediates
nd final products) were quantified, involving eleven reactions
nd seven species. This case study uses data obtained by Bonnin
t al. [6] for the hydrolysis, by an endopolygalacturonase of Fusar-
um moniliforme, of �-(1,4) glycosidic bonds between residues of
-galacturonic acid within oligogalacturonates. Endopolygalactur-
nases are an essential component of pectinase preparations that
ave the potential to be used for the saccharification of pectin in
iorefineries [24].

Within the text, the oligogalacturonates will be represented
y “Qn”, where n represents the number of residues in the
ligomer. Bonnin et al. [6] undertook experiments starting with

he tetragalacturonate (Q4), the pentagalacturonate (Q5) the hex-
galacturonate (Q6) and the heptagalacturonate (Q7). We  applied
he fingerprinting analysis simultaneously to these four reaction
rofiles.
endopolygalacturonase of Fusarium moniliforme. Key: Qn represents an oligogalac-
turonate with n units; the parameters represented by k are the specificity constants
of  the enzyme for each of the reactions.

Here, we present the equations for reactions initiated with Q7. In
these equations, [Qn] represents the concentration of Qn, while Qn
represents the relative concentration of this species (i.e. normalized
with respect to the initial concentration of the heptagalacturonate,
[Q7]0). The corresponding equations for the reactions initiated with
Q4, Q5 and Q6 are given in the Supplementary Material.

Fig. 8 shows the reaction scheme that was  represented by our
model. In this scheme, the enzyme cannot hydrolyze Q2, as demon-
strated experimentally by Bonnin et al. [6]. It is important to note
that when two different reactions give the same two products from
the same substrate, they are treated as a single reaction. For exam-
ple, Q7 can give rise to Q2 and Q5 in two manners: by hydrolysis
of the second glycosidic bond from the non-reducing end or by
hydrolysis of the second glycosidic bond from the reducing end.
This means that the value of the specificity constant for the cleav-
age of Q7 into Q2 and Q5 represents the sum of the specificities for
these two  reactions. The fingerprinting method cannot differenti-
ate these two reactions because the reducing ends of the original
substrates were not marked in the experiments of Bonnin et al. [6].

The consistency index (CI) of the data was calculated at each
sampling time. In this case study, it expresses the recovery of the
D-galacturonic acid residues contained in the original substrate
mixture. In the reaction carried out with Q7, there was a small but
non-negligible amount of contaminating Q6 at zero time, such that
the CI is given by:

CIm = 7[Q7]m + 6[Q6]m + 5[Q5]m + 4[Q4]m + 3[Q3]m + 2[Q2]m + [Q1]m

7[Q7]0 + 6[Q6]0

= 7Q7m + 6Q6m + 5Q5m + 4Q4m + 3Q3m + 2Q2m + Q 1m

7 + 6Q60
(16)

where the subscript “m” denotes the mth sampling time, [Q6]0 is
the zero-time concentration of the contaminating Q6, while Q60
is the relative initial concentration of this contaminating Q6 (i.e.
normalized with respect to [Q7]0). For all experiments with the
various initial substrates, the value of CIm fell significantly below
0.95. For example, it reached a value of 0.64 in the experiment done
with Q7 as the initial substrate.

The “relative concentration of missing residues” at each sam-
pling time (�m) was  calculated. For the experiment done with Q7,
this is given by:

�m = 7Q70 + 6Q60 −
7∑

i=1

iQim (17)

where Qim represents the relative concentration of Qi  at the mth
sampling time.

The data were corrected by applying the following equation:

Qn(corrected) = Qn(experimental) + 1 �m (18)

n w

where Qn(corrected)m and Qn(experimental)m are, respectively, the
corrected and the experimental values of the relative concentra-
tion of the oligomer with n residues at the mth sampling time. The
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umber of different species present in the reaction mixture at the
th sampling time is given by w,  so �m/w residues are attributed

qually to each of the species present at that time. The correction in
he concentration of an oligomer is then �m/w residues divided by
he length, n, of the oligomer. The Supplementary Material shows
he raw data taken from Fig. 4 of Bonnin et al. [6], the results of
he consistency analysis (as described above in Eq. (16)) and the
orrected values obtained by applying Eq. (18).

Eq. (18) was applied because it ensured that the corrected val-
es passed a second consistency test that required that at least two
oles of products were formed for each mole of initial substrate

onsumed. It should be noted that although hydrolysis of the ini-
ial substrate generates only two products, if these products suffer
urther reaction, this generates more than two moles of products
er mole of initial substrate consumed. For example, applying this
econd consistency test to the data for the experiment with Q7, the
ollowing condition must apply at each of the m sampling times:

6

i=1

Qim ≥ 2 (Q 70 − Q7m) (19)

The fractional reaction extent in the experiment started with Q7
s given by:

F7 = 1 −
(

6 [Q7] + 5 [Q6] + 4 [Q5] + 3 [Q4] + 2 [Q3] + [Q2]
6[Q7]0 + 5[Q6]0

)
= 1 −

The differential equation set for hydrolysis of Q7 as the initial
ubstrate is as follows:

dQ 1
dF7

= (6  + 5Q60) (R7AQ7 + R6AQ6 + R5AQ5 + R4AQ

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

dQ 2
dF7

= (6  + 5Q60) (R7BQ7 + R6BQ 6 + R5BQ5 + 2R4BQ

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

dQ 3
dF7

= (6 + 5Q60) (R7CQ7 + 2R6CQ6 + R5BQ5 + R4AQ

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

dQ 4
dF7

= (6 + 5Q 60) (R7CQ7 + R6BQ6 + R5AQ5 − R4AQ

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

dQ 5
dF7

= (6 + 5Q60) (R7BQ7 + R6AQ6 − R5AQ5 − R

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

dQ 6
dF7

= (6 + 5Q60) (R7AQ7 − R6AQ 6 − R6BQ6 − R

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

dQ 7
dF7

= (6 + 5Q60) (−R7AQ 7 − R7BQ7 − R7CQ

(R7A + R7B + R7C)Q7 + (R6A + R6B + R6C)Q6 + (R5A + R5B)Q5

The R-parameters represent relative specificity constants, nor-
alized with respect to k4A. By definition, R4A = 1.
The four sets of differential equations were fitted simultane-

usly to the four corrected data sets of Bonnin et al. [6] (Fig. 9).
he fit is quite reasonable in all cases. The greatest discrepancy
etween fitted and experimental values occurs for Q4 as an inter-
ediate. However, even in this case, the model does describe the

nitial increase and later decrease of Q4, the discrepancy being that
he predicted curve descends later than the experimental results
o.

Fig. 10 shows the values of the relative specificity constants
btained from the fingerprinting analysis. Crucially, Bonnin et al.
6] concluded that the “Q1 + Q5” cleavage of Q6 and the “Q1 + Q6”
leavage of Q7 do not occur, but our analysis suggests that they
o. Indeed, with R6A (i.e. for “Q1 + Q5”) and R7A (i.e. for “Q1 + Q6”)
oth fixed at 0, the model did not adjust well to the data (results

ot shown). A good fit was obtained with R6A equal to 3.1, which

s 29% of the sum of the relative specificity constants for the three
ossible reactions with Q6 (R6A + R6B + R6C = 10.8), and R7A equal to
.5, which is 25% of the sum of the relative specificity constants
ring Journal 113 (2016) 93–101 99

7 + 5Q6 + 4Q5 + 3Q4 + 2Q3 + Q2
6 + 5Q60

)
(20)

3Q3)

4A + R4B)Q4 + R3Q3
(21)

R3Q3)

4A + R4B)Q4 + R3Q3
(22)

R3Q3)

4A + R4B)Q4 + R3Q3
(23)

4BQ4)

4A + R4B)Q4 + R3Q3
(24)

)

4A + R4B)Q4 + R3Q3
(25)

)

4A + R4B)Q4 + R3Q3
(26)

4A + R4B)Q4 + R3Q3
(27)

for the three possible reactions with Q7 (R7A + R7B + R7C = 13.8). The
conclusion of Bonnin et al. [6] was  based on a visual inspection of
their reaction profiles. However, any visual analysis must take into
account the fact that many of the reaction species are simultane-
ously being consumed by more than one reaction and produced by
more than one reaction. It must also take into account the contami-
nants present at zero time (for hydrolysis of Q6, Q50 = 0.15, while for
hydrolysis of Q7, Q60 = 0.04), since the hydrolysis of these contam-
inants produces products that are also produced by the hydrolysis
of the main substrate. The advantage of the fingerprinting method
is that it takes the complex network of reactions into account in a
quantitative manner and also explicitly recognizes the presence of
contaminants at the beginning of the reaction.

4. General discussion

Although various authors have attempted to determine the pref-
erences that various carbohydrate-hydrolyzing enzymes have for
the various reactions that they can catalyze in branched reaction
schemes, reliable quantitative estimates of relative specificities are
rare. There are two  aspects that need to be considered in determin-

ing relative specificities. First, the mathematical approach not only
must be correct, but it also must be convenient to apply. Second,
once the appropriate mathematical approach has been chosen, it
must be possible to produce good quality experimental data and
analyze it appropriately. The first aspect is discussed below, while
guidelines for producing good quality data are provided at the end
of the Supplementary Material.

Approaches that have been used previously in attempts to deter-
mine the relative specificity of a carbohydrate-hydrolyzing enzyme
for the various substrates and intermediates with which it can react
include: (1) experiments in which various substrates are tested
individually, with kcat (or Vmax) and KM being estimated from the
initial rates of substrate disappearance [3–12]; (2) visual analysis
of reaction profiles [6,8,25–30]; (3) fitting of a pseudo first-order
model to time course profiles [12]; and (4) determination of bond
cleavage frequency [13–17].
Our fingerprinting analysis is more convenient than these other
methods since all the relative specificity constants can be deter-
mined on the basis of a single, well-characterized reaction profile.
Multiple experiments with the same substrate are not necessary. In
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Fig. 9. Fitting of the model to the corrected data of Bonnin et al. [6] for the hydrolysis of oligomers of D-galacturonic acid by the endopolygalacturonase of Fusarium moniliforme.
B  (a) the tetragalacturonate, (b) the pentagalacturonate (which was contaminated by the
t pentagalacturonate), and (d) the heptagalacturonate (which was contaminated by the
h  reflect the number of residues in the oligomer. The lines give the fit of the model.
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Fig. 10. Values of relative specificities for the endopolygalacturonase of Fusarium
moniliforme obtained from the corrected experimental data of Bonnin et al. [6]. Key:
onnin  et al. [6] performed the hydrolysis with different initial substrates, namely
etragalacturonate), (c) the hexagalacturonate (which was  contaminated by the 

exagalacturonate). The experimental data points are represented by numbers that

act, it may  not be necessary to do more than one experiment. For
xample, it would be possible to extract estimates of all the rela-
ive specificity constants of the endopolygalacturonase of Fusarium
oniliforme from the data for the hydrolysis of the heptagalac-

uronate (i.e. from Fig. 9(d)). Likewise, it would be possible to
btain estimates of all the relative specificity constants of Dis-
ersinB from the data for the hydrolysis of the pentaglucosamine
i.e. from Fig. 5(c)). On the contrary, the determination of kcat and
M requires various initial rate assays with several different initial
ubstrate concentrations for each of the substrates [3–12]. It has
he further disadvantage of providing only the global specificity
onstant for each substrate, not giving any information about the
pecificities of the various different reactions that are possible with
ach substrate. Likewise, for the bond cleavage frequency method,
t is necessary to conduct at least one experiment for each dif-
erent substrate and intermediate. Additionally, this method only
rovides information about the preferences of the enzyme for cat-
lyzing different reactions with the same substrate; it does not
rovide information about the relative preferences of the enzyme
or catalyzing reactions with different substrates.

The fingerprinting method has a further advantage over the
ond cleavage frequency method, which cannot be used when the
nzyme is capable of processivity [17]. In contrast, as our first case
tudy shows, the fingerprinting method can characterize the rel-
tive preference of an enzyme for the processive route, as long as
his route is included in the model.

Although the fingerprinting method has advantages over other

ethods that have been used to characterize relative specificity

onstants, as discussed above, it is limited to providing only this
nformation. As such, it is useful for investigating how changes in
Qn represents an oligogalacturonate with n units; R values represent relative speci-
ficity constants normalized with respect to k4A; k4A is the specificity constant for the
cleavage of Q4 into Q1 and Q3.

the reaction conditions or in the enzyme itself affect the speci-
ficity of the enzyme. If the aim is to obtain parameters for a kinetic
model, then the fingerprinting method can provide specificity con-
stants, but other parameters that are necessary for such a model,
such as KM values, inhibition constants and denaturation constants,
must be obtained by other methods. The advantage of the finger-
printing method is that it removes the effects of these phenomena
from the analysis [18], but this means that it cannot quantify these
phenomena.

Additionally, the fingerprinting method can only be used to ana-

lyze reaction schemes in which all reactions are catalyzed by the
same enzyme [18]. It cannot be applied to saccharification pro-
cesses of complex polysaccharides that involve several different
enzymes. Even if a single enzyme were to be used with a com-
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lex polysaccharide, the method requires that all intermediates be
uantified, and this is a significant challenge when a highly com-
lex mixture of intermediates is produced. It is usually possible to
btain adequate resolution of smaller oligosaccharides, and appro-
riate standards are often available or easy to produce. However,
or larger oligosaccharides, quantification can be more difficult, if
ot impossible, since they may  be present in low concentrations
nd peaks may  not be adequately resolved [9]. Also, appropriate
tandards for the analytical method are unlikely to be available and
ill be difficult to prepare in-house.

. Conclusions

Mathematical models are important tools for guiding the devel-
pment of processes for the hydrolysis of polysaccharides. In order
o use these mathematical models, it is necessary not only to have
orrectly formulated equations, but also to have good estimates
f the parameters of the model. Models of the saccharification
f polysaccharides will need to include descriptions of the later
tages of the reaction, when the enzymes are attacking oligosaccha-
ides, in complex, branched reaction schemes. The preferences of
n enzyme for the various reactions that it can catalyze within such
eaction schemes depend on the length of the oligomer and on the
osition of the bond within the oligomer. In the current work, we
ave demonstrated that the fingerprinting method of determining
elative specificity constants can be applied to branched reaction
chemes. This method is simpler to apply than methods that have
een used to date, such as those based on the determination of ini-
ial rates and the bond cleavage frequency method: Estimates of all
elative specificity constants can be obtained from one complete
ime course experiment.
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Coordenaç ão de Aperfeiç oamento de Pessoal de Nível Superior),
 Brazilian government agency for the development of personnel
n higher education. The authors also thank Fernando Voll for help

ith the use of the optimization routine in MATLAB® and Mikhail
oslowski for help with programming in MATLAB®.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.bej.2016.05.012.

eferences

[1] S. Heux, I. Meynial-Salles, M.J. O’Donohue, C. Dumon, White biotechnology:
state of the art strategies for the development of biocatalysts for biorefining,
Biotechnol. Adv. 33 (2015) 1653–1670.

[2] J.A. Mertens, Kinetic properties of two  Rhizopus exo-polygalacturonase
enzymes hydrolyzing galacturonic acid oligomers using isothermal titration
calorimetry, Appl. Biochem. Biotechnol. 170 (2013) 2009–2020.

[3] H.C.M. Kester, M.A.K.-V. Someren, Y. Müller, J. Visser, Primary structure and
characterization of an exopolygalacturonase from Aspergillus tubingensis, Eur.
J. Biochem. 240 (1996) 738–746.

[4] G.J. Davies, V. Ducros, R.J. Lewis, T.V. Borchert, M.  Schülein, Oligosaccharide
specificity of a family 7 endoglucanase: insertion of potential sugar-binding
subsites, J. Biotechnol. 57 (1997) 91–100.

[5] M.  Hrmova, E.A. MacGregor, P. Biely, R.J. Stewart, G.B. Fincher, Substrate

binding and catalytic mechanism of a barley
�-D-glucosidase/(1,4)-�-D-glucan exohydrolase, J. Biol. Chem. 273 (1998)
11134–11143.

[6] E. Bonnin, A. le Goff, R. Körner, G.-J.W.M. van Alebeek, T.M.I.E. Christensen,
A.G.J. Voragen, P. Roepstorff, C. Caprari, J.-F. Thibault, Study of the mode of
ring Journal 113 (2016) 93–101 101

action of endopolygalacturonase from Fusarium moniliforme, Biochim.
Biophys. Acta 1526 (2001) 301–309.

[7] L.D. Kluskens, G.-J.W.M. van Alebeek, J. Walther, A.G.J. Voragen, W.M. de Vos,
J.  van der Oost, Characterization and mode of action of an
exopolygalacturonase from the hyperthermophilic bacterium Thermotoga
maritima, FEBS J. 272 (2005) 5464–5473.

[8] J.A. Mertens, J.D. Braker, D.B. Jordan, Catalytic properties of two Rhizopus
oryzae 99-880 glucoamylase enzymes without starch binding domains
expressed in Pichia pastoris, Appl. Biochem. Biotechnol. 162 (2010)
2197–2213.

[9] D. Radva, S.H. Knutsen, J. Kosáry, S. Ballance, Application of high-performance
anion-exchange chromatography with pulsed amperometric detection to
compare the kinetic properties of �-glucosidase on oligosaccharides from
lichenase digested barley �-glucan, Carbohydr. Res. 358 (2012) 56–60.

10] M.  Sakaguchi, Y. Matsushima, T. Nankumo, J. Seino, S. Miyakawa, S. Honda, Y.
Sugahara, F. Oyama, M.  Kawakita, Glucoamylase of Caulobacter crescentus
CB15: cloning and expression in Escherichia coli and functional identification,
AMB  Express. 4 (2014) 1–12.

11] M.  Kamon, J. Sumitani, S. Tani, T. Kawaguchi, Characterization and gene
cloning of a maltotriose-forming exo-amylase from Kitasatospora sp.
MK-1785, Appl. Microbiol. Biotechnol. 99 (2015) 4743–4753.

12] E. Fazekas, L. Kandra, G. Gyémánt, Model for �-1,6-N-acetylglucosamine
oligomer hydrolysis catalysed by DispersinB, a biofilm degrading enzyme,
Carbohydr. Res. 363 (2012) 7–13.

13] J.A.E. Benen, H.C.M. Kester, J. Visser, Kinetic characterization of Aspergillus
niger N400 endopolygalacturonases I, II and C, Eur. J. Biochem. 259 (1999)
577–585.

14] C. Roy, H. Kester, J. Visser, V. Shevchik, N. Hugouvieux-Cotte-Pattat, J.
Robert-Baudouy, J. Benen, Modes of action of five different endopectate lyases
from Erwinia chrysanthemi, J. Bacteriol. 181 (1999) 3705–3709.

15] S. Pagès, W.H.M. Heijne, H.C.M. Kester, J. Visser, J.A.E. Benen, Subsite mapping
of Aspergillus niger endopolygalacturonase II by site-directed mutagenesis, J.
Biol. Chem. 275 (2000) 29348–29353.

16] S. Pagès, H.C.M. Kester, J. Visser, J.A.E. Benen, Changing a single amino acid
residue switches processive and non-processive behavior of Aspergillus niger
endopolygalacturonase I and II, J. Biol. Chem. 276 (2001) 33652–33656.

17] I. Kars, G.H. Krooshof, L. Wagemakers, R. Joosten, J.A.E. Benen, J.A.L. van Kan,
Necrotizing activity of five Botrytis cinerea endopolygalacturonases produced
in  Pichia pastoris, Plant J. 43 (2005) 213–225.

18] D.A. Mitchell, F. Carrière, N. Krieger, An analytical method for determining
relative specificities for sequential reactions catalyzed by the same enzyme:
general formulation, Biochim. Biophys. Acta 1784 (2008) 705–715.

19] D.A. Mitchell, J.A. Rodriguez, F. Carrière, N. Krieger, Determination of the
quantitative stereoselectivity fingerprint of lipases during hydrolysis of a
prochiral triacylglycerol, J. Biotechnol. 135 (2008) 168–173.

20] D.A. Mitchell, J.A. Rodriguez, F. Carrière, J. Baratti, N. Krieger, An analytical
method for determining relative specificities for sequential reactions
catalyzed by the same enzyme: application to the hydrolysis of
triacylglycerols by lipases, J. Biotechnol. 133 (2008) 343–350.

21] D.A. Mitchell, V.R. Moure, F.A. Marques, N. Krieger, A new mathematical
method for determining the enantiomeric ratio in lipase-catalyzed reactions,
J.  Mol. Catal. B Enzym. 64 (2010) 23–28.

22] K. Ishikawa, H. Nakatani, Y. Katsuya, C. Fukazawa, Kinetic and structural
analysis of enzyme sliding on a substrate: multiple attack in beta-amylase,
Biochemistry 46 (2007) 792–798.

23] J. Ludbrook, A primer for biomedical scientists on how to execute Model II
linear regression analysis, Clin. Exp. Pharmacol. Physiol. 39 (2012) 329–335.

24] A. Biz, A.T.J. Finkler, L.O. Pitol, B.S. Medina, N. Krieger, D.A. Mitchell,
Production of pectinases by solid-state fermentation on a mixture of citrus
waste and sugarcane bagasse in a pilot-scale packed-bed bioreactor, Biochem.
Eng. J. 111 (2016) 54–62.

25] R.V. Gadre, G. van Driessche, J. van Beeumen, M.K. Bhat, Purification,
characterisation and mode of action of an endo-polygalacturonase from the
psychrophilic fungus Mucor flavus,  Enzyme Microb. Technol. 32 (2003)
321–330.

26] T. Fukamizo, A. Fleury, N. Côté, M.  Mitsutomi, R. Brzezinski,
Exo-�-D-glucosaminidase from Amycolatopsis orientalis: catalytic residues,
sugar recognition specificity, kinetics, and synergism, Glycobiology 16 (2006)
1064–1072.

27] S.J. Horn, P. Sikorski, J.B. Cederkvist, G. Vaaje-Kolstad, M. Sørlie, B. Synstad, G.
Vriend, K.M. Vårum, V.G.H. Eijsink, Costs and benefits of processivity in
enzymatic degradation of recalcitrant polysaccharides, Proc. Natl. Acad. Sci. U.
S.  A. 103 (2006) 18089–18094.

28] N. Dennhart, T. Fukamizo, R. Brzezinski, M.-È. Lacombe-Harvey, T. Letzel,
Oligosaccharide hydrolysis by chitosanase enzymes monitored by real-time
electrospray ionization-mass spectrometry, J. Biotechnol. 134 (2008)
253–260.

29] J.A. Mertens, M.J. Bowman, Expression and characterization of fifteen
JL-15 endo-polygalacturonase a gene in Pichia pastoris and
oligo-galacturonates production, Protein Expr. Purif. 94 (2014) 53–59.

http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://dx.doi.org/10.1016/j.bej.2016.05.012
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0005
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0010
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0015
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0020
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0025
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0030
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0035
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0040
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0045
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0050
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0055
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0060
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0065
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0070
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0075
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0080
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0085
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0090
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0095
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0100
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0105
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0110
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0115
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0120
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0125
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0130
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0135
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0140
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0145
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150
http://refhub.elsevier.com/S1369-703X(16)30152-8/sbref0150

	Fingerprinting of oligosaccharide-hydrolyzing enzymes that catalyze branched reaction schemes
	1 Introduction
	2 Mathematical methods
	2.1 Analysis of the consistency of the data set
	2.2 Calculation of relative concentrations and the fractional reaction extent
	2.3 Determination of relative specificity constants

	3 Results
	3.1 Case study 1: hydrolysis of maltoheptaose by a processive β-amylase
	3.2 Case study 2: hydrolysis of β-1,6-N-acetylglucosamine oligomers by DispersinB
	3.3 Case study 3: hydrolysis of galacturonic acid oligomers by an endopolygalacturonase from Fusarium moniliforme

	4 General discussion
	5 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


