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ABSTRACT: Short-chain cello-oligosaccharides (COS; degree of polymerization, DP < 6) are promising water-soluble dietary
fibers. An efficient approach to their bottom-up synthesis is from sucrose and glucose using glycoside phosphorylases. Here, we show
the intensification and scale up (20 mL; gram scale) of COS production to 93 g/L product and in 82 mol % yield from sucrose (0.5
M). The COS were comprised of DP 3 (33 wt %), DP 4 (34 wt %), DP 5 (24 wt %), and DP 6 (9 wt %) and involved minimal loss
(<10 mol %) to insoluble fractions. After isolation (>95% purity; >90% yield), the COS were examined for growth promotion of
probiotic strains. Benchmarked against inulin, trans-galacto-oligosaccharides, and cellobiose, COS showed up to 4.1-fold stimulation
of cell density for Clostridium butyricum, Lactococcus lactis subsp. lactis, Lactobacillus paracasei subsp. paracasei, and Lactobacillus
rhamnosus but were less efficient with Bifidobacterium sp. This study shows the COS as selectively functional carbohydrates with
prebiotic potential and demonstrates their efficient enzymatic production.

KEYWORDS: functional carbohydrates, dietary fibers and prebiotics, cello-oligosaccharides, cascade biocatalysis, glycoside phosphorylases,
sucrose, process intensification

B INTRODUCTION ﬂ-Z,é-lir}keld), have been claimed to show prebiotic proper-
ties.>' 141

The rapidly growing evidence on the dynamic composition
of the gut microbiota in relation to human health and
development strongly motivates the search for new prebiotic
NDOs showing selective agency in promoting the growth of
microbiota species. In this context, short-chain soluble cello-
oligosaccharides (COS) are promising as dietary fibers. COS
are linear D-gluco-oligomers built from p-1,4-glycoside link-
ages. For DP < 6, the COS are soluble in water. Longer COS
tend to form insoluble cellulose material. Soluble COS are not
digested by the human arsenal of digestive glycoside
hydrolases. They thus constitute novel NDOs that have
already drawn significant interest from the food industry.'®"”
For now, a number of studies performed in vitro or in vivo
support the idea of COS exhibiting prebiotic properties.
Cellotriose, which is the smallest COS, and the disaccharide
cellobiose are the substrates for in vitro growth of probiotic
bacteria, such as several Lactobacillus strains,'®"’ Bifidobacte-
rium breve UCC2003,” and Bacteroides vulgatus DSM 1447.'
Also, in vivo experiments show a beneficial effect of COS on
the intestinal microbiota of calves.”” With the initial studies

Probiotics, typically found in the genera of Bifidobacterium and
Lactobacillus, are live microorganisms that confer health benefit
to the host when controlled in an adequate amount.’
Correspondingly, prebiotics are the ingredients that serve as
nutritional sources for the probiotic bacteria to produce
biologically important compounds (e.g., short-chain fatty acids,
SCFA), which in turn mediate relevant health effects in the
human body.”* Numerous health benefits, such as stimulation
of immune sys.tem,4 regulation of the gastrointestinal
function,” antiobesity effect,’ and prevention of carcino-
genesis,” are associated with the intake of prebiotics. Prebiotic
components are defined by the following criteria: they are not
digested by the host, they are fermentable by the intestinal
microbiota, and they show selective stimulation of the growth
and/or activity of beneficial intestinal bacteria.*” '’ Non-
digestible oligosaccharides (NDOs) are usually built from
common (ie., readily digestible) monosaccharides (e.g, D-
glucose, D-mannose, D-galactose, and D-fructose) but involve
glycoside linkages largely resistant to hydrolytic degradation by
human digestive enzymes. NDOs thus become available as
;Z]taroorilnztl?siirrletrztS:r?cliC:zt f:sr ab:;:gc i;;glgfg;fegietigvﬁg showing promise, it would be desirable to assess the functional
Several NDOs have been commercialized for prebiotic use. —
The products are usually mixtures of individual compounds Received: April 27, 2020 ;gggucmg
from a structural class of oligosaccharides and may differ in Revised:  June 29, 2020
monosaccharide composition, glycoside linkage type, and Accepted:  July 20, 2020
degree of polymerization (DP, 3—10 sugar units)."> Currently, Published: July 20, 2020
several classes of NDOs, such as D-galacto-oligosaccharides

(GOS, f-1,3/4/6 linked) and p-fructo-oligosaccharides (FOS,
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Figure 1. Phosphorylase cascade for the synthesis of COS from sucrose and glucose. Interconnected enzymatic reactions establishing a phosphate/
aGlcl-P shuttle for the iterative f5-1,4-glucosylation of glucose are shown. For the soluble COS (DP < 6), n = 1—4. ScP, sucrose phosphorylase;

CbP, cellobiose phosphorylase; CdP, cellodextrin phosphorylase.

properties of soluble COS (especially those of DP > 3) in
greater detail. Limitation on the applicability of COS arises due
to the compound availability and price. To further develop
their uses, COS must be produced at large scale efficiently.

Generally, the routes for COS production are categorized
according to whether they are based upon the depolymeriza-
tion of cellulose or bottom-up synthesis.”>~>> Chemical and
enzymatic methods are known for both routes.”**® However,
COS production in high yield and with proper DP control
remains challenging.””*® Technology fit for the bulk
production of soluble COS is currently lacking. We previously
reported a three-enzyme cascade system for conversion of
sucrose and glucose into COS of the desired DP between 3
and 6.*° The enzymes used are glycoside phosphorylases:
sucrose phosphorylase (ScP), cellobiose phosphorylase (CbP)
and cellodextrin phosphorylase (CdP). In the sequence-based
classification of carbohydrate-active enzymes, ScP is found in
family GH13 and CbP and CdP both belong to family
GH94.® The COS are synthesized by a DP-controlled,
iterative elongation of glucose from a-p-glucose 1-phosphate
(aGlcl-P) via a linear CbP-CdP cascade reaction (Figure 1).
The intermediary aGlcl-P is produced from sucrose by ScP in
the presence of phosphate. This enzyme system enabled a
favorable production of soluble COS from expedient
substrates. The yield on sucrose was as high as ~88 mol
9.”” While useful as a method, the enzymatic synthesis would
strongly benefit from significant intensification of the
production level to industrially demanded product concen-
trations in the range of ~100 g/L. In addition, the scale up to
gram-scale production would be required for detailed product
evaluation. This study was performed to promote the
enzymatic synthesis of COS toward a robust biocatalytic
process technology.

Here, we demonstrate the soluble COS production at the 20
mL scale to ~100 g/L. In terms of the product concentration,
this represents a 2.4-fold intensification as compared to the
earlier studies.”” A set of interrelated process factors (substrate
loading, enzyme activity and enzyme ratio, reaction time) was
examined, for the synthetic efficiency. Besides the product
concentration, the distribution of DP in product, so as to avoid
loss of COS to insoluble material, was an important additional
criterion of that efficiency. To prevent elongation of the COS
to longer chains (DP > 6) resulting in their precipitation, flux
through the reaction steps required suitable control of the
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enzyme activity ratio to make the chain extension by CdP to be
primarily rate limiting overall. We here describe a complete
process comprised of efficient up- and downstream processing.
The COS product was isolated from the reaction in gram scale
with excellent purity (>95%) and yield (>90%). Its
composition was reasonably balanced with respect to the
individual degree of polymerization represented. The COS
were assessed for growth promotion of a representative
selection of probiotic bacterial strains.”’ Referenced against
established oligosaccharide prebiotics (trans-galacto-oligosac-
charides, inulin) and cellobiose, the COS showed substantial
(<4.1fold) stimulation of growth (in terms of maximal cell
density reached) for Clostridium butyricum, Lactococcus lactis
subsp. lactis, Lactobacillus paracasei subsp. paracasei, and Lb.
rhamnosus. Interestingly, the COS were by far less eflicient
with strains of the genus Bifidobacterium (B. animalis, B.
adolescentis). This study thus reveals the COS as selectively
functional carbohydrates with significant prebiotic potential.

B MATERIALS AND METHODS

The materials used were of reagent grade. COS standards of DP 3—6
were from Megazyme (Wicklow, Ireland). Cellobiose (purity > 99%)
was from Pfeifer & Langen (Koln, Germany). TOS (Lot. TOS-
100610-50g) was from YAKULT Pharmaceutical Ind. Co. Ltd.
(Tokyo, Japan). Inulin from chicory (12255-10G) was from Sigma-
Aldrich (Vienna, Austria).

Enzymes. Sucrose phosphorylase from B. adolescentis (BaScP,
GenBank identifier AF543301.1), cellobiose phosphorylase from
Cellulomonas uda (CuCbP; GenBank identifier AAQ20920.1), and
cellodextrin phosphorylase from Clostridium cellulosi (CcCdP;
GenBank identifier CDZ24361.1) were prepared according to
literature.” Briefly, each enzyme was produced harboring N-terminal
His-tag. The Escherichia coli strains producing enzymes were grown at
37 °C in LB medium (with 0.1 mg/mL ampicillin). Expression
induced with 0.25 mM isopropyl p-p-1-thiogalactopyranoside was
done overnight at 25 °C. Baffled shake flasks (1 L) containing 250 mL
of medium were used. Agitation was at 120 rpm in a CERTOMAT
(BS-1, Sartorius Stedim, Vienna, Austria). Approximately 1—1.2 g of
dry cell per liter of culture was obtained. The specific activity (units/g
cell dry weight) was approximately 2995 (BaScP), 1980 (CuCbP),
and 3960 (CcCdP). After cell harvest and disruption, enzymes were
purified aided by their N-terminal His-tag. In terms of activity
recovered as purified enzyme, the yield was approximately 15%
(BaScP), 23% (CuCbP), and 18% (CcCdP). Purified proteins were
desalted using the Vivaspin Turbo 30 kDa cutoff concentrator tubes
(Sartorius Stedim, Vienna, Austria) with MES buffer (50 mM, pH
7.0). Protein was measured with Roti-Quant reagent (Carl Roth,

https://dx.doi.org/10.1021/acs.jafc.0c02660
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Karlsruhe, Germany) using BSA as standard. The enzymes used here
had specific activities of 122 (BaScP), 32 (CuCbP), and 13 U/mg
(CcCdp).

Enzyme activities were determined by reported methods.”” Briefly,
the activities of CuCbP and CcCdP were determined at 45 °C and pH
7.0 in the direction of cellobiose and COS synthesis, respectively. A
50 mM MES buffer was used that contained the substrates 50 mM
glucose (CuCbP) or S0 mM cellobiose (CcCdP) and S0 mM aGlcl-
P. The phosphate released was measured. The activity of BaScP was
determined in the direction of sucrose phosphorolysis (S0 mM
sucrose and phosphate; pH 7.0, 45 °C). The aGlcl-P released was
determined using a continuous-coupled enzyme assay.>

COS Synthesis and Purification. All reactions were carried out
at 45 °C. A MES buffer (50 mM, pH 7.0) was used. Substrate
concentration was set as phosphate 50 mM, sucrose 0.5 M, and
glucose 0.15 M. The volumetric activities of BaScP, CuCbP, and
CcCdP were varied as indicated in the Results and Discussion.
Purified enzymes were used in all reactions, and they were stable
during the full reaction time course. Samples were periodically taken
from the reactions, heated (95 °C, S min) to inactivate the enzymes,
and analyzed by HPLC. Unless mentioned, the reactions were
performed in a total volume of 1.0 mL. Incubations were done in a
ThermoMixer C (Eppendorf, Vienna, Austria) with an agitation rate
of 300 rpm. Scale up of the reaction volume was done at 20 mL. A 50
mL centrifuge tube (Sarstedt, Inc., NC, USA) was used and incubated
in a shaking water bath (temperature controlled at 45 °C) with a
shaking rate of 300 rpm.

The reaction mixture from the 20 mL reaction was purified in two
steps. Yeast treatment of the heated (95 °C, S min) and centrifuged
reaction mixture was the first step. Instant dry yeast (Dr. Oetker
GmbH, Bielefeld, Germany) was added to 30 g/L in a SO mL Sarstedt
tubes equipped with perforated lids. Incubation was at 30 °C and 100
rpm in a CERTOMAT (BS-1, Sartorius Stedim, Vienna, Austria) for
24 h. Upon depletion of carbohydrates other than COS, in particular,
D-fructose, the yeast was centrifuged off (5000 rpm, 4 °C, 20 min)
and the supernatant was filtered (0.45 pm; Minisart NML, Sartorius
AG, Gottingen, Germany). For solvent precipitation as the second
purification step, the filtered solution was poured into cold acetone
(1:9 by volume) with stirring and incubated at 4 °C overnight.
Precipitate was collected (5000 rpm, 10 min) and washed several
times with acetone. It was air dried, lyophilized, and weighed.

Analytics. The COS were quantified using a Hitachi LaChrom
HPLC system (Merck, Darmstadt, Germany) equipped with a Luna §
pm NH, column (100 A, 250 X 4.6 mm, Phenomenex, Aschaffenburg,
Germany) operated at 40 °C. Acetonitrile—water (67.5:32.5, by
volume) was used as eluent at a flow rate of 1.5 mL/min. Cellobiose
was quantified using an Aminex HPX-87H Column (300 X 7.8 mm,
Bio-Rad Laboratories, Vienna, Austria) operated at 60 °C. Sulfuric
acid (5 mM) was used as eluent at a flow rate of 0.5 mL/min. Sucrose
and cellobiose were quantified by a YMC-Pack Polyamine II/S-5 pm/
12 nm column (250 X 4.6 mm, YMC America, Allentown, US) at
room temperature. Acetonitrile—water (75:25, by volume) was used
at a flow rate of 1.0 mL/min. Glucose and fructose were quantified
using an Aminex HPX-87C Column (300 X 7.8 mm, Bio-Rad
Laboratories, Vienna, Austria) operated at 80 °C. Milli-Q water was
used as eluent at a flow rate of 0.4 mL/min. Refractive index detection
was used. Calibration was done with authentic standards. Besides, free
phosphate was determined by a colorimetric assay.>>

The measured concentrations of substrates, intermediates, and
products were assessed for internal consistency based on mass
balance. The molar yield of the reaction was defined as the mole ratio
(mol %) of the glucosyl units transferred into products to the sucrose
substrate added. Considering reactions in which a substantial portion
of products ended up insoluble, we defined a so-called soluble mole
ratio (mol %). This is the ratio of total glucosyl units in products that
remained soluble to the glucosyl units transferred from aGlcl-P in the
overall reaction.

The 'H nuclear magnetic resonance (NMR) spectra of the purified
COS product (lyophilized) in 4% NaOD/D,0O (concentration 10
mg/mL) were recorded on a Varian Inova S00 NMR Spectrometer
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(Agilent Technologies, Santa Clara, CA) applying 32 scan cycles. In
addition, wide-angle X-ray diffraction (WAXD) measurement of the
purified COS (lyophilized) was done under ambient conditions using
a Bruker AXS D8 Advance powder diffractometer in Bragg—Brentano
geometry with a LynxEye Detector operated at 40 kV and 40 mA
using Cu Ka radiation (4 = 1.54178 A). Diffraction angles were
measured from 5° to 50°.

Evaluation of COS in Microbial Growth Experiments. B.
animalis subsp. lactis HNO19/DR10, Lb. paracasei subsp. paracasei
SHIROTA, and Lb. rhamnosus LGG were from the in-house culture
collection of the Institute of Food Science. B. adolescentis DSM 20083
and C. butyricum DSM 10702 were from DSMZ (Deutsche
Sammlung von Mikroorganismen and Zellkulturen, Braunschweig,
Germany). Lc. lactis subsp. lactis LMG 6890 was from the LMG
Bacteria Collection of the Belgian Coordinated Collections of
Microorganisms (BCCM). Strain maintenance used the conditions
slightly modified from the literature.>* Briefly, Bifidobacterium spp.
and lactobacilli were maintained at —72 °C in MRS (de Man, Rogosa,
and Sharpe) broth containing 0.5 g/L L-cysteine hydrochloride and
15% (w/v) glycerol. Lc. lactis was maintained in M17 broth with 15%
(w/v) glycerol. C. butyricum was maintained in Reinforced Clostridial
Medium (RCM) containing 15% (w/v) glycerol.

Frozen bifidobacteria, lactobacilli, and Lc. lactis subsp. lactis were
activated by streaking onto MRS agar and anaerobically incubating at
37 °C for 24—48 h (80% N,, 10% H,, 10% CO,). C. butyricum was
streaked onto RCM agar and anaerobically cultured at 37 °C for 24 h.
Afterward, a single colony from each agar plate was picked and
transferred into an appropriate medium: MRS broth for bifidobac-
teria, lactobacilli, and Lc. lactis subsp. lactis; RCM for C. butyricum.
Strains were incubated anaerobically at 37 °C overnight. The optical
densities of the fresh cultures were adopted to 0.08—0.10 with the
relevant sugar-free sterile broth. Suspension cultures were then diluted
1:100 with sugar-free broth containing 4% Oxyrase (Oxyrase Inc.,
Mansfield, OH, USA). In each well of the honeycomb microtiter
plate, 100 uL of the bacterial suspension was mixed with 150 L of 2X
sugar-free broth and S0 uL 3% (w/v) glucose/prebiotic solution.
Finally, each well was covered with sterile mineral oil. The final
concentration of glucose (set as positive control), cellobiose, and
prebiotic oligosaccharides (COS, TOS, and inulin) in these media
was 0.5% (w/v).

The inoculated honeycomb plates were placed in the reading
chamber of Bioscreen C MBR (Labsystems, Vantaa, Finland) and
incubated at 37 °C. The optical densities of the cultures were
measured periodically for 48—72 h depending on the cultures. All of
the measurements were carried out in biological triplicates.

B RESULTS AND DISCUSSION

Intensification of the COS Production. As demonstrated
in our earlier studies, the three-enzyme cascade reaction shown
in Figure 1 is promising for biocatalytic production of short-
chain COS from sucrose and glucose. We previously identified
key engineering parameters of the process output (substrate
concentration and substrate ratio, enzyme activities and
enzyme ratio, reaction time) and succeeded in disentangling
their complex relationship for systematic process optimization.
Using 0.2 M sucrose and 0.065 M glucose, we thus obtained a
COS concentration of 39 g/L for a targeted conversion of
sucrose of ~95%.”” The COS yield on sucrose was 88 mol %.
Using enzyme activity ratios within a suitable range
(BaScP:CuCbP:CcCdP, 10:3:2 U/mL), the chain extension
was controlled to largely (<5%) prevent loss of overelongated
COS into insoluble material. Considering the enzymatic
productions of established oligosaccharide prebiotics at
concentrations of ~350 g/L (FOS) and ~100 g/L (GOS),”
we here set forth to intensify the enzymatic COS production to
a target concentration of ~100 g/L so as to better meet the
demands for industrial use of the COS.

https://dx.doi.org/10.1021/acs.jafc.0c02660
J. Agric. Food Chem. 2020, 68, 85578567
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Figure 2. Time-course analysis of substrate conversion and soluble COS release in the reaction with varied enzyme loading ratios at 45 °C and pH
7.0. Substrate concentration as sucrose 0.5 M, glucose 0.15 M, and phosphate S0 mM was fixed. Enzyme activity ratio (BaScP:CuCbP:CcCdP) was
set to (A) 10:3:2, (B) 20:6:4, (C) 15:5:2, and (D) 20:6:2 U/mL. (@) Sucrose, (M) total soluble COS, (A) glucose, (A) G2, (V) G3, (x) G4, (+)
GS, (O) G6. Fructose release (not shown) parallels the sucrose consumption precisely (<5% deviation). Data are from single representative time-
course experiments but agree within typically <10% with replicates performed.

We thus increased the sucrose concentration to 0.5 M and
kept the glucose/sucrose mole ratio at 0.3. According to the
earlier evidence, these conditions should yield COS product at
the target concentration and in the desired sucrose conversion
(~90%.). Although glucose was reported to inhibit Cbp*°3¢
as well as ScP,” the effect of an increased glucose
concentration (0.15 M compared to 0.065 M used previously)
was unlikely to be vitally important. The phosphate
concentration was kept at S0 mM considering the action of
phosphate/aGlcl-P shuttle (Figure 1) that recycles phosphate
to the reaction of BaScP. Temperature (45 °C) and pH (7.0)
were left as previously found to be optimal for the three
enzymes.”” Importantly, based on the earlier evidence,” the
enzyme activity ratio was kept at 10:3:2 (U/mL) for BaScP,
CuCbP, and CcCdP.

The time course of COS production under these conditions
is shown in Figure 2A. Release of total soluble COS increased
almost linearly with time over the whole 6 h of reaction.
Formation of the individual oligosaccharide showed a largely
similar trend. A maximum product concentration was ~80 g/L.
The COS was composed mainly of G3 (cellotriose; 36 wt %)
and G4 (cellotetraose; 33 wt %). The GS (cellopentaose; 23 wt
%) was less abundant, and a small amount of G6
(cellohexaose; 8 wt %) was present. Although the reaction
was still progressing at 6 h (Figure 2A), we did not proceed in
its analysis due to the incipient formation of insoluble material.
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The sucrose conversion was just 67 mol % at this point, so that
further improvement of the synthesis was deemed to be
necessary.

We considered that in order to enhance the sucrose
conversion, it would be crucial to better separate the kinetic
phases of soluble and insoluble products formation. We
additionally considered that formation of the insoluble product
due to self-assembly of longer chain oligosaccharides (DP > 6)
is a spontaneous (uncatalyzed) process. An increase in the
volumetric enzyme activity to shorten the time for cellulose
chain polymerization might thus promote soluble product
formation selectively. We thus performed the reaction at a
doubled enzyme loading of 20:6:4 (U/mL). The correspond-
ing time course profile is shown in Figure 2B. The sucrose
conversion was accelerated (1.6-fold), and the maximum
concentration of soluble COS was increased to 82 g/L after 5
h. The sucrose conversion was enhanced to 74 mol % at this
point. The soluble product was comprised mainly of G3 (32 wt
%), G4 (34 wt %), and G5 (26 wt %). G6 was in a small
amount (8 wt %). Continued reaction to 6 h consumed more
sucrose (83 mol %), but the soluble COS concentration
decreased. A relatively large portion (29 mol %) of the total
product was lost as insoluble material. Interestingly, the
concentrations of the most soluble COS (G3, G4, GS) were
decreased at 6 h. The concentration of G6 was increased
slightly but not to an extent that would account for the

https://dx.doi.org/10.1021/acs.jafc.0c02660
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concentration decrease of the other soluble COS. Rapid
extension of G3, G4, and GS into insoluble COS in the
absence of a significant accumulation of G6 seems unlikely. We
suggest that formation of insoluble material might result in
partial coprecipitation of shorter COS. Evidence from earlier
studies suggested that a limiting amount of cellobiose (G2) for
elongation (Figure 2B) would lead to longer chains and hence
insoluble products.””** We considered that further improve-
ment of the COS synthesis might be obtained from selectively
slowing down the chain extension reaction relative to the
aGlcl-P and cellobiose forming reactions. We thus kept the
CcCdP activity at a comparably low level (2 U/mL) and varied
the associated BaScP and CuCbP activities. Reaction time
courses are shown in Figure 2C and 2D.

An important result was that both conditions largely
succeeded in preventing insoluble product formation (<10
mol % at 8 h). The maximum COS concentration (85 g/L,
Figure 2C; 93 g/L, Figure 2D) was obtained after 6 h. The
product composition at this point was similar to the previous
reactions (Figure 2A and 2B), for example, with G3 (33 wt %)
and G4 (33 wt %) as the main product and GS also
prominently present (24 wt %) (Figure 2D). However, the
time course in Figure 2D is interesting because it brings out
more clearly than in the other reactions the dynamics of
formation and further utilization of the individual oligosac-
charides. Cellobiose was initially accumulated until 2 h and
gradually converted. The G3 was the main product in the
initial phase of the reaction up to 4 h. Later, the G3
concentration decreased, apparently to benefit formation of
longer oligosaccharides. The G4 and GS curves reflect a similar
but somewhat dampened trend as compared to the G3 curve.
The maximum concentrations of G4 and GS were shifted to
longer reaction times, as expected (Figure 2D). Reaction in
Figure 2D gave a product yield from sucrose of 82 mol % (at 6
h). An interesting finding from Figure 2C and 2D is that by
varying the reaction time in the range 5—8 h, it became
possible to fine tune the product composition for an almost
constant concentration of total soluble COS. For example, in
Figure 2D the product composition at S h was 39 wt % G3, 35
wt % G4, 19 wt % GS, and 7 wt % G6. The total COS
concentration was 87 g/L. At 8 h, however, the product
composition was 26 wt % G3, 31 wt % G4, 29 wt % GS, and 14
wt % G6. The total COS concentration was however hardly
changed (89 g/L).

In summary, the results demonstrate intensification of COS
production by about 2.4-fold compared to previous reports.”’
A final COS concentration was obtained that compares
optimistically to the enzymatic production process for the
established oligosaccharide prebiotics.”> However, compared
to productions of GOS and FOS that rely on the use of just a
single enzyme,” the COS production requires three enzymes
to be operated in cascade reactions. The additional complexity
of the biotransformation requires careful attention, particularly
when considered for large-scale production. Improving the
overall eco-efficiency by avoiding the use of purified (or
commercial) enzymes should be noted. To this end, a whole-
cell or cell-free catalysis system®' based on enzymes
coexpression is considered promising and has been in the
plan for future application.

Scale up the Reaction and Purification of the COS.
Using the reaction conditions from Figure 2D, we scaled up
the enzymatic conversion to a 20 mL volume. The reaction
time course at 1 and 20 mL was almost superimposable, as
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shown in Figure 3. Thus, ~2 g of COS was synthesized. After
removal of the enzymes, the supernatant was used for product
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Figure 3. Time-course analysis of sucrose conversion and soluble
COS release in the scaled-up production. Reaction was performed in
20 mL at 45 °C and pH 7.0 using the enzyme activity ratio
(BaScP:CuCbP:CcCdP) of 20:6:2 U/mL. Substrate concentration as
sucrose 0.5 M, glucose 0.15 M, and phosphate S0 mM was fixed. (@)
Sucrose (gray circle, 1 mL reaction), (M) total soluble COS (gray
square, 1 mL reaction), (A) G2, (V) G3, (X) G4, (+) GS, (O) G6.
Fructose release (not shown) parallels the sucrose consumption
precisely (<5% deviation). Data are from single representative time-
course experiments but agree within typically <10% with replicates
performed.

isolation. A total volume of 20 mL was processed in the
procedure described below and schematically shown in Figure
4A. The sample had a total carbohydrate content of around
200 g/L. Besides COS (95 g/L, including G2), it contained
fructose (74 g/L), glucose (2 g/L), and sucrose (31 g/L).

Selective fermentation by Saccharomyces cerevisiae of all
carbohydrates except COS was recently shown as an efficient
first step of COS purification.”” However, the challenge here
was to demonstrate the applicability of the method to
carbohydrate solutions as concentrated as the reaction mixture.
The literature suggests limitations (inhibition, toxicity) to arise
at >200 g/L of total carbohydrate dependent on composi-
tion.”>** We were pleased that S. cerevisiae (30 g dry cell mass/
L) converted the residual carbohydrates completely in 24 h
(30 °C, pH 7.0), while it left the COS product essentially
unaffected (Figure 4B and 4C). A slight increase in the COS
concentration may be due to water evaporation (~8%) during
fermentation. We additionally noted that the COS solubility
was improved substantially upon removal of the accompanying
carbohydrates (Figure S1). Therefore, unless the COS are
purified further, their storage after the yeast treatment is
preferred.

As shown previously,””* COS precipitation with acetone
(by 9 times the volume of sample) was used to isolate COS
from the products of the yeast fermentation, in particular
ethanol, glycerol, and acetic acid.* The COS were precipitated
quantitatively, and redissolution of the solid pellet in the
original volume of water gave a concentration of 92 g/L. From
HPLC analysis, the isolated COS had a purity of ~98% (Figure
4B). The purification yield was almost quantitative (~90%). A
total amount of ~2.0 g of COS product was thus obtained.
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Figure 6. Influence of different oligosaccharides (prebiotics) on the growth of probiotic strains. Strains: (A) Lc. lactis subsp. lactis; (B) C. butyricum;
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The original composition of the COS product was mostly
retained (Figure 4C). The purification procedure was
successfully adapted to this highly concentrated product
solution. We note that the acetone solvent used for the
precipitation step could be recovered conventionally by
distillation for reuse, thus improving the E-factor and the
overall eco-efficiency of the COS downstream process. The
purified product was lyophilized to additionally demonstrate a
conveniently stored, solid product from the enzymatic
production (Figure S2). The solid product was redissolved
fully without a change in composition. Overall, we show the
scale up of COS synthesis and demonstrate efficient
integration of up- and downstream processing for multigram-
scale production of pure COS product.

Besides HPLC analysis referenced against the authentic
standards, the isolated COS were analyzed and their expected
chemical structure verified by "H NMR spectroscopy. The 'H
NMR spectrum recorded from purified COS dissolved in
strongly alkaline solution of D,0O is shown in Figure SA. The
shown proton signals can be assigned from the literature.*’
Signals at chemical shifts (8y) of 4.5 and 5.2 ppm are
characteristic of the reducing-end f- and a-anomeric proton,
respectively. The anomeric region showed a doublet at d; 4.25,
which is assigned to the -1,4-linked glucosyl monomers with a
nonreducing end. The dominant doublet at 6y 4.30
corresponds to the f-1,4-internal linkages. No unassigned
signals were present in the full "H NMR spectra. The COS
product is therefore comprised of a single type of glycoside
linkage, clearly assigned as f-1,4.

We also performed analysis with wide-angle X-ray diffraction
of the isolated product obtained from the enzymatic reaction
after the acetone precipitation and lyophilization. It was

8563

interesting to note that this insoluble but readily redissolvable
material showed crystalline features (Figure SB) quite similar
to the precipitated (insoluble) products from enzymatic
reaction (Figure S3). Three prominent diffraction peaks are
observed (20 at 12.3° 20.0°, and 22.1°). The peaks can be
assigned from the literature*® to the crystal faces 110, 110, and
020 of cellulose II allomorph. Formation of crystalline cellulose
II allomorph was possibly due to the self-assembly of
oligosaccharides chains in acetone-induced precipitation.*”*’
Interestingly, the cellulose product obtained from acetone-
precipitated and lyophilized COS was readily redissolved in
water, whereas the products precipitated during enzymatic
synthesis were not redissolved. We thus assume that small
changes in the COS chain length determine the final properties
of insoluble material regarding dissolution in water.

COS as Prebiotics: Evaluation of Growth Promotion
among Probiotic Strains. The COS used had the following
composition: G2, 2.4 wt %; G3, 34.5 wt %; G4, 34.3 wt %; GS,
22.5 wt %; and G6, 6.3 wt %. They were assessed for growth
promotion of important probiotic bacteria. Unlike previous
studies that used the COS in individual DP or COS from
enzymatic hydrolysate containing a large amount of cellobiose
(>90 wt %), the current study focused on the potential
prebiotic effect of COS mixtures with DP centered at 3—6.
Established prebiotic oligosaccharides (TOS, inulin)'""* were
used as benchmarks. Glucose and cellobiose were used as
additional references. The strains used here (Bifidobacterium
spp. and Lactobacillus spp.) are frequently considered in the
studies that evaluate compound prebiotic potential.’ We
additionally chose Lc. lactis subp. lactis and C. butyricum. The
Lec. lactis subp. lactis strain was recommended as a probiotic
claimed for the maintenance of intestinal microflora,
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J. Agric. Food Chem. 2020, 68, 85578567


http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c02660/suppl_file/jf0c02660_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c02660/suppl_file/jf0c02660_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02660?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02660?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02660?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02660?fig=fig6&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://dx.doi.org/10.1021/acs.jafc.0c02660?ref=pdf

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

[Jcos
12 T [Jcellobiose
. Jros
3 e [ Inulin
Dw 10} o M
) il I
® 08} I
o
s il I "
2 o6f
S
a
©
g o
©
& 02} 1
0.0

9y

L. lactis C. butyricum Lb 1 Lb2 Bf1 Bf2

Relative abundance (OD,,)

12+ _[
I
08k + + [
06| —
T ||
04l T
0.2 |
00 1 1 1 1
COSs Cellobiose TOS Inulin

Figure 7. (A) Cell growth measured as ODj at a stationary phase referenced against the ODjg, of the positive control on glucose. Strain: Lb1, Lb.
paracasei subsp. paracasei; Lb2, Lb. rhamnosus; Bfl, B. animalis spp. lactis; Bf2, B. adolescentis. All values shown are the means from three biological
replicates. (B) Box-plot analysis of the relative cell growth (ODg,) referenced against glucose to assess the potential prebiotic effect of each
oligosaccharide. On each box, the line in the middle represents the median, the edges of the box are the 25th and 75th percentiles, the whiskers
extend to the most extreme data points, and the + signs indicate the mean values.

stimulation of the immune system, and improvement of the
nutritional value of foods.”"”* C. butyricum is an emerging
probiotic with established uses in Asia where this strain has
been commercialized.”

Results of the growth course analysis by optical density
(ODgq) are summarized in Figure 6. Maximum ODyy, values
obtained with cellobiose, COS, TOS, or inulin as the sole
carbon source are normalized to the ODgy, obtained with
glucose. Generally, except for Lc. lactis growing on COS
(Figure 6A) and Lb. paracasei subsp. paracasei growing on
cellobiose (Figure 6C), the ODg,, was highest when glucose
was used. Evidence from Figure 6 is used to categorize the six
strains in two groups depending on whether COS was able to
stimulate their growth.

The first group, comprising in particular Lc. lactis subsp.
lactis and C. butyricum but also Lb. rhamnosus and Lb. paracasei
subsp. paracasei, showed much better growth in terms of both
growth rate and maximum ODy, reached on COS than TOS
or inulin. Remarkably, the growth on COS was comparable to
(Lc. lactis subsp. lactis, C. butyricum) or just slightly worse (Lb.
rhamnosus, Lb. paracasei subsp. paracasei) than on glucose. As
shown in Figure 6A—D, the maximum cell density was
enhanced between 2.0- and 4.1-fold on COS compared to
TOS and inulin. Generally, COS were similarly efficient as
cellobiose. L. lactis subsp. lactis (Figure 6A) and C. butyricum
(Figure 6B) grew faster and reached higher maximum ODjgq,
on COS than cellobiose. Lb. paracasei subsp. paracasei and Lb.
rhamnosus grew equally fast on COS and cellobiose. These
strains reached a higher ODyy, on cellobiose.

Comparatively, the group comprised of Bifidobacterium
strains showed good growth on glucose, moderate growth on
TOS, and relatively poor growth on COS, cellobiose, and
inulin (Figure 6E and 6F). Among the oligosaccharide
substrates offered, these strains showed clear preference
toward TOS compared to COS and cellobiose (Figures 6
and 7A). Taking the whole set of data shown in a plot of the
distribution of the cell densities obtained on oligosaccharide
substrate relative to glucose (Figure 7B), COS was revealed to
surpass TOS and inulin regarding the effect on growth
promotion among the strains tested. This is worth noting
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because TOS and inulin have been widely considered to be
powerful prebiotics for Lactobacillus strains.”'>'> The COS
showed a similar pattern and efficacy as cellobiose in
stimulating growth. However, in terms of the other
technological aspects of soluble dietary fibers (e.g., water
binding capacity, viscosity and bulking properties, low
sweetness), oligosaccharides seem to be clearly preferred
over disaccharides for functional food use.”*> We note that
the compound prebiotic potential is determined by multiple
factors. However, among these factors, the ability to promote
the growth of probiotic organisms is a crucially essential one.
Evidence presented here thus demonstrates that COS can
exhibit favorable effects on the probiotic strains. The strains
promoted best in their growth by the COS are known to
release SECA during growth on carbohydrates.”***°

The clear selectivity of COS in promoting the growth of
certain microorganisms raised our immediate interest as to the
molecular basis of the effect. We considered that in order to
harness oligosaccharides for a substantial growth benefit,
microorganisms often rely on dedicated uptake systems for a
particular oligosaccharide class into the cell.’’~>" The
specificity of the uptake system determines the relative
efficiency of microbial growth on different substrates. Micro-
organisms differ widely in regard to their oligosaccharide
uptake systems available to them from the genome.’”®" For
example, in cellulolytic microorganisms, most of the
oligosaccharides are not saccharified in the extracellular
environment but transported through specific proteins into
the cytoplasm. There, they are further metabolized by the
hydrolase or phosphorylase.”” Thus far, an increasing number
of lactic acid and cellulolytic bacteria have been shown to
metabolize cellobiose and short COS (up to DP 6),'%'?6>%*
suggesting that these strains are equipped with the
corresponding membrane transporters for cellobiose and
COS (or similar oligosaccharides).”’ Indeed, the ABC (ATP-
binding cassette) transporter, capable of transporting the COS
with DP 2—6, has been identified in bacteria, such as B. breve
UCC2003, C. thermocellum, and Ruminiclostridium cellulolyti-
cum (Table $1).2%%°7% Genome search (https://www.ncbi.
nlm.nih.gov/ ) revealed that the strains stimulated by COS
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contain the genes for putative ABC transporter and catabolic
enzymes (f-glucosidase or phosphorylase) that could be
relevant for the uptake and/or degradation of COS substrates
(Table $1).2"7°7"% The corresponding (f-1,4-specific) trans-
porters were rarely found in the Bifidobacterium strains
tested.”"””* The observed growth of these strains on COS
might be explained by the nonspecific uptake mediated by
unrelated transporters (e.g., maltodextrin ABC transporter”®)
with the promiscuous specificities. Collectively, the presence of
a system comprised of suitable transporter and/or catabolic
enzymes may be required for bacteria to efficiently grow on the
COS. Taken together, the current study demonstrates short-
chain soluble COS with DP 3—6 as selectively functional
carbohydrates with significant prebiotic potential. It addition-
ally shows the efficient enzymatic production of such COS in
high yield and purity from simple and expedient substrates.
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