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The feasibility of a peroxidase–aldolase cascade reaction for the synthesis of therapeutically-valuable
iminocyclitols is discussed herein. A two-enzyme system consisting of chloroperoxidase (CPO) and D-
fructose-6-phosphate aldolase (FSA) was evaluated for the synthesis of a D-fagomine precursor
(preFagomine) from a N-Cbz-3-aminopropanol. An in-depth, systematic, step-by-step kinetic modeling
of seven reactions and two inactivation decays was proposed to elucidate the reaction mechanism, pre-
pare suitable stabilized biocatalysts, and find the optimal conditions for its application. The model
described accurately the data and predicted the outcome at different experimental conditions. The inac-
tivation of FSA caused by CPO was identified as the main bottleneck in the reaction. A two-step reaction
approach and the use of immobilized enzymes on magnetic nanoparticle clusters and functionalized
agarose carriers increased the stability of FSA, with an 1839-fold higher preFagomine formation per
mol of enzyme in comparison to a one-pot reaction using soluble enzymes.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Iminocyclitols, also referred to as iminosugars, are carbohydrate
analogs in which a nitrogen atom has replaced the endocyclic oxy-
gen. These compounds are inhibitors of glycosidases with enor-
mous therapeutic potential in many diseases by altering the
glycosylation or catabolism of glycoproteins (Calveras et al.,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2021.116602&domain=pdf
https://doi.org/10.1016/j.ces.2021.116602
mailto:gemasdeu@gmail.com
https://doi.org/10.1016/j.ces.2021.116602
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces
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2009; Gloster et al., 2007; Stütz, 1999; Whalen and Wong, 2006).
One valuable iminocyclitol is D-fagomine (Gómez et al., 2012;
Hereu et al., 2019; Koyama and Sakamura, 1974; Pearson et al.,
2005), which is a nutraceutical that may be used in diabetes cases
to prevent the digestion and absorption of carbohydrates (Fan
et al., 1999; Nojima et al., 1998; Taniguchi et al., 1998). Chemical
syntheses of D-fagomine with carbohydrate precursors as starting
materials usually involve cumbersome protection-deprotection
reactions, achieving moderate isolated yields (Fleet et al., 1987;
Goujon et al., 2005; Kumari et al., 2009; Pandey and Kapur,
2000); the synthesis from amino aldehydes is also described with
final yields below 15% (Banba et al., 2001). Alternatively, a D-
fagomine precursor (preFagomine, (3S,4R)-6-[(benzyloxycarbo
nyl)amino]-5,6-dideoxyhex-2-ulose) has been synthesized with
89% of isolated yield through stereoselective aldol addition of dihy-
droxyacetone (DHA) to N-Cbz-3-aminopropanal (b-CHO) (Fig. 1b)
(Castillo et al., 2006). The aldol addition was catalyzed by D-
fructose-6-phosphate aldolase (FSA, EC 4.1.2.-), a class I aldolase
from E. coli that is not dependent on phosphorylated donor sub-
strates. This substrate promiscuity has allowed many syntheses
of iminocyclitols, which have been assayed against a panel of gly-
cosidases (Herna et al., 2019; Sugiyama et al., 2007). Several FSA
genetic variants with modified substrate specificity are described
elsewhere (Gutierrez et al., 2011; Szekrenyi et al., 2014).

The chemical synthesis of the protected amino aldehydes is
generally achieved with low selectivity and high cost of oxidizing
agents. Transition metals are commonly used in these reactions,
making the process environmentally unsuitable (Lenoir, 2006).
The oxidation of alcohols to aldehydes is hence advantageous to
be performed via an enzymatic process. In previous work, the oxi-
dation of N-Cbz-3-aminopropanol (b-OH). to b-CHO was catalyzed
by chloroperoxidase from Caldariomyces fumago (CPO, EC
1.11.1.10), with nearly full substrate conversion but only 18%
selectivity towards the aldehyde, which could be increased by cou-
pling the FSA reaction (Fig. 1a) (Masdeu et al., 2016a). A peroxide
(hydrogen peroxide or t-butyl hydroperoxide, t-BuOOH) was used
as a co-substrate, instead of the expensive cofactors required by
dehydrogenases (Andersson and Wolfenden, 1982; Rodriguez-
Hinestroza et al., 2017; Shaw and Hager, 1961; Sudar et al.,
2015). Peroxides or derivate radical species, however, may cause
a rapid inactivation of CPO probably by heme group destruction
(Andersson et al., 2000; Ayala et al., 2011; Chamulitrat et al.,
1989; Park and Clark, 2006; Shevelkova and Ryabov, 1996), simi-
larly to the activity loss of dehydrogenases initiated by the supply
of oxygen in the reactions (Sudar et al., 2021).

The aim of the present research is the evaluation of the feasibil-
ity of a two-reaction coupling employing CPO and FSA for the syn-
thesis of preFagomine using b-OH, DHA and peroxide as starting
materials. The elucidation of the reaction mechanism of both reac-
tions is crucial for the determination of the initial reaction condi-
tions for its application: the reaction buffer and pH, the type of
peroxide, and the concentration of the substrates. Enzyme stability,
side reactions (e.g. the formation of hydroxy peroxy intermediates)
(Masdeu et al., 2016b) and substrate/product inhibitions may also
alter both CPO and FSA catalytic rates (Robertson, 2005). The
immobilization of both enzymes into agarose particles and mag-
Fig. 1. Schematic representation of the enzymatic synthesis of preFagomine: (a) b-OH ox
by FSA.
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netic nanoparticle clusters has been previously reported showing
increased stability with corresponding higher conversion rates:
CPO was immobilized on amino-functionalized agarose (Pešić
et al., 2012) and magnetic nanoparticle clusters (mNC) (Masdeu
et al., 2018), and FSA has been recently attached to both cobalt-
iminodiacetic acid-agarose (CoIDA-agarose) and mNC (Masdeu
et al., 2021).

The evaluation of the CPO/FSA reaction will be addressed
through (i) kinetic modelling and (ii) process intensification. (i)
The development of a mathematical kinetic model of the system
enables process optimization and give insight into the relationship
among the process variables: degradation of peroxide, chemical
reaction, amino aldehyde oxidation, alcohol oxidation, DHA oxida-
tion, aldol addition, and retroaldol addition. (ii) The optimal oper-
ating strategy of a complex system is approximated to maximize
the reaction rates and product yield, while minimizing the forma-
tion of side products. In the case of a multi-enzyme system, a
decomposition of the whole system on individual reaction steps
is required for the model formulation and understanding of each
individual reaction separately.

2. Materials and methods

2.1. Materials

b-OH, b-CHO, N-Cbz-3-aminopropanoic acid (b-COOH), t-
BuOOH (70 wt% in H2O), H2O2 (30 wt% in H2O), 2,4-
Dinitrophenylhydrazine phosphoric acid solution (DNPH), a-
glycerophosphate dehydrogenase–triosephosphate isomerase
(GPD/TPI), fructose-6-phosphate (F6P), D-glyceraldehyde-3-
phosphate (G3P), NADH, N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (CDI), (3-aminopropyl)triethoxysilane, and
ethylenediamine were purchased from Sigma Aldrich. 1,1-dime
thyl-4-chloro-3,5-cyclohexadione (MCD) (Fluka), (Hydroxy(polye
thyleneoxy)propyl) triethoxysilane (Gelest), 10% cross-linked agar-
ose beads and high-density metal-chelated supports (20–40 mmol
divalent metal ml�1) with iminodiacetic acid for metal chelation
(IDA-agarose) (Agarose Bead Technologies) were used. Iron (III)
sulfate hydrate, iron (II) sulfate heptahydrate, citric acid,
tetraethoxysilane (TEOS), NH4OH, and DHA were supplied by Alfa
Aesar.

CPO from C. fumago was purchased from Chirazyme Labs (42
KDa, 1400 U mgprotein�1 ). Recombinant His-tagged FSA A129S (se-
lected due to its high reactivity towards DHA) (Castillo et al.,
2010; Sudar et al., 2013b) was produced in high-cell density fed-
batch Escherichia coli BL21 (DE3) cell cultures by a modified proto-
col described elsewhere (Calleja et al., 2016). Plasmid pET22-fsaA
was generously supplied by Dr. Clapés from Biotransformation
and Bioactive Molecules Group (IQAC-CSIC, Barcelona). The
enzyme was purified by (cobalt-chelated) affinity chromatography
with a specific activity was 15.0 U mgprotein�1 (257 KDa).

2.2. Preparation of immobilization carriers

Functionalized agarose supports were synthesized by previ-
ously described protocols: Monoaminoethyl-N-aminoethyl
idation catalyzed by CPO using t-BuOOH. (b) DHA aldol addition to b-CHO catalyzed
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(MANA) agarose was prepared from 10% cross-linked agarose gels
(Fernandez-Lafuente et al., 1993; Guisán, 1988), and CoIDA-
agarose was prepared from IDA-agarose gels using cobalt chloride
(Ardao et al., 2006).

mNC was obtained by the self-assembly of primary maghemite
(c-Fe2O3) nanoparticles followed by a coating of the magnetic clus-
ter with a layer of silica (Kralj et al., 2010; Kralj and Makovec,
2015; Tadic et al., 2014). To functionalize and ensure the colloidal
stability of the nanocomposite, silica-coated mNC was grafted with
a mixed layer of silane molecules: ~83 mol. % (3-aminopropyl)trie
thoxysilane, and ~17 mol. % of the silane-PEG for the additional
steric stabilization of suspensions (Kralj et al., 2011; Masdeu
et al., 2018). Functionalized mNC are fully characterized and also
commercially available by Nanos SCI company under trademark
iNANOvativeTM.

2.3. Enzymatic activity assays

The activity of CPO was spectrophotometrically determined by
the chlorination of MCD (e278 = 12.2 mM�1 cm�1) (Toti et al.,
2005) to dichlorodimedone (DCD), according to the method of
Hager and Morris (Morris and Hager, 1966). The enzymatic assay
contained 0.1 M potassium phosphate buffer of pH 2.75,
0.16 mM MCD, 20 mM KCl, 2 mM hydrogen peroxide, and 50 mL
of enzyme sample in a total volume of 1 ml (100 mL in 2 ml for
immobilized derivatives). The absorbance at 278 nm was moni-
tored at 25 �C using a Cary 50 Bio UV–Visible Spectrophotometer
(Varian) by duplicate measurements. One activity unit (U) of CPO
is defined as the amount of enzyme required for the conversion
of 1 lmol of MCD per minute.

The activity of FSA was determined by a three-enzyme reaction
described in the literature (Schürmann and Sprenger, 2001). The
mixture for the enzymatic assay contained 5 mM F6P, 0.1 mM
NADH, 50 mM imidazole, 10 U ml�1 of GPD-TPI, and 50 mL of the
sample with FSA, in a total volume of 1 ml (100 mL in 2 ml volume
for immobilized derivatives). FSA activity was monitored by the
decrease at A340 due to the conversion of NADH to NAD+

(e340 = 6.2 mM�1 cm�1) at 30 �C by duplicate measurements. 1 U
of FSA activity is defined as the amount of enzyme required for
the conversion of 1 lmol of F6P per minute. In the case of FSA
bound to mNC-FSA, the activity was not quantified by absorption
kinetics due to method sensitivity but using the aldol addition of
DHA to b-CHO monitoring preFagomine by HPLC analysis
(Masdeu et al., 2021). The immobilized enzyme (50 mL) was added
to 950 mL of the reaction mixture, containing 40 mM b-CHO and
100 mM DHA in 50 mM HEPES (pH 8.0). The reaction was left for
90 min at 30 �C, 1000 rpm, and stopped by acidification to pH 2.5.

2.4. Enzyme immobilization

Native CPO was immobilized onto MANA-agarose (CPO-MANA-
agarose) according to our previous method (Pešić et al., 2012).
Briefly, MANA-agarose (50 mg) was mixed with CPO (764 U) in
1 ml of 10 mM sodium phosphate buffer (pH 5.0) at 25 �C for
15 min, and CDI (50 mM) was added for covalent immobilization.
After 3 h, 1 M NaCl was incubated for an additional hour to avoid
the ionic interactions. CPO was also immobilized onto mNC-NH2

(mNC-NH2-CPO) by prior modification of the surface of the enzyme
(Masdeu et al., 2018). The sugar moieties on the surface of the
enzyme (232 U ml�1) were oxidized with 25 mM NaIO4 in 0.5 ml
of 50 mM phosphate buffer (pH 5.0) for 60 min. 50 mM propylene
glycol was added to terminate the reaction. A colloidal suspension
of mNC-NH2 (50 mg) was mixed TM) with oxidized CPO (500 U) in
1 ml of 10 mM phosphate buffer (pH 5.0) at 25 �C for 2 h, followed
by the addition of NaBH4 (0.1 mg ml�1) to reduce the formed Schiff
base for 30 min. 1 M NaCl was added to avoid non-specific electro-
3

static interactions. As designed for reaction purposes, both deriva-
tives had a final activity of 6.25 U mg�1 (CPO-MANA-agarose and
mNC-NH2-CPO retained activities of 40.9 and 62.5%, respectively).

The preparations of FSA-CoIDA-agarose and mNC-NH2-FSA are
fully described in our recent work (Masdeu et al., 2021). FSA
(0.60 U) was immobilized on CoIDA-agarose (50 mg) for 30 min
in 50 mM sodium phosphate buffer with 0.3 M NaCl and 20 mM
imidazole, at pH 8.0 and 25 �C in a total volume of 1 ml. In parallel,
2.0 U FSA was immobilized onto 50 mg mNC-NH2 in 10 mM phos-
phate buffer (pH 5.0), at 25 �C, and stirred at 1000 rpm. After 1-
hour incubation, 5 mM CDI was added for 3 h to form the covalent
bond between FSA and mNC-NH2. Finally, 0.5 M NaCl was used to
avoid non-covalent interactions. For reaction purposes, both
derivatives had a final activity of 11.6 mU mg�1 (FSA-CoIDA-
agarose and mNC-NH2-FSA retained activities of 96.4 and 29.1%,
respectively).

Final immobilized derivatives were washed with buffer, the vol-
ume was set to 0.3 ml, and they were immediately used for the
reaction.

2.5. HPLC analysis

b-OH, b-CHO, b-COOH, t-BuOOH, and preFagomine were quan-
tified by HPLC (Dionex UltiMate 3000 with variable wavelength
detector) analysis using a CORTECS (Waters) C18 + 4.6 � 150 mm
(2.7 lm) column. Reaction samples were dissolved in acetonitrile
(MeCN) and analyzed by injecting 15 lL at a flow rate of
0.7 ml min�1, 30 �C. The solvent system consisted of mobile phase
A –0.1% (v/v) TFA in H2O– and B –0.095% (v/v) TFA in MeCN/H2O
4:1 (v/v)–. Samples were eluted using a gradient from 5 to 28.5%
B in 0.5 min, and an isocratic elution at 28.5% B over 15 min
(k = 254 nm). For the quantification of DHA, sample derivatization
was required before chromatography. DNPH derivatization was
performed following a described protocol (Ferioli et al., 1995)
30 lL of DHA (0–2 mM) was mixed with 30 lL of a stock solution
of DNPH (0.2 M) for 60 min; 180 lL of sodium acetate (3 M, pH 9.0)
was added to stop the reaction. The derivatized compound was
extracted into an organic phase using 240 lL of MeCN, and the
HPLC analysis was performed eluting the samples with an isocratic
method at 50% B for 2 min, followed by a gradient from 50 to 65% B
over 5 min (k = 260 nm). Prior calibration with standards of known
concentration was used for quantitative analysis. The standard
deviation was calculated from measurements performed by dupli-
cate. In addition, the structures of preFagomine and oxidized DHA
(oxDHA) were characterized by HPLC-MS analysis (Figure S1, S2).

2.6. Mathematical model and kinetic parameters estimation

Reaction rates (r) were named according to the corresponding
reaction (R) (Eqs. (1)–(19); nomenclature is revised in Supporting
Information, SI section 3.1): R1 is the CPO-catalyzed b-OH oxida-
tion to b-CHO, which can be further oxidized to b-COOH by the
same enzyme and peroxide (R2). R3 represents the chemical reac-
tion aldehyde-peroxide leading to the hydroxy alkyl peroxide
(HAP) described in previous work (Masdeu et al., 2016a). R4 is
the degradation of t-BuOOH by CPO that renders tert-butyl alcohol
(t-BuOH) and a radical (t-BuOO�), as previously reported elsewhere
(Chamulitrat et al., 1989). R5 states for the oxidation of DHA cat-
alyzed by CPO leading to oxDHA. R6 and R7 are the aldol and
retroaldol additions by FSA.

The enzyme inactivation was simplified to a first-order decay.
kdCPO is the inactivation rate constant of CPO in presence of t-
BuOOH; kdFSA1 is the inactivation rate of FSA caused by CPO and
t-BuOOH; kdFSA2 is the FSA inactivation rate caused by CPO, DHA
and t-BuOOH. The stoichiometry and mass balances from all reac-
tions are:



G. Masdeu, Z. Findrik Blažević, S. Kralj et al. Chemical Engineering Science 239 (2021) 116602
R1 : bOH þ tBuOOH !
CPO

bCHOþ tBuOH ð1Þ

R2 : bCHOþ tBuOOH !
CPO

bCOOH þ tBuOH ð2Þ

R3 : bCHOþ tBuOOH ! HAP ð3Þ

R4 : 3 tBuOOH !
CPO

tBuOHþ 2 tBuOO� ð4Þ

R5 : DHAþ tBuOOH !
CPO

oxDHAþ tBuOH ð5Þ

R6 : DHAþ bCHO!
FSA

preFagomine ð6Þ

R7 : preFagomine!
FSA

DHAþ bCHO ð7Þ

d½bOH�
dt

¼ �r1 ð8Þ

d½bCHO�
dt

¼ r1 � r2 � r3 � r6 þ r7 ð9Þ

d½bCOOH�
dt

¼ r2 ð10Þ

d½HAP�
dt

¼ r3 ð11Þ

d½tBuOOH�
dt

¼ �r1 � r2 � r3 � 3 r4 � r5 ð12Þ

d½tBuOH�
dt

¼ r1 þ r2 þ r4 þ r5 ð13Þ

d½tBuOO��
dt

¼ 2 r4 ð14Þ

d DHA½ �
dt

¼ �r5 � r6 þ r7 ð15Þ

d½ oxDHA�
dt

¼ r5 ð16Þ

d½preFagomine�
dt

¼ r6 � r7 ð17Þ

dðCPOactivityÞ
dt

¼ �kdCPO � CPOactivity ð18Þ

dðFSAactivityÞ
dt

¼ �ðkdFSA1 þ kdFSA2Þ � FSAactivity ð19Þ

All reactions were carried out in 1 ml of 0.1 M MES buffer (pH
6.5) at 25 �C, and stirred at 1000 rpm. The total withdrawn sam-
pling volume was always kept below 10%. The concentrations of
substrates and enzymes are specified in the corresponding text,
figures and tables in SI section 3.

The estimation of model parameters was performed by progress
curve analysis using PSE gPROMS� Model Builder 5.0.0, which
allows the simultaneous determination of multiple parameters
from several experiments. The optimization algorithm of the soft-
ware was used to maximize the formation of preFagomine in sim-
ulated CPO/FSA reactions. Parameter Estimation in gPROMS was
based on the Maximum Likelihood formulation which provides
simultaneous estimation of parameters in both the physical model
of the process and the variance model. MicroMath� Scientist� 2.0
was exclusively used for initial reaction rate analysis. Non-linear
4

simplex and least squares fit regression methods implemented in
SCIENTIST software were used for parameter estimation and model
simulations. The software gives statistical output for the estima-
tion of parameters, as well as goodness-of-fit statistics for the
mathematical models.
2.7. Process intensification

All reactions were carried out in 0.1 M MES buffer (pH 6.5) at
25 �C, 1000 rpm with withdrawn volume below 10%, as follows:
(a) The one-pot reaction was carried out in 1 ml at the following
initial concentrations: 16 mM b-OH, 39.9 mM t-BuOOH, 72.6 mM
DHA, 5.0 kU CPO ml�1 and 0.2 kU FSA ml�1. (b) The initial two-
step reaction mixture was 1 ml of 5.0 mM b-OH, 10.0 mM t-
BuOOH, and 312.5 U CPO ml�1 for the b-OH oxidation, and 2 ml
of 0.5 mM b-CHO, 20.0 mM DHA, and 0.58 U FSA ml�1 for the aldol
addition. After the oxidation, the reaction medium was separated
by a magnetic field (mNC) or filtration (agarose), and ultrafiltration
(soluble enzyme, all cases). Finally, it was left under mild agitation
for 60 min before starting the second reaction, to degrade all the
peroxy radicals.
3. Results

A preliminary coupling of the CPO-catalyzed b-OH oxidation
and the FSA-catalyzed DHA addition using soluble enzymes was
investigated to choose the proper peroxide and buffer for the cou-
pled reaction (SI section 2). Apart from the well-known inactiva-
tion of CPO caused by the peroxide, the reaction between b-CHO
and the peroxide, and the oxidation of b-CHO to the acid, the main
insight from this pre-analysis was: (a) t-BuOOH led to a notably
higher alcohol oxidation rate than hydrogen peroxide. (b) The
selected buffer was 100 mM MES buffer (pH 6.5) with high opera-
tional stability of both enzymes. (c) FSA was inactivated by incuba-
tion with CPO and t-BuOOH. (d) No preFagomine was obtained in a
proof-of-concept reaction, probably due to a fast inactivation of
FSA. (e) Various side reactions were identified on the complex sys-
tem: the oxidation of DHA in presence of t-BuOOH and CPO –which
competes with FSA for the use of DHA–, and the degradation of t-
BuOOH catalyzed by CPO.

Fig. 2 includes the five side reactions and the inactivation of
both enzymes within the whole reaction. All these undesirable
phenomena hindered the simultaneous coupling of these two reac-
tions. To overcome this issue, the development of a mathematical
kinetic model was proposed as the work strategy. In contrast to a
factorial design, a kinetic model might be able to relate the direct
dependencies and effects of each reaction. To that end, all reaction
and inactivation rates were intended to be individually investi-
gated to reduce the disturbing effects of the other reactions, such
as substrate or product inhibitions.

A separate kinetic model for each enzyme reaction was built.
The model for CPO-catalyzed reactions was investigated by a step-
wise method: (1) Incubation of CPO and t-BuOOH to determine the
inactivation of CPO (kdCPO). Here, R4 was also present. (2) Incuba-
tion of t-BuOOH and b-CHO to evaluate the chemical reaction (R3)
that rendered the hydroxy alkyl peroxide (HAP). (3) Addition of b-
CHO to step 1 for the interpretation of the oxidation of b-CHO to b-
COOH. kdCPO, r4 and r3 were also considered. (4) Addition of b-OH
to previous steps to investigate the alcohol oxidation. Regarding
the model for FSA-catalyzed reactions, it included two equilibrium
reactions: R6 and R7. After its elucidation, both CPO/FSA systems
were put together to study the oxidation of DHA by CPO and t-
BuOOH, and the inactivation of FSA (kdFSA) caused by the products
from R4 and R5.



Fig. 2. Overall reaction mechanism including the identified side-reactions and the inactivation pathways for both enzymes.

Table 1
Estimated values of the parameters in Equations (20)–(37). 95% confidence intervals
are indicated.

Parameter Value Units

t-BuOOH degradation, CPO inactivation
kcat4 2.07 ± 0.10 lmol � min�1 � mgCPO�1

k4 51.54 ± 3.40 mM
n 1.43 ± 0.02 –
ka 7.04�10�2 ± 0.17�10�2 min�1

a 1.83�10�2 ± 0.20�10�2 mM � min�1

chemical reaction aldehyde–peroxide
k3i 1.49�10�3 ± 4�10�5 mM�1 min�1

k3ii 1.25�10�1 ± 5�10�3 min�1

kir3 2.18�10�1 ± 1.4�10�2 –
CPO-catalyzed reactions
kcat2 3.42 ± 0.29 lmol � min�1 � mgCPO�1

KM,t-BuOOH 58.83 ± 5.18 mM
KM,b-CHO 36.38 ± 3.84 mM
kir4a 6.52 ± 0.04 mM
kcat1 10.88 ± 0.37 lmol � min�1 � mgCPO�1

KM,b-OH 309.5 ± 12.0 mM
kcat5 54.18 ± 4.11 lmol � min�1 � mgCPO�1

KM,DHA 833.6 ± 71.2 mM
kir4b 11.26 ± 0.64 mM
kir1 108.2 ± 8.5 mM
kir2 38.21 ± 8.08 mM
kir5 32.15 ± 0.76 mM
FSA-catalyzed reactions
kcat6 19.31 ± 1.00 lmol � min�1 � mgFSA�1

kcat7 13.06 ± 0.69 lmol � min�1 � mgFSA�1

K’
M,DHA 9.00 ± 1.70 mM

K’
M,b-CHO 20.94 ± 2.25 mM

KM,preFagomine 59.68 ± 1.93 mM
kir7 3.09�10�1 ± 5.4�10�2 mM
FSA inactivation
k1 1.96�10�1 ± 7�10�3 mM�1

k2 6.70 ± 0.24 mM�1

k02 33.75 ± 4.20 min�1

b 3.45 ± 0.41 mM � min�1

c 3.85�10�1 ± 7�10�3 –
d 3.85�10�2 ± 1.42�10�2 –
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3.1. CPO model

3.1.1. Degradation of t-BuOOH and CPO inactivation
r4 (mM min�1) and kdCPO (min�1) were determined by the incu-

bation of t-BuOOH and CPO (experimental distribution in Fig-
ure S5). A study of the initial reaction rates was discarded due to
the peroxide-dependent fast inactivation of CPO. Instead, a pro-
gress curve analysis of each reaction was performed in terms of
peroxide concentration and CPO activity over the reaction time.
A sigmoidal behavior was observed for r4:

r4 ¼ kcat4 � YCPO � e�kdCPOt � ½tBuOOH�n
k4

n þ ½tBuOOH�n ð20Þ

where YCPO corresponds to the CPO mass concentration (mg
ml�1), kcat4 is the turnover number in R4 (mmol min�1 mg�1),
whereas the inactivation of CPO (kdCPO) was expressed as a func-
tion of r4; i.e. kdCPO is proportional to the formation rate of the per-
oxyl radical t-BuOO� (r4) (Chamulitrat et al., 1989; Park and Clark,
2006):

kdCPO ¼ ka � r4
aþ r4

ð21Þ

where ka is the maximum value of the CPO inactivation rate con-
stant (min�1), and a is an inactivation parameter (mM min�1). This
radical was assumed to be degraded in seconds, considering its
accumulation in the reactor as negligible. The estimated values of
all parameters are indicated in Table 1; Fig. 3 (3b in this case) shows
some examples of the fitting to all the equations in the text (for all
fittings, see Figure S6).

Regarding inhibitions affecting r4 or modulations over kdCPO, it
was not checked with b-OH, b-CHO or DHA at this step, as they
are substrates of the same enzyme and consequently another reac-
tion (R1, R2, R5) could interfere with the result. Inhibition/modula-
tion was indeed evaluated with various concentrations of b-COOH
and preFagomine, but no effect was observed (Figure S7).
3.1.2. Chemical reaction aldehyde–peroxide
To describe the rate of the chemical aldehyde–peroxide reaction

(r3, mM min�1), various concentrations of both compounds were
mixed and left for incubation (Figure S8). Each reaction was ana-
lyzed in terms of concentrations of b-CHO and t-BuOOH over time
5

(Fig. 3C, S9). Results indicated a classic equilibrium behavior from a
reversible reaction:

r3 ¼ k3i � ½bCHO� � tBuOOH½ � � k3ii � ½HAP� ð22Þ

where k3i is the forward chemical reaction constant (mM�1 min�1),
k3ii is the reverse reaction constant (min�1). b-OH, b-COOH, t-BuOH,



Fig. 3. Stepwise methodology for the kinetic model in the CPO/FSA reaction system. FSA-catalyzed reactions: (a) Initial reaction rates on R6 and R7; CPO-catalyzed reactions:
(b) R4 and CPO inactivation caused by t-BuOO�, (c) R3, (d) R2, R3, R4 and CPO inactivation, (e) R1, R2, R3, R4 and CPO inactivation, (f) R4, R5 and CPO inactivation. Experimental
data: b-OH (s), b-CHO (j), b-COOH (+), t-BuOOH (�), DHA (d), CPO activity (N); model: b-OH ( ), b-CHO ( ), b-COOH ( ), DHA ( ), t-BuOOH ( ), CPO activity ( ).
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DHA, preFagomine were tested as inhibitors for this reaction. Only
inhibition caused by b-COOH was observed (Figure S10), rewriting
Eq. (22) with an extra inhibition term (kir3) (Figure S11):

r3 ¼ k3i � ½bCHO� � tBuOOH½ � � ð1þ ½bCOOH�Þ�kir3 � k3ii

� ½HAP� ð23Þ
3.1.3. CPO-catalyzed oxidations
Many reported reactions catalyzed by CPO exhibit an undeni-

able ping-pong mechanism (Casella et al., 1994; Colonna et al.,
1999; Dunford, 2010; Kedderis and Hollenberg, 1983). The estima-
tion of the kinetic parameters in these systems can be hindered by
the tight relation between them. To overcome this limitation, a
preliminary study of initial reaction rates was carried out to find
an initial value of each parameter to be used for model calcula-
tions, according to:

r1 ¼ kcat1 � YCPO � e�kdCPOt � bOH½ � � ½tBuOOH�
KM;bOH � tBuOOH½ � þ KM;tBuOOH � ½bOH� þ ½tBuOOH� � bOH½ �

ð24Þ

r2 ¼ kcat2 � YCPO � e�kdCPOt � bCHO½ � � ½tBuOOH�
KM;bCHO � tBuOOH½ � þ KM;tBuOOH � ½bCHO� þ ½tBuOOH� � bCHO½ �

ð25Þ

r5 ¼ kcat5 � YCPO � e�kdCPOt � DHA½ � � ½tBuOOH�
KM;DHA � tBuOOH½ � þ KM;tBuOOH � ½DHA� þ ½tBuOOH� � DHA½ �

ð26Þ
6

where KM,X is the Michaelis constant of compound X. The initial
reactions rates r1, r2 and r5 were analyzed together with KM,t-

BuOOH as a global parameter (Figure S12, Table S2).
Regarding the CPO-oxidation of b-CHO into b-COOH, four reac-

tions were studied in a mixture of CPO, b-CHO, t-BuOOH: degrada-
tion of the peroxide (r4), inactivation of CPO (kdCPO), the chemical
reaction (r3), and b-CHO oxidation (r2) (Eqs. (20), (21), (23), (25)).
Several reactions with different concentrations of aldehyde and
peroxide (Figure S13) were carried out to determine the actual
value of the pre-estimated r2 parameters (Fig. 3D, S14). An inhibi-
tion mechanism in r4 caused by the amino aldehyde was observed
from the experimental data, adding a new term (kir4a) to Eq. (20):

r4¼ kcat4 o YCPO o e-kdCPOt o ½BuOOH�n
k4

n
oð1 þ ½bCHO�

kir4a
Þ þ ½BuOOH�n ð27Þ

The best fitting results were obtained considering a competitive
inhibition of b-CHO to the binding of the peroxide at the active site.
The inhibition from other compounds of the reaction system, such
as b-COOH, t-BuOH, and preFagomine on r2 was evaluated, but no
inhibition was observed in any case (Figure S15).

To investigate the CPO-catalyzed oxidation of b-OH into b-CHO,
several reactions with different concentrations of t-BuOOH and b-
OH were carried out (Figure S16). Apart from r1 (Eq. (24)), other
rates were considered: r2, r3, r4, and kdCPO (Fig. 3E, S17). Regarding
inhibitions affecting r1, it was not evaluated with b-COOH and pre-
Fagomine, since no inhibitory effect was observed for r2.

Reactions with different peroxide and DHA concentrations were
carried out (Figure S18) to estimate the kinetic parameters from
Eq. (26). r4 and CPO inactivation should be also considered apart
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from r5 (Fig. 3F, S19). An inhibition mechanism in r4 caused by
DHA was observed from the experimental data, adding an inhibi-
tion term kir4b:

r4 ¼ kcat4 � YCPO � e�kdCPOt � ½tBuOOH�n
k4

n � ð1þ ½bCHO�
kir4a

þ ½DHA�
kir4b

Þ þ ½tBuOOH�n ð28Þ

The best results were obtained considering a competitive inhi-
bition of DHA to the binding of the peroxide at the active site.

To check for possible interactions of r5 with r1 or r2, five reac-
tions were performed with a fixed concentration of CPO, b-OH,
and t-BuOOH, but a variable amount of DHA (Figures S20). Three
inhibition terms were added: two competitive inhibitions of DHA
to the binding of b-OH or b-CHO to the active site (kir1, kir2), and
the competitive inhibition of b-OH to the binding of DHA (kir5):

r1 ¼ kcat1 � YCPO � e�kdCPOt � bOH½ � � ½tBuOOH�
KM;bOH � ð1þ ½DHA�

kir1
Þ � tBuOOH½ � þ KM;tBuOOH � ½bOH� þ ½tBuOOH� � bOH½ �

ð29Þ

r2 ¼ kcat2 � YCPO � e�kdCPOt � bCHO½ � � ½tBuOOH�
KM;bCHO � ð1þ ½DHA�

kir2
Þ � tBuOOH½ � þ KM;tBuOOH � ½bCHO� þ ½tBuOOH� � bCHO½ �

ð30Þ

r5 ¼ kcat5 � YCPO � e�kdCPOt � DHA½ � � ½tBuOOH�
KM;DHA � ð1þ ½bOH�

kir5
Þ � tBuOOH½ � þ KM;tBuOOH � ½DHA� þ ½tBuOOH� � DHA½ �

ð31Þ
3.2. FSA model

FSA is a class I aldolase and, therefore, the conserved active
lysine in the enzyme active site forms a Schiff base intermediate
with DHA (substrate A), which attacks the carbonyl carbon of sub-
strate B (b-CHO) (Schürmann and Sprenger, 2001). The aldol and
retroaldol additions (r6, r7) are then described as an ordered
sequential mechanism:

r6 ¼ kcat6 � YFSA � DHA½ � � bCHO½ �
K

0
M;bCHO � DHA½ � þ K

0
M;DHA � K

0
M;bCHO þ DHA½ � � bCHO½ � ð32Þ

r7 ¼ kcat7 � YFSA � ½preFagomine�
KM;preFagomine þ ½preFagomine� ð33Þ

Contrarily to CPO, no inactivation of FSA was expected among
its reactions; an initial reaction rate analysis can be easily per-
formed to estimate the parameters. To this end, several reactions
were performed varying the concentration of DHA or b-CHO, and
preFagomine, analyzing the reaction rate before 10% of substrate
conversion was achieved (Fig. 3a).

To check if there is any inhibition between both reactions, var-
ious reactions with different concentrations of b-CHO and DHA
were carried out (Figure S21). As it has been already reported else-
where (Sudar et al., 2013a), product inhibition by the amino alde-
hyde was observed in the retroaldol addition, adding an inhibition
term (Figure S22):

r7 ¼ kcat7 � YFSA � ½preFagomine�
KM;preFagomine � ð1þ ½bCHO�

kir7
Þ þ ½preFagomine� ð34Þ
3.2.1. Coupled system: FSA inactivation
The inactivation of FSA in the whole CPO/FSA system was char-

acterized for the eventual use of this model for the coupled reac-
tion, distinguishing two inactivation pathways: kdFSA1 and kdFSA2.
Regarding kdFSA1, FSA was incubated with different concentrations
of t-BuOOH and CPO (Figure S23). The inactivation was mathemat-
ically expressed as a linear dependence of r4 (Figure S24):
7

kdFSA1 ¼ k1 o r4 ð35Þ
Regarding the second inactivation (kdFSA2), incubations of FSA

and CPO with different concentrations of t-BuOOH and DHA (Fig-
ure S25) were carried out. Again, the inactivation was described
with a linear expression, not related to r4 but to the oxidation of
DHA by CPO (r5) (Figure S26).

kdFSA2 ¼ k2 o r5 ð36Þ
Additional series of experiments were performed to confirm the

obtained kinetic values for the inactivation of FSA, mixing different
concentrations of b-OH, DHA, t-BuOOH, CPO and FSA (Table S3).
The fittings from these experiments (Figure S27) indicated: (1)
kdFSA1 was confirmed to be a linear function of r4, (2) kdFSA2 was
not a linear function of r5, but a hyperbolic function as already
described for FSA reactions (Česnik et al., 2019), (3) an increase
of YFSA acts as a positive modulator effect on FSA activity, lowering
kdFSA2; (4) (an increase of the DHA concentration leads a higher r5,
which produces a more rapid inactivation of FSA. However, DHA is
a natural substrate of FSA and may protect the active site of FSA
from inactivation:

kdFSA2 ¼ k
0
2 � r5
bþ r5

� ð1þ YFSAÞ�c � ð1þ ½DHA�Þ�d ð37Þ
3.3. Model validation

For the validation of all estimated kinetic parameters, several
reactions were carried out fixing the concentration of b-OH, t-
BuOOH and CPO at high values (47.0mM, 77.7mM, 0.714mgmL�1)
to increase the productivity of preFagomine. Since the concentra-
tions of DHA and FSA are the most sensitive variables to the inac-
tivation of FSA, up to seven reactions were carried out with
different concentrations of these two variables (Figure S28). The
model fitted all the data correctly (Fig. 4, Figure S29), although very
low concentrations of preFagomine were obtained at each of these
conditions. This could be overcome by model exploitation, opti-
mizing the reaction conditions to increase the product yield.
Besides, the use of immobilized enzymes could enhance the com-
patibility between both enzymes, lowering their inactivation rates.

3.4. Model exploitation for process intensification

3.4.1. One-pot strategy
The constructed mathematical model was used to find the opti-

mal conditions for the one-pot approach reaction. The variables for
optimization were the initial concentrations of all substrates (t-
BuOOH, b-OH, DHA) and enzymes (CPO and FSA) (Table S4). The
optimal initial YCPO and YFSA were predicted at the upper bound
of the variable range used in the optimization (Table S5); this range
was not further increased due to medium viscosity. Considering a
reaction time of 5 h, the model predicts that a high quantity of both
enzymes is required to obtain a moderate preFagomine yield of
14.6%. The predicted values were experimentally confirmed by a
coupled reaction at these initial conditions using both soluble
CPO and FSA, double-checking the applicability of the model and
the unfeasibility of the coupled system. Some accumulation of
the aldehyde was observed at the end of the reaction due to the
high instability of FSA (CPO remained active at 66%). No immobi-
lized derivatives were tested in the one-pot configuration due to
a required enzyme load too high to be immobilized on the support
(considering 5% v/v support/reaction-medium for pseudo-
homogeneous catalysis).

A (semi)continuous addition of peroxide, DHA and/or enzymes
was considered as a strategy to overcome the inactivation of FSA.
Preliminary simulations, however, indicated lower oxidation and



Fig. 4. Fitting example of one of the reactions used in the CPO/FSA model validation. Experimental data: b-OH (s), b-CHO (j), b-COOH (+), DHA (d), t-BuOOH (�),
preFagomine (}), CPO activity (N), FSA activity (4); model simulation: b-OH ( ), b-CHO ( ), b-COOH ( ), DHA ( ), t-BuOOH ( ), preFagomine ( ), CPO activity ( ), FSA
activity ( ).
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aldol addition rates, ruling out this strategy. An alternative opera-
tion to one-pot is the separation of both reactions, performing the
overall reaction as two consecutive reaction cascade. That avoids
the oxidation of DHA, the inhibition of CPO reactions by DHA,
and the inactivation of FSA.

3.4.2. Two-step reaction
The two-step coupled reaction was carried out in two separate

vessels with an intermediate step of ultrafiltration to remove CPO
from the reaction medium. The filtered mixture was left under
mild agitation for 60 min to ensure the degradation of the formed
radical.

The optimal initial conditions were predicted by a different
optimization procedure: to enable the further use of immobilized
CPO and FSA in the reaction, the enzyme concentration was fixed
Fig. 5. CPO and FSA-catalyzed two-step synthesis of preFagomine. (a) Soluble enzymes, (
COOH (+), t-BuOOH (�), preFagomine (}), CPO activity (N), FSA activity (4); model sim

8

at the maximum enzyme load maintaining the 5% v/v support/
medium (SI section 3.13). Then the optimal values for the two vari-
ables in the oxidation reaction (initial concentration of b-OH and t-
BuOOH) and one variable in the aldol addition reaction (initial con-
centration of DHA) were predicted.

First, the two-step reaction was carried out using both soluble
CPO and FSA (Fig. 5a). Regarding the oxidation of b-OH, the model
accurately predicted the experimental data, leading to a b-CHO
yield of 17.9% (expected: 18.4%). The reaction was stopped after
5 h when the measured activity of CPO was negligible; the pseudo
half-life time of the enzyme (CPO-t1/2) was only 18 min. The reac-
tion mixture was filtered, and the aldol addition was started after
60 min. Here, however, the kinetic model was not able to predict
the experimental data: the measured preFagomine yield was
38.4%, whereas the predicted one was 79.3%. The latter value was
b) mNC-enzymes, (c) agarose-enzymes. Experimental data: b-OH (s), b-CHO (j), b-
ulation: b-OH ( ), b-CHO ( ), b-COOH ( ), t-BuOOH ( ), CPO activity ( ).
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confirmed by performing an aldol addition reaction using commer-
cial b-CHO at the same reaction conditions (Figure S30) with a pre-
Fagomine yield of 81.1%. Therefore, the difference might be caused
by the inactivation of FSA. Although no inactivation was expected,
the soluble FSA activity dropped more than 80% in 3 h (FSA-
t1/2 = 35 min), probably because some inactivating agent was not
removed from the mixture, and it inactivated the enzyme. Further
stabilization was expected by using immobilized enzymes, either
onto nanoparticles or conventional agarose supports.

Four derivatives (nCPO-MANA-agarose, mNC-NH2-CPO, FSA-
CoIDA-agarose, mNC-NH2-FSA) were tested at the optimized reac-
tion conditions. However, it should be noted that when immobi-
lized enzymes are used, the kinetic parameters can differ from
the ones found for the soluble catalysts due to mass transfer effects
or altered inactivation rates due to immobilization (Illanes, 2008).

The b-OH oxidation catalyzed by mNC-NH2-CPO led to similar
results than the soluble CPO (Fig. 5b). The amino aldehyde yield
was 19.0% at the same reaction time (5 h), while no improvement
in the operational stability of the enzyme was observed (CPO-
t1/2 = 24 min, 1.3-fold increase). In the aldol addition catalyzed
by mNC-NH2-FSA, a lower preFagomine yield (15.0%) was
obtained, likely related to the rapid inactivation of FSA through this
immobilization strategy (FSA-t1/2 = 8 min). Regarding the agarose
derivatives, the oxidation of CPO on MANA-agarose (Fig. 5c) gave
similar results with a b-CHO yield of 20.2%. Although the enzyme
remained active after 5 h (CPO-t1/2 � 300 min, �17-fold increase),
the reaction was stopped because the amino aldehyde concentra-
tion reached a plateau. FSA immobilized on CoIDA-agarose led to
the best results in the aldol addition reaction, with a preFagomine
yield of 96.3% (this reaction was left for 4 h since FSA remained
active, FSA-t1/2 �240 min, �7-fold increase). Although diffusional
limitations in the activity test can hinder its interpretation, FSA
stability is truly enhanced by the immobilization of the enzyme
into CoIDA-agarose.

With the last catalytic complex formed by CPO-MANA-agarose/
FSA-CoIDA, the highest final overall yield of the two-step reaction
was obtained: 19.5%. In comparison to the one-pot reaction using
soluble enzymes, the results are incredibly promising: (a) in the
one-pot approach, only 1.82 mmol preFagomine were obtained
from 16.0 mmol b-OH using 85 mmol CPO and 52 mmol FSA, with
a total production of 0.026 mmolpreFagomine molb-OH�1 molCPO�1 molFSA�1 .
(b) In the two-step reaction with agarose derivatives, 0.96 mmol
preFagomine were obtained from 5.0 mmol b-OH using 12.8 mmol
CPO and 0.31 mmol FSA (concentrations considering the activity
loss during the immobilization procedure), with a total production
of 47.8 mmolpreFagomine molb-OH�1 molCPO�1 molFSA�1 . That denotes an
1839-fold increase of the specific preFagomine production of the
presented immobilized system on the coupled reaction.
4. Conclusions

The feasibility of a multi-enzymatic reaction cascade to synthe-
size iminocyclitols using amino alcohols as the starting material
has been investigated. Particularly, the coupled CPO-catalyzed b-
OH oxidation and FSA-catalyzed DHA aldol addition that renders
preFagomine are investigated in detail. A mathematical model for
better understanding of the reaction kinetics of the whole system
was developed by an in-depth study of each individual reaction
separately. This is crucial for avoiding undesired interactions
among reactions which could hinder the analysis of the results.
Up to 7 reactions were investigated, estimating their kinetic
parameters: degradation of peroxide, chemical reaction, amino
aldehyde oxidation, alcohol oxidation, DHA oxidation, aldol addi-
tion, and retroaldol addition. The inactivation of both enzymes
was also described. The kinetic model was validated with great fit-
9

ting of the experimental data, enabling the comprehension of this
highly complex reaction system by identifying the inactivation of
FSA as the main bottleneck. Our study elucidated the coupled reac-
tion mechanisms, showing the inhibitions among diverse sub-
strates and products from the different reactions.

The kinetic model was used for process intensification, deter-
mining the optimal conditions for the coupling in two reactor con-
figurations: one-pot synthesis or two-consecutive vessels
approach. Both strategies were investigated in detail using soluble
and immobilized CPO/FSA. The separation of the oxidation and the
aldol addition notably reduced the inactivation of FSA driven by
CPO, led to a higher enzyme stability (17-fold increase for CPO,
7-fold for FSA), and incremented the product synthesis. The most
promising results were obtained in the two-step reaction catalyzed
by CPO-MANA-agarose and FSA-CoIDA-agarose, with an 1839-fold
increase on the preFagomine production per mol of enzyme in
comparison to the one-pot approach with soluble enzymes.
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