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2. Alternative Heterologous Expression of L-Arabinose Isomerase from
Enterococcus faecium DBFIQ E36 By Residual Whey Lactose Induction

3. One-pot production of tagatose using L-arabinose isomerase from Thermotoga
maritima and B-galactosidase from Aspergillus oryzae

4. Conclusion
Abstract

L-arabinose isomerase (L-Al) is a key enzyme in the conversion of D-galactose into the
low-calorie rare sugar D-tagatose. Efficient production of L-Al and optimization of its
reaction conditions can help reduce production costs and increase industrial yield. In
the first study, L-Al from Enterococcus faecalis DBFIQ E36 was expressed in E. coli
BL21(DE3), using lactose and residual lactose from whey as inducers. The results
showed that good enzyme performance and tagatose yield (approximately 23%) could
be obtained while reducing costs, demonstrating the feasibility of using dairy
byproducts. The second study employed a "one-pot" strategy, utilizing both [-
galactosidase from Aspergillus oryzae and heat-stable L-Al on lactose to directly
convert it into D-tagatose. This method is more efficient than traditional stepwise
reactions, and due to the high stability of heat-stable L-Al, it can be carried out at high
temperatures, improving yield and ease of operation. In summary, these two studies
demonstrate a continuous production process from low-cost enzyme preparation to
high-efficiency catalytic conversion, highlighting the industrial application potential of

L-AlT in the sustainable biomanufacturing of rare sugars.
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2. Alternative Heterologous Expression of L-Arabinose Isomerase
from Enterococcus faecium DBFIQ E36 By Residual Whey Lactose
Induction
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4 (B ) HREREBERA S0 C o R BARERBTAAE LS ¢ HRF

T 90% R LM - M 60" c ALBRER  BMEIHZHARTHE -

4 55CHn pH 5.6 T 4E£ M 0.114 U/mL &) L-Al Fo R #& 7R B 89 F FUHE 408 (164
F2 500 mM)AF F FLAE AL B D-35AEHE(B 8) - RIEMBE AL » JEAF 09354848 & R AR
5o BBEEBLE—PERE  EBRHOBET LA - dNBEORETHERS
ALK B AL L B 55 C » kT ERAE T ¥ LA S -

R B IURIRE R BASBIR R EREETRER 1
mM B > RJE 6 /NEFEE] 13.8 mM &858 HE R B Av 84% 89 F FMEEALE o ¥ 3L
HE R B 500 mM BF o fe 28 /NEFIE AR P 0 AR A R E S 977 mM > HILFE
#) A 20% > F* o~ D-tagatose & B G % B ] i@ 42 RE M 38 Ao 0 B 3] 3 3 BARAL-F 4

(B 8)-

3.  One-pot production of tagatose using L-arabinose isomerase from
Thermotoga maritima and B-galactosidase from Aspergillus oryzae
K4 H B-galactosidase (B-gal) B K b7 ¥ B-gal Bl & &5 A2 T M~ S ELE M

RBBA A S L3R A 8 A HAGH L-AL AT — S XA S
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&) Fu & B F FLHE (galacto-oligosaccharides, GOS) » ¥ FUHE 4R L-AT EABALT 4 R IS4
¥ o GOS f£ — P %60 &y B-gal &k FRIA/E RIE + K#% - f£ RB-gal/L-A1 0.2-1.2
RIEH) 5 2 15 48X BB 2] -F3& K GOS & £(YGOS) B 14.7210.32% * RJE
B AT 6 NN R B AKMIR R > WA B-gal ¥ L-Al tb % (B-gal and L-Al ratio,
RpB-gal/L-AD) & 0.1 B > RAEBMEEEGR > AEFRRAEE > AT HEBKHE
(B 10C) °

Rp-gal/L-Al #3444 2 £ (YTag)fv YGOS 4% & - £48% RB-gal/L-Al T
RIBRGOHBEEEE > M GOSBEEMREMR » 4 RB-gal/L-AT1.2 F > %
#F 8 K YTag 23 %Fo &/ YGOS 1.2 % (B 10D) °

BAo~ T4 RP-gal/L-Al 1.2 F ~ 48 /NEF P — 485 pR P 8 KAL &4 4 & 89 05 F 18
A2 o BSMEABAE 48 /NBFIEE] 23 %ty PAEE o FIUMBAL 21 BFEE] 373 %M R KR
JE 0 2 A5 K B R A b 6 BARAL T PR R o B B ARSI R KRB A 6 /) BF B 49.3

B AR EREEE PRFFET (B 10E) RIEL RoF (g3t x& &
Yréa R A 0454 R EHE ~ 0232 FIUHE ~ 023 B4~ 0043 RHE - 0029 HLEA
0.012 GOS ° st R 8~ f2 FUMB K AR & Ax, 8) B 42 09 B BF - L-AT AL 3 & 48 &£ s R
¥ A B B MR T RABERS R o BRI EE I~ UKL AR
NEBABRE > A LA & LAl fo B-gal 9B N TFTRATHBER  SRELD
HEE LAl B FARBREDREA R - ZRA L-AI HiTRGHE - FIBEAE
HAEf BRI > CTREMA AR EA FIBE A AB A EibEmaizk - A

B BME A R RAE G IR BRI U AR E iy R ARILIR R o B (Zhang .,

2021) FIARS T REMIAT AR INE L E BB » AR e HIEK
A& (65° C~pH75 T 56 /NS EE 33% ) B4R EEGE T
BUE LAl 9 R ERFER > ARBFENEE—FRIAE

RpB-gal/L-Al #3544k 4 & £ (nTag) ~ # %8 tE(RTag/Gal)Fv 2 4% #(TON) &) %
& o f£ RB-gal/L-Al B 0.3 Fo 0.5 B4 43 5 % TON ° /£ % 49 Rp-gal/L-AT JRETF

RTag/Gal A2 ~1 RIEBFF]E S A2B 72 N6 (K 4)-
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RB-gal/L-Al B 1.2 &% B-gal B 6 T3/EF LAl BS5 £5n/TH - Hib>
B-gal REEATESHREMNKE  RET RS a)FIME > £ H BRI RIBANE -
SLEE R 509 RA-gal/L-Al R5# 8 Foin b FUME R ¥ — 487k £ E 358480
B -

4£ RB-gal/L-Al & 1.2 ~ pH 7.0 ~ 60°C 84454+ F » 3F4& 7 LR E £ 100 £ 500
g/L S5 B P — 485 A RSB B -

Fe B-F B ERR AR (6 mg/mL) &9 » AT A BI3Ke) FUHE R AL R JE
24 NEE1% VT JEAF B 95% 8 XLac (B 11A) °

R S IEREHEEER GOS MAREFBEERE (B 11B-
E) §5UMEA S 100 gL & E 500 g/L B > BAMERLESTH 23 g/l HE
1094 g/L.> M GOS &R BENE 14 g/l ¥ ZE 106 g/l > B4 % ALK R
B3 oy B I o

R o 4 YTag FAPAER > f£ 24 /NBF ~ SUMEIR R A 100 g/L B » RER 8
B> YTag 3£ 209% > &7 500 g/l 3L¥EE) 14% > 1242318 72 /NEE1R 0 & A 43
AiEFH > YTag 9% 23% (B 11D) -

FUME R L ¥ nTag ~ RTag/Gal #2 TON &4 % B4 piiom o ARSI RETE
BT & &89 nTag fv TON > f RTag/Gal Rl &R EAAREER - RIEL R 57
£ 100 Fv 500 g/L &9 3 #E#4F RTag/Gal ~ 1 fv 078 - LR SGEIFUMERET »
RTag/Gal ~ 1 84 R JEBSFAAZ1® 72 /N 6% (K 4) o

BEH R AEA NP EL 410 £ 60°C 5 E NEATIE R ILE
B (100 g/L) ~ RB-gal/L-Al & 1.2 Fv pH & 7.0 R 4 -

BES™ T A XLac 4 50 9 60°C ~ 24 /NBETF B-gal ¥R A ALK AR dh 4% -
£ A0C K AR IR R BAK > 242 24 NBFRER] T 97 % ey dibF (B 12A) -

4£ 40 ~50 F2 60°C F » RJE 72 /0544389 YTag 4 %] B 163 ~ 19.5 Fv 23 % (B
12B)

B GOS #ha k> R FE S n4Eb EiF B AR > f£ 40 ~ 50 v 60°C B 4
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Figure 1. Electrophoretic profile of cell extracts produced after E. faecium L-Al
overexpression in E. coli BL21 using autoinduction medium with commercial lactose
or IPTG: effect of type of inducer and time of induction. Molecular weight standards

(MM) are on the left side of the gel and the sample time is given above each lane.

(Souza et al,2021)
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a 2 g.L'! Lactose (whey)

kba MM oh  3h S5h 9h 11h 15h 24h

ODgq 0.02 0.35 111 176 179 170 1.98

b 4 gL Lactose (whey)
kba MM Oh 3h Sh 9h 11h 15h 24h

ODgoo 002 027 104 174 181 180 2.06

C 8 g.L! Lactose (whey)
kba  pMM oh 3h 5h 9h 11h 15h 24h

ODgoo 0.02 0.28 1.00 168 179 198 210

Figure 2. Expression profiles of L-arabinose isomerase using different concentrations
of residual whey lactose (whey) as the inducer. Induction was done at the concentration

of 2 g/L (a), 4 g/L (b), and 8 g/L (c). Target recombinant protein is indicated by arrows

(Souza et al,2021)
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Table 1. Area of the rL-Al bands and relative percentage (%) of protein production

using an auto-induction medium containing commercial lactose or residual whey

lactose for induction

Sampling Lactose (commercial)

Lactose (whey) 2 g/ Lactose (whey) 4 g/ Lactose (whey) 8 g/L

time (h) 2 g/l
Area RP (%) Area RP (%) Area RP (%) Area RP (%)
3 0 0 1,380,698 32 1,280,870 18 1,201,577 23
5 9,836,217 81 1,825,941 43 1,281,234 18 1,938,012 38
9 12,117,246 100 4,006,891 93 6,767,125 96 4,360,184 85
11 n.d. - 4,295,154 100 7,017,196 100 5,113,690 100
15 n.d. - 3,693,719 86 2,636,790 38 3,664,548 72
24 n.d. - 2,517,941 59 2,787,033 40 2,217,577 43
(Souza et al,2021)
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Table 2. Shake flasks production of rL-Al by E. coli expressing L-Al from E. faecium
DBFIQ E36 using different inducers: IPTG, commercial lactose (lac), and residual
whey lactose (lac—whey).

M Ind T (h) At (U/mL) Pr (mg/mL) Sp act (U/mg) P, (U/mL/h)
LB IPTG 8 0.7+0.04 740+0.2 0.10 0.09
ZYM-5052 Lac 9 1.67+0.14 2.68+0.1 0.62 0.18
ZYM-5052 Lac-whey 11 1.52+0.01 4.60+0.1 0.33 0.14
ZYM-5052 Lac-whey* 11 3.8+0.00 7.08+0.06 0.53 0.34
(Souza et al,2021)
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Figure 3. Effect of different inducers on recombinant E. coli growth expression.
Commercial lactose (filled black square), lactose 2 g/L. (whey) (filled red circle),
lactose 4 g/L (whey) (filled blue triangle), and lactose 8 g/L (whey) (filled inverted

green triangle) (Color figure online)
(Souza et al,2021)
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extracts produced by auto-induction after each purification step.

a Commercial lactose: 1 Molecular weight standards. 2 Fraction not retained in the

Ni?*-sepharose column (auto-induction). 3, 4 Washings (auto-induction). 5 Purified

enzyme (auto-induction).

b Residual whey lactose: 1 Molecular weight standards. 2 Enzyme extract. 3 Fraction

not retained in the  Ni?*-Sepharose column (whey). 4, 5 Washings.6 Purified enzyme
(Souza et al,2021)
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Figure 9. Scheme of the one-pot production of tagatose using L-arabinose isomerase
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1 Table 3. Parameters for the one-pot tagatose production.

Parameters Description Equation

Lactose Percentage of initial lactose which is hydrolyzed at the end of the Xiac =

conversion one-pot synthesis of tagatose. Lac(i) is the initial lactose % .

(XLac) concentration and Lac is the lactose concentration remaining after 100
reaction.

Tagatose yield ~ Percentage of initial lactose converted to tagatose. Mr,g is the total Y1 =

(YTac) mass of tagatose produced in the one-pot reaction and My, is the ;/}’Ii .
Lac(i)
initial mass of lactose. 100
Galacto- Percentage of initial lactose converted to GOS. Mcos is the total mass  Ygos =
oligosaccharides of GOS produced in the one-pot reaction and M, is the initial I\l\f%s) .
yield (Ygos) mass of lactose. 100
Specific Mass of tagatose produced (Mr,g) per unit of time (t) and unit of total 77, =
productivity of  mass of biocatalyst (B-gal plus L-Al) (Mp). I\I\;T*‘i
o
tagatose (Titag)
Sugar ratio Tagatose to galactose mass ratio at the end of reaction. Rrag/qal =
(Rrag/Gal) Mrog
ag/Ga Moy
Turnover Ratio of mass of tagatose produced at the end of reaction (My,g) and  TON =
M a,
5 number (TON) total mass of biocatalyst (Mp). MTPg
3 (Aburto ef al,2024)
4
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Figure 10. Effect of the ratio of enzymes (Rp-gal/L-AI 0.1-1.2) on the one-pot

32 40 48

production of tagatose using 100 g/L of lactose, 100 mmol/L Tris-HCI buffer H 7.0,

I mmol/L MnCl; and 60 °C. Figure 10A: Time course of lactose conversion (XLac) at
0.1(#); 0.2("); 0.3(#); 0.5(*); 0.8(*); 1.2(*) RB-gal/L-Al. Figure 10B: Time course of
tagatose production at 0.1(m); 0.2(+); 0.3(m); 0.5(m); 0.8(m); 1.2(m) RB-gal/L-Al. Figure
10C: Time course of GOS production at 0.1(»); 0.2(+); 0.3(#); 0.5(=); 0.8(e); 1.2(e) Rp-
gal/L-Al Figure 10D: YTAG (bar m) and YGOS (m bar). Figure 10E: Carbohydrates
composition where (#) lactose; (m) glucose; (») tagatose; () galactose (&) fructose and

(») GOS.

(Aburto et al,2024)
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Table 4. Values of parameters obtained in the one-pot tagatose production.

Specific Ratio Turnover

productivity of Sugars(Rragica)) number (TON)©

tagatose (Tiag)? b

Rg_gaijL- Lactose(g[L) Temperature(°C) 24h 48h 72h 24h 48h 72h 24h 48h 72h

Al(mg
prot/mg prot)
0.1 100 60 013 008 006 046 06 0.67 3.09 3.78 421
0.2 046 030 020 045 029 029 11.0 142 144
03 053 034 023 014 015 0.14 129 164 164
0.5 056 032 023 014 013 013 135 154 163
0.8 053 028 019 014 013 013 128 133 139
1.2 043 024 016 0.83 098 099 104 114 114
1.2 100 60 043 024 016 0.83 098 099 104 114 114
200
0.77 0.44 031 064 067 068 185 212 223
300
400 106 066 049 057 069 0.8 255 318 353
500 133 084 062 051 0.67 0.76 31.8 40.8 44.7
134 108 076 040 0.68 0.78 323 521 545
1.2 100 40 023 015 011 030 043 050 54 71 81
50 035 021 014 057 076 0.86 828 10 9.7
60 043 024 016 0.83 098 099 104 114 114

2 tTag: mmol Tag/(g prot-h).
b RTag/Gal: mmol Tag/mmol Gal.
¢ TON: mmol Tag/g prot.

(Aburto et al,2024)
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Figure 11. Effect of the initial lactose concentration on the one-pot production of
tagatose using Rp-gal/L-Al 1.2, 100 mmol/L Tris-HCI buffer pH 7.0, 1 mmol/L
MnCl; and 60 °C. Figure 11A: Time course of lactose conversion (XLac) at 100 (#);
200 (#); 300 (#); 400 (); 500 (*) lactose (g/L). Figure 11B: Time course of tagatose
production at 100 (m); 200 (m); 300 (m); 400 (+); 500 (m) lactose (g/L). Figure 11C:
Time course of GOS production at 100 (®); 200 (@); 300 (#); 400 (+); 500 () lactose
(g/L). Figure 11D: Tagatose yield (%) at 100 (m); 200 (m); 300 (m); 400 (=); 500 (m)
lactose (g/L). Figure 11E: GOS yield (%) at 100 (@); 200 (®); 300 (#); 400 (+); 500 (®)
lactose (g/L).

(Aburto et al,2024)
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Figure 12. Effect of the operational temperature on the one-pot production of tagatose
using lactose (100 g/L), RB-gal/L-Al 1.2, Tris-HCI buffer (100 mmol/L) pH 7.0 and

1 mmol/L MnCl,. Figure 12A: Time course of lactose conversion (XLac) at 40 (#); 50
(") and 60 (#) (°C). Figure 12B: Tagatose yield (%) at 40 (m); 50 () and 60 (m)

(°C). Figure 12C: GOS yield (%) at 40 (®); 50 (+) and 60 (@) (°C).
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Figure 13. Comparison of the two-step sequential and one-pot production of
tagatose. Figure 13A: Hydrolysis reaction with B-gal from A. oryzae with 100 g/L of
lactose in 100 mmol/L Tris-HCI buffer pH 7.0, at 60 °C, (#): lactose; (m): glucose; (- ):
galactose; (#): GOS. Figure 13B: Isomerization reaction with L-Al from T.
maritima using the hydrolysate at 60 °C, (m): glucose; (- ): galactose; (#): tagatose; (#)
fructose. Figure 13C: Comparison of galactose consumption in sequential (A) and one-
pot reaction (). Figure 13D: Comparison of galactose isomerization into tagatose in
sequential (@) and one-pot reaction (#).

(Aburto et al,2024)
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Table 5. Comparison of the values of parameters obtained in the two-step sequential
and one-pot production of tagatose.

YTaga nTagb RTag/(;alc TON¢
Time (h) 24 48 72 24 48 72 24 48 72 24 48 72
One-pot 209 228 230 043 024 016 083 098 099 104 114 114

Sequential 119 154 165 025 016 011 036 052 059 59 77 83

2 Tagatose yield (YTag): (%).

b Specific productivity of tagatose (nTag): mmol Tag/(g prot-h).
¢ Sugars Ratio (RTag/Gal): mmol Tag/mmol Gal.

4 Turnover number (TON): mmol Tag/g prot.

(Aburto et al,2024)
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