Microbiol. Biotechnol. Lett. (2016), 44(4), 504-511
http://dx.doi.org/10.4014/mbl.1609.09005 M B L

pISSN 1598-642X elSSN 2234-7305

Microbiology and Biotechnology Letters

EL{ Cellobiose 2-epimeraseE Wsist= CHEH2|
DHSIEHHE 0[St EIE 2 A O A

r

I:_l|l‘0|-%l__rLEA‘l 7|I|A 7IOX-1 Olél_ie*

rtol @ Bajo} 7] & el

Received: September 12, 2016 / Revised: October 5, 2016 / Accepted: October 6, 2016

Lactulose Production Using Immobilized Cells Including Thermostable Cellobiose 2-epimerase
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Lactulose, a synthetic disaccharide, has received increasing interest because of its role as a prebiotic that
can increase the proliferation of Bifidobacterium and Lactobacillus spp. and enhance the absorption of cal-
cium and magnesium. While the industrial production of lactulose is still mainly achieved by the chemical
isomerization of lactose in alkaline media, this process has drawbacks including the need to remove cata-
lysts and by-products, as well as high energy requirements. Recently, the use of cellobiose 2-epimerase (CE)
has been considered an interesting alternative for industrial lactulose production. In this study, to develop
a process for enzymatic lactulose production using CE, we screened improved mutant enzymes (CS-HECE)
from a library generated by an error-prone PCR technique. The thermostability of one mutant was
enhanced, conferring stability up to 75C, and its lactulose conversion yield was increased by 1.3-fold com-
pared with that of wild-type CE. Using a recombinant Escherichia coli strain harboring a CS35 HRCE-
expressing plasmid, we prepared cell beads immobilized on a Ca-alginate substrate and optimized their
reaction conditions. In a batch reaction with 200 g/l lactose solution and the immobilized cell beads, lactose
was converted into lactulose with a conversion yield of 43% in 2 h. In a repeated 38-plex batch reaction, the
immobilized cell beads were relatively stable, and 80% of the original enzyme activity was retained after 4
cycles. In conclusion, we developed a reasonable method for lactulose production by immobilizing cells
expressing thermostable CE. Further development is required to apply this approach at an industrial scale.
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% PCR ¥ A E&4E Zeto|n = nf2 24 (Korea)o A g
Asto] AE5t%TE
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H Ao A AF-&H cellobiose 2-epimerase (CE)2] &4
A& Bacillus coagulans (accession no. WP_046721782),
Stenotrophomonas maltophilia (accession no. OBU71563),
Dictyoglomus turgidum (accession no. WP_012583022),
Spirochaeta thermophilia (accession no. AEJ60369),
Ruminococcus albus (accession no. AB301953), Rhodothermus
martnus (accession no. ACY49317), Caldicellulosiruptor
saccharolyticus (accession no. ABP65941)o] 4] £2]3}4
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28a (+) (Novagen, Germany) =2tA 0| EE AESIH o0,
FAR 229 9 A S 93 SF 2= E. coli BL21% A}
L3199t AZE E. coli BL21-& LBK (1% bacto-tryptone,
0.5% yeast extract, 1% NaCl, 30 ug/ml kanamycin) 944
B A] ol 4F3ke] 37C, 250 rpmo A 0.Dgoo = 0.67HA] X%
HjoF & 0.5 mM IPTG (isopropyl-p-D-thiogalactopyranoside)
£ A7Fsted 16T, 150 rpmoll A 16A17F 5% CES TEA|
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index detector (Waters, USA)E o|&3lo] 431} SEZL
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Fig. 1. Conversion of lactose into lactulose using CEs from various strains (A) Conversion yield of lactulose as a function of tem-
perature. Each 50 ug of crude enzyme was incubated with 20 g/l substrate solution at the range of 25-85 C for 1 h. (B). Conversion
yield of lactulose as a function of lactose concentration. Each 50 ug of crude enzyme was incubated with 20-200 g/l substrate solution
at65 C for 1 h. @, B. coagulans (BcCE); O, S. maltophilia (SmCE); ¥, D. turgidum (DtCE); A, S. thermophilia (StCE); B, R. albus (RaCE);
[, R. marinus (RmCE); @, C. saccharolyticus (CsCE). Values are means + s.d. of triplicate experiments performed at the same time.
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Aoz AAF dojitd ALz ALRH. o] H]g,
L239H S¢¥ol= detAA o] S7tste] 75T A& Fol=
A band7} Q=Y THFig. 2). 21U FEEZOA ASTS
L nghof B3 70% £FL 2 ZA2ET E174D 54
Wol AU 71914 oot B o] 2o} Sel s gl
1 AZL T AE A &9kth K201R, L330S= 2019
lysine®} 330" leucine®] Z+Z} arginine, serine® 2 HF L
on AP PLE STt oY HEa o] Haso 60%7%
=2 ZF4skth Q322L, E362D g o]+ 322 glutamine©]
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Fig. 2. Comparison of thermostability and conversion yield using CE mutants generated by error-prone PCR. SDS-PAGE analysis
of heat-treated CE mutants at 65 C and 75 C. Conversion yield of lactulose using crude enzyme of CE mutants (20 g/l lactose at 65 'C
for 1 h). See Supplementary Fig. S4 for uncropped versions of the SDS-PAGE images.
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EgE E:@é«l 90"/ FE& FA3A T Y126F, Y197N,
K260N, V3151 E¢Hol= 45H|9] ofu|iilo] v HA &
WAE YeR}A ookt AT 0% AF ardAo| U
EFbR] 9okl K140R S o)l QUYL 2716k &1
AL 3 60% 2=F20 2 7+A5IET Y193H ol
ATFEE] 0%=2 SAL HolA] gttt Q257L S Hol=
B0} |G £E(95%)9] AFEAHS HolHA d A
o] Z Ao 78ttt 152 arginine, 159 glutamine, 253
tryptophan, 359 glutamic acid”} Z+Z} lysine, leucine,
cysteine, alanine® 2 UM S WHo|= 2 A9 H|435 A
SRS FAISHEA dudel 71 As sttt = &
g 9] ofu]i=Ato] vl EHH 0](345 valine©] alanme_‘?.i,
354 leucine©| proline® 2)= AL £7}5}9] band7} &
ol AT ATEL 0% BAL 3 HA gtk A
H sddolE FY3HA 323 lysine®| methionine® 2 A3t
H K323M £ Hol= EWA 71 & 71& 2a o
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7 e AL AT 4 AUTHFig. 3B). T EAHol
& A A83 Aol At CS-HECHSY fARE 54S
BYoy tta detA Aol CS-HRCER T Wrol(data not

2 CS-HRCEZ AAstgod, 70CcS
A A5t l Ao &8sttt Cs-
[ AN E]—HHF‘(_:]_ == 3
Asl7] 95te] LTS m}i S7HAA whgo] x3HE 4
QE=E AIF3TE 70ToA 20 g9 04 1AIZE ¥EG-A]
e BF 284Y 250 ugs ARSI o o e
YR it 1 o]4de] FEollA HEgo] 3 A ®HskA] &
28 & 4 ggoen, mAEAL 56+5.1%, CS-HRCE:=
60 + 3.7%%) AETES R AchFig. S2)

GAAE L GAE o] 83 FEZ A WS
FEZQAHTS S FAE Az3}7| 9J5te] CS-HRCP
UL G B8 oISl BAAZA sl
Z OE AEZZFS ol &3t AF 5 mm GAE A =25HH
5% (wet cell weight(wew))ollA 25% (wew)7HA] ZH2- o
= ﬂ:‘T’: TeFS o] &t ARE FAE 70TCNA 20 gl
I AZPER FEA 02 G A A FEFulo] mE Zfol &
w|elsich. Zzkel G RO HRRE G AT
At Aol A kot I 7HeH 16% (wew)o] Al Z2
e AzE FAV 7P 22 LS EYTH(Fig. 4A).
FA 9 270 W2 SEEAY AT Y3 FFS
oro} 1] 98 15%e] AZZHE A9 2L 27} 2.0,
B 4«
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Fig. 3. Effect of lactose concentration and temperature on conversion yield of lactulose using crude enzyme prepared from CS-
parent (@), CS-HR mutant (0) and CS-HRCE (). (A) Effect of lactose concentration. Each 50 mg of crude enzyme was incubated with
20-200 g/l substrate solution at 65°C for 1 h. (B) Effect of reaction temperature. Each 50 mg of crude enzyme was incubated with 20 g/I
substrate solution at the range of 25-85°C for 1 h. Values are means * s.d. of triplicate experiments performed at the same time.
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Fig. 4. Optimization of preparing cell bead. (A) Effect of cell quantity on conversion yield. Cells were quantified by measuring wet
cell weight (wcw) after cell harvest. The immobilized cell bead was incubated with 20 g/l of substrate solution at 70 ‘C. Wet cell weight
(%): @,5; O, 10; ¥, 15; A, 20; W, 25. (B) Effect of bead size on conversion yield. The different sized immobilized cell bead (15%)
was incubated with 20 g/l of substrate solution at 70 C. Bead size (mm): @, 2.0; O, 2.8; ¥, 5.0. Values are means = s.d. of triplicate

experiments performed at the same time.

2.8, 5.0 mm®] A7}A] 27|12 A|FstEct 1 A 2.0 mm
o} 2.8 mm9| A E H|wsto] HYE o FE2A P4 &
T 3A AolE HolA| ggkoy TA A7 o] A2 HH
(2.0 mm), 5.0 mm A Ett FjH oz o4 wWE WL
=& ®HtH(Fig. 4B).

FROZEH FERZ A0 M3 AFN FAF EX F
stte 439 =7t 3 8= Y FEAA HAE
18 &% 7= 245 &8ss Aot &2l v

EW f39Y &l=E AHEH 227t etz ot &
=7t F7hsb, A AWM= 70T oA
445 g2 =& 4= Ath(Fig. S3). 739 &8 Aol w
g @Y AEE 548 FRe #FE ol &5ty AlxE
43 gAE 70T 27AAM 20 gFE FHof 300 gl
BHSAIA 2tz gt AdES S5 th(Table 1). 1 4
o 3 200 gl 2A7HA] 40% oY &S Ko
0|49 FE A= HTEO| 40% o|3tE AT FF
HHS-E = AeaTto] A3 D astAnt FAFHAl @
ZARo] o3t ARt RN HEZQAY TYPHS
A A a&HQ £2E A A 40% oY HER
Q20 Hgkgo| Bastri15]. TEtA L= 71ES A
&ot= Aol gutd oz AT AAA AHTAE 2
sl 40% oA ATeS FAT = e 7Y A
- FEE 200 g2 2R ALs oA Azt &
SFERZeA A AYS f5te] 44H 24 EYE FF
252 70T, 355 200 gl 2 A 16% Al o] &3}
ZEHO R GAE WO IR R wHEHHA 447§
ob RESAI R 32 A A3 fFaste] G529
epilactoseZ AZEon oy BEZQ AR HE A

?

Table 1. Effect of lactose concentration on conversion yield of
lactulose using immobilized cell bead (CS-HRCE).

Lactulose (g/1) Conversion yield (%)

20 45 £ 2.1
60 44 £ 1.3
100 43 £ 11
200 41 £ 14
300 35+ 19

aThe immobilized cell bead (15% (w/v)) was incubated with 20—
300 g/l of substrate solution at 70C for 1 h.

250

200 ¢

150 4

Lactose, Lactulose, Epilactose (g/l)

100 A
¢ 5

50 -
= ==y ==
Y v Y
0 T T T T
0 1 2 3 4

Time (h)

Fig. 5. Conversion of lactose into lactulose in batch process
using immobilized cell bead (CS-HRCE). The immobilized cell
bead (15%) was incubated with 200 g/l of substrate solution at
70C for 4 h. @, lactose; O, lactulose; ¥, epilactose. Values are
means * s.d. of triplicate experiments performed at the same time.
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Fig. 6. Conversion of lactose into lactulose using immobi-
lized cell bead (CS-HRCE) in repeated-batch process. After
reacting with 20-300 g/l of lactose at 70 C for 4 h, beads were
washed with reaction buffer and adjusted to next batch. Lactose
(9/l): @, 20 g/l; O, 100 g/I; ¥, 200 g/l; A, 300 g/I. Values are
means * s.d. of triplicate experiments performed at the same
time.

& oF 2|7 o] %o HHP o =EEte] 48.6 +3.39%= L
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