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Construction and culture condition optimization of a
Saccharomyces cerevisiae strain for production of galactitol
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Abstract: Galactitol, a rare sugar alcohol, has promising potential in the food industry and
pharmaceutical field. The available industrial production methods rely on harsh hydrogenation
processes, which incur high costs and environmental concerns. It is urgent to develop
environmentally friendly and efficient biosynthesis technologies. In this study, a xylose
reductase named AnXR derived from Aspergillus niger CBS 513.88 was identified and
characterized for the enzymatic properties. AnXR exhibited the highest activity at 25 °C and pH
8.0, and it belonged to the NADPH-dependent aldose reductase family. To engineer a strain for
galactitol production, we deleted the galactokinase (GAL1) gene in Saccharomyes cerevisiae by
using the recombinant gene technology, which significantly reduced the metabolic utilization of
D-galactose by host cells. Subsequently, we introduced the gene encoding AnXR into this
modified strain, creating an engineered strain capable of catalyzing the conversion of
D-galactose into galactitol. Furthermore, we optimized the whole-cell catalysis conditions for
the engineered strain, which achieved a maximum galactitol yield of 12.10 g/L. Finally, we tested
the reduction ability of the strain for other monosaccharides and discovered that it could produce
functional sugar alcohols such as xylitol and arabinitol. The engineered strain demonstrates
efficient biotransformation capabilities for galactitol and other functional sugar alcohols,
representing a significant advancement in environmentally sustainable production practices.

Keywords: galactitol; xylose reductase; Saccharomyces cerevisiae, engineered strains; whole-cell
catalysis
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BCY FUBEBEAR LU Ak 2= S AR AR T e 4 T LA
e P, Masuda 45 Ui i) 7E PR
(Saccharomyces cerevisiae) 11t 75 1k Wi i Ji fily
LA gre3 M TREERE, #54k 5 o/L D23
A= 9 mg/L 2 FURHIE . Jagtap U R RIZT AT 1
T (Rhodosporidium toruloides) TFO0880 & &%
FrEEHES I 40 /L D-EFUMEAT 77 A 8.4 o/L “FELbE
BE, TERAIEFREE A 5.2 g/L FFUHRE,

PR P BB A N P 2 T Tl , HAA R
IR At (R B EL A RS R AR 7™ 1Y R
71, PICARHIT 5 36 PRI B BV N IS S A0, 44
A WAL D=2 FUBE AR LK FUBE B Y TR B RE
TG, ISR R B A R, 4
SR TR TR N TR P B A 7 4 A ML S 3 5
fFUBERE R A R, BEE S DAL
M FEARRE S . ARG, KR BEAE KA
(Escherichia coli) 1 i 17 3Rk I 4lifh, AR
1P ] g ey il A G [ S B S
it Leloir & ACHHIN#E DL 7LBE, RAKNE
Y HE AR S AN Leloir 812 i) 56 i 3k B 3
Frim bR, A T AL - R A
P ZUBHEE Y TRE AR o 3 X TR PR AR 4 4 i
AL RE IR NI | B AR S R R
MIOLAL, RIEEET T2 2L RE A ™ 5 DA K e 1k
R, MNITSEEE T ZU0E A 55 T e W e i 4 1,
A=Wl 45

1 HE5xZ

1.1 EHRFEHR

LA S 56 % AR A9 TR TS T B (Saccharomyces
cerevisiae) CEN.PK2-1C 1E R &40 (SC-1),
P L W Al A T UM Y TR R R s A5
FEORP K IAFF E. coli DHSa ki i)
FMREAE, KIBFFE E. coli BL21(DE3)E i ABHA
T (%) 2R 15 3 LA Il P o o A A D il

&: 010-64807509

H T 4 i AR IR A B w6 i AREAE
W R . ok SRR 1 s .
1.2 B, IR EEMEE

Phanta & f& B R & B ¥ 15 o0 & .
ClonExpress 11 One Step w [ {7 & H ra 501k
MEE A= U R B A B 7 5 Bk /N i) 25 1
H Omega Bio-Tek Aw]; MEERFIM . MR
PI H Fe [ Oxoid 2] 5 AALEA(NaCHIW H _Eif
Z MR AR R AT BRA W] 5 BRIk [ kel
LT ARSI AT R AR 5 SN EE-B-D-Bi AL
B (isopropyl B-D-1-thiogalactopyranoside, IPTG) .
N H B =R OB O B LE [tris
(hydroxymethyl) aminomethane hydrochloride,
Tris] . i 5 750 % i 117D 4/ (nicotinamide  adenine
dinucleotide phosphate, NADPH) . D-JG /K % %j
B D-2FELBE . D-FIRLFHE . D-REEREIE B bt
FOR TR RA A 5 Jo s 5L B AU (yeast
nitrogen base without amino acids, YNB), #E£:
W HE TR IR A K K (dropout  supplement-His) Il F
Sigma-Aldrich A F] .

PCR 1, fAIRAE AN B3 i (F i) A R A
w5 KA R S RO AL, FERR R B A |
M BB R, TR 2 A R R A
BRATE ;s SRORAH OIS RS, LA FHCA PR
wl s RS SRR, B ER AR AR
Wy GRS, A RS T O R
VN/A S
1.3 EFRE

LB Higrdk(g/L): MERHEHU 5.0, BRER
s 10.0, NaCl 10.0, & {A 8% F5 3L 4500 3UE ¥y
15.00 ASCH &l LB B IR A Y H K
TR LREE Y 100 pg/mL .o

B#EE SD K532 5L (SD-His) (g/L): YNB 6.7,
BEPRME AR G MR 1.3, D-JoKEHHE 20.0,
[ PR 5 SR AL IS BB 15.0.

B Y
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Table 1  Strains and plasmids used in this study.

Strains/Plasmids

Phenotype

Source

Strains
Saccharomyces cerevisiae
CEN.PK2-1C (SC-1)

MATa his3A1 leu2 trpl-289 ura3-52

Laboratory store

SC-2 SC-1 with vector pRS313 This study
SC-1/pRS313-anxr SC-1 with vector pRS313-anxr This study
SC-1/pRS313-ssxr SC-1 with vector pRS313-ssxr This study
SC-1/pRS313-hjxr SC-1 with vector pRS313-hjxr This study
SC-1/pRS313-pbxr SC-1 with vector pRS313-pbxr This study
SC-1/pRS313-Ixr SC-1 with vector pRS313-Ixr This study
SC-1/pRS313-roxr SC-1 with vector pRS313-roxr This study
SC-1/pRS313-scxr SC-1 with vector pRS313-scxr This study
SC-1/pRS313-ypxr SC-1 with vector pRS313-ypxr This study
SC-3 SC-1 with vector pRS313-anxr This study
SC-4 SC-1 Agall This study
SC-5 SC-3 Agall with vector pRS313-anxr This study
Escherichia coli DH5a F-¢80 lacZAM15 A(lacZYA-argF)U169 recAl endAl Laboratory store
hsdR 17(rk-, mk+) phoA, supE44 A-thi-1 gyrA96 relAl
E. coli DH50/pET-32(a)-anxr E. coli DH5a with vector pET-32(a)-anxr This study
E. coli BL21(DE3) F- ompT hsdS (rB-mB-)gal dcm Laboratory store
E. coli BL21(DE3)/pET-32(a)-anxr E. coli BL21(DE3) with vector pET-32(a)-anxr This study
Plasmids
pET-32(a)-anxr pET-32(a) carrying anxr from Aspergillus niger CBS 513.88 This study
pCMV-neo-Bam Laboratory store
pRS313-anxr pRS313 carrying anxr from Aspergillus niger CBS 513.88 This study
pRS313-ssxr pRS313 carrying ssxr from Scheffer somyces stipitis This study
pRS313-hjxr pRS313 carrying hjxr from Hypocrea jecorina This study
pRS313-pbxr pRS313 carrying pbxr from Pseudozyma brasiliensis This study
pRS313-Ixr pRS313 carrying Ixr from Aspergillus awamori This study
pRS313-roxr pRS313 carrying roxr from Rhizopus oryzae This study
pRS313-scxr pRS313 carrying scxr from Saccharomyces cerevisiae This study
pRS313-ypxr pRS313 carrying ypxr from Yarrowia lipolytica This study

1.4 ERF/ZHE

PSR U T A% T B2 iR i ) (Scheffer somyces
stipiti) SsXR M IEIR T HIVE MBI, {8
BLASTp IIfEfE GenBank H¥i 7 Hh i v A /) 22
DR L TR R Sk U P A I i il S TR,
MEGA 34+ Clustalw HCXFP4, LBRAEGRE
B, BBSA MRS, R AR
KRR ERGELEN . WERGE KT
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AL LR, B soxr , ypxr . roxr , hjxr . anxr
ssxr, pbxr., Ixr,
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ToaE FEREFAR , B ANEIE I i 5L K] 7 B ) e
[ Z 34K pRS313 () TEF1 J2 8 7M1 CYCI & 1
T IASIE S (RAF IR pRS313 A
M, BIGIIER 2)P 5 I A 5 A K
4% 15 bp P4 pRS313 LML H B, LLAIK
) ACHRE IS D T 5 LR R RS 4 1 5 A 21k pRS313
PN £5 15 bp JF 51 B ARHIA I L B, I
ClonExpress I One Step e [ it 7l &5 6 2k A&
pRS313 AL v Be 5 AWEIR I il 5L ] B d 4
EE, EHFYIEIEA E. coli DHSa Bz
HRATETAANEERIUEN LB A, #ki
By Rk F AL U R AR PR e A PR
TP 7 Bk, Iy e B o e, $RECER 4
Ko SRS PR AL 5 AL Dol A Bk i fh 2
i N N s LI B L T

i 2 PP B (GAL DA gall: T3]
Yi(# 2), BT HES PCR HikPiE gall JH E
e, PriEFEA neo ik &, gall BERIR IR, DIgK
PR A BL. %8 PCR: LA SC-1 B4
RN, IS4 up-F . up-R ¥4 gall JE |
i 500 bp A bRV (upstream), down-F .
down-R ¥ 1% gal 1 FEE T 500 bp BT ii# [A] JE
(downstream). LAZi/A pCMV-neo-Bam S5 ,
Wit 5% neo-F. neo-R #"14 neo KL RIE L.
% 4% PCR: LI5|# up-F. neo-R E& PCR J
L9 3G upstream-neo /B¢, LA neo-F.down-R
Z PCR Jy &4 1 neo-downstream H Bt. 2 =48
PCR: PIG14) up-F. down-R E = PCR J7 14 1
A [A] i #4H F BX upstream-neo-downstream,
SR FH Tt 1R 201k 2 B Ak v K TR 5 20 1 Be e ik
BRI RS2, IR TSR AW
100 pg/mL G418 WP FH, PRBCHR T T
B9k .
152 KB EEHEKRDE

W5k U8 T il %5 (Aspergillus niger) CBS

&: 010-64807509

513.88 AYAHHHA I AnXR) AN 4% 2 pET-32(a)
JFURLAY EcOR T/Not I 5 2z [0l o PAAS SE 56 25 {4
FEM AR pET-32(a) AR, N3 2 PR, %1t
5% p32-anxr-F . p32-anxr-R X Fo k17 £k 4
fb, #&it5[9 an-F, an-R §73§% anxr JEH . F
FH TR U6 4 & pET-32(a) 2R AR LR 1k A
B anxr A BT EAR N, EHTY
AL KRIGAFE E. coli DH50 22, %A T
SHATEHEEEN LB Pk FARG kR A
o PRBCH O REDEA TN, B A e R A
Jii ki pET-32(a)-anxr %% A KW FF 1 E. coli
BL21(DE3),
1.6 BMIFESRIESMK

PRI 80 CCUKAA R iy 1 8 21
ki pET-32(a)-anxe B KPR H KT LB
RN H R TEE . PR Tt
BV NRD T, LA 1% 4R A3 5 200 mL &
AFRFNEHEZPMEMN LB R, BREE
ODg0=0.6-0.8 AL EN 0.1 mmol/L 1y
IPTG, 16 °C i 20 h, BOBEERE, A
5 mL Tris-HCI 2% thifi (pH 8.0)F & {4, i Fii
7 U 20 MR LYK B AR B, S 000 r/min
L 20 min, YAE BRI R B

2lif 5 E0E . It Ni-NTA 35202 A7 %L
Wik T E R 44k, &4 50 mmol/L Tris-HCI
50 mmol/L NaCl. 20 mmol/L BKM; 455 2% thiik
(pH 8.0) ¥t 2 & 11, M & A 50 mmol/L
Tris-HCI. 120 mmol/L NaCl. 500 mmol/L B m}
P I 22 vl (pH 8.0) Pk i 2 1 AR A5 Sl B . R
AR R M R R e o R R R, Al RS
A8 10 kDa IHIEEN, 4 °C,
5 000 r/min 5.0 20 min PEFTHEERALFE, LU
50 mmol/L Tris-HCl ZZ M (pH 8.0)fE N Bl
A 3K, B L BRI 5 R AR M o B T
TE R U
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Table 2 Primers used in this study

Primer name Primer sequence (5'—3’) Size (bp)
Escherichia coli

p32-anxr-F GATTTTTGCATAAGCGGCCGCACTCGAGCACCACC 35
p32-anxr-R GGGTGAAGCCATGAATTCGGATCCGATATCAGCCA 35
an-F GGATCCGAATTCATGAGCAACCTGGAACATACCAA 35
an-R GAGTGCGGCCGCTTACTCGAGTTCATCATCGCCAA 35
Saccharomyces cerevisiae

p313-anxr-F GAACTCGAGGCGGCCGCACTAGTATCGATGGATTA 35
p313-anxr-R GTTGCTCATGAATTCGAATTTTCAAAAATTCTTAC 35
p313-ssxr-F GTGCTCGAGGCGGCCGCACTAGTATCGATGGATTA 35
p313-ssxr-R GCTCGGCATGAATTCGAATTTTCAAAAATTCTTAC 35
p313-hjxr-F GGCCTCGAGGCGGCCGCACTAGTATCGATGGATTA 35
p313-hjxr-R GCTCGCCATGAATTCGAATTTTCAAAAATTCTTAC 35
p313-roxr-F ACTATCTGGGCGGCCGCACTAGTATCGATGGATTA 35
p313-roxr-R GAATGGCATGAATTCGAATTTTCAAAAATTCTTAC 35
p313-pbxr-F TATCTGGTAAGCGGCCGCACTCGAGCACCACCAC 35
p313-pbxr -R CGAATGGCATGAATTCGGATCCGATATCAGCCATG 35
p313-Ixr-F GTTCACCTAAGCGGCCGCACTCGAGCACCACCAC 35
p313-Ixr-R AGCGGGACATGAATTCGGATCCGATATCAGCCATG 35
p313-scxr-F TTTGCCTGAGCGGCCGCACTAGTATCGATGGATTA 35
p313-scxr-R TGAAGACATGAATTCGAATTTTCAAAAATTCTTAC 35
p313-ybxr-F TTCGCCTAAGCGGCCGCACTAGTATCGATGGATTA 35
p313-ypxr-R GAAGGACATGAATTCGAATTTTCAAAAATTCTTAC 35
anxr-F ATTCGAATTCATGAGCAACCTGGAACATAC 30
anxr-R TGCGGCCGCCTCGAGTTCATCATCGCCAAA 30
ssxr-F TTCGAATTCATGCCGAGCATTAAACTGAAC 30
ssxr-R TGCGGCCGCCTCGAGCACAAAAATCGGAAT 30
hjxr-F TTCGAATTCATGGCGAGCCCGACCCTGAAA 30
hjxr-R GCGGCCGCCTCGAGGCCAAACAGATACAGT 30
roxr-F TTCGAATTCATGCCATTCGTTATCGACTTG 30
roxr-R TGCGGCCGCCCAGATAGTAGCACCACCGTC 30
pbxr-F ATCCGAATTCATGCCATTCGTTATCGACTT 30
pbxr-R CGGCCGCTTACCAGATAGTAGCACCACCGT 30
Ixr-F ATCCGAATTCATGTCCCGCTCCCTCGAGGG 30
Ixr-R GTGCGGCCGCTTAGGTGAACTTGAGACCAC 30
scxr-F TTCGAATTCATGTCTTCACTGGTTACTCTT 30
scxr-R TGCGGCCGCTCAGGCAAAAGTGGGGAATTT 30
ypxr-F TTCGAATTCATGTCCTTCAAGCTCGCCTCC 30
ypxr-R TGCGGCCGCTTAGGCGAAAATGGGAAGGTT 30
up-F TGGAACTTTCAGTAATACGCTTAACTGCTCATTGCTATAT 40
up-R CGGGGTTTGTGTCATTATAGTTTTTTCTCCTTGACGTTAA 40
down-F TTGGGTCGTTTGTTCGTATACTTCTTTTTTTTACTTTGTT 40
down-R ATTTCTTTTCCTCCTCGCGCTTGTCTACTAAAATCTGAAT 40
neo-F TGGAACTTTCAGTAATACGCTTAACTGCTCATTGCTATAT 40
neo-R AAAAAAGAAGTATACGAACAAACGACCCAACACCGTGCGT 40

http://journals.im.ac.cn/cjben
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1.7 BB E

it 1% 0 AR E TR . AE 300 pL S A
50 mmol/L Tris-HCI Z& "% (pH 8.0). 10 mmol/L
D-2E L . 5 mmol/L NADPH Bz W A& Z i
AL 100 pg R4, 25 °CiFHE 30 min J5, &
B 3 min PAZX IE S .

FSr O 73 < A FH 22 R4S B RO AR (B35 RSk
WSS . Waters Sugar-Pak (B30 B AL,
Ik 80 °C, /RZERTMGS, KRN 35 °C, Wish
A MAEAK, WE 0.4 mL/min, #FFEE 10 L,
PAANEE SR BF T IR] A 25 min,

1.8 EEMHRMAR

il SOV IR EE . JrBIfE 200 25, 30, 35,
40. 50, 55. 60 °CYELEE FME AnXR ARG
71, DIE AnXR ol RN R o DASRE 0
YLEE TN RE B TS O 100%, B ROV IRE T
PR AFLGT BTG T

iGN pH: FERE RN BN, 433
pH{E % 4.0.5.0.6.0, 7.0, 8.0, 9.0, 10.0, 11.0
) 50 mmol/L Z& il FillE AnXR [EEHE 77,
PIBfE AnXR fili N pHo U@ N pH T
T RE (BTG 718 100%, AN pH T BIAH
X} T T o

SJEE T X AnXR S S 9520 AF il
SN i AR N pH AT, THE & JE
FXF AnXR S 709520 . RGN AR FR
AL R 5 mmol/L 4 JRE F(Mn™" . Mg™",
Ca™., Zn®™". Co* . Ni*", Cu*™"., Fe*), PIIAMA
[l s EDTA HIRNAMERZS FIXTIE, Dhzs
X B ZH BB 10 100%, HHERING BB T
o7 2L A4 R X T A

AnXR AL ADIE . 7E 1.5 mL X
BIAZ 54 50 mmol/L Tris-HCl ZE P (pH 8.0) .,
5 mmol/L D-2EF B . 5 mmol/L NADPH., MK
0.5 mg/mL, 7E25°CF )i, 4F& 2 h BUke, H

&: 010-64807509

FERALRR RNy, ROVES ARG, IR 17 &
BRGNS EAG I D-2F U A A U
RER =i, TR R,

FULBh F7 288 BN SE « 78 e (14 SN, 251
T, A3 HILLVOBBE (D-IREEHE) . LB (D-AHE) |
NWAE(D-FZLBD IR, ME AnXR XA A
W EMI . R, I GraphPad
Prism B4} 8l 1 24t & A THLA R -

DA b G e ¥ iR 1.7 W ik, R
3 HVATE R .
1.9 2pErRN

iR TP R 1) A e S 4 A % . 80 °C
VIR 96 P PRV P71 T4 IR T SD-His AR &)
LGk, PREULETE A SD-His Brrtrpad i
B2 FVERP T LA 1 %I fh g A F IR e A
100 mL SD-His 15775+, 30 °C. 200 r/min A& 5%
48, 5000 r/min 250> 3 min WAEEIAR, ¢ LiEHE
FiHL, #1150 mmol/L Tris-HCI (pH 8.0)Z% ik
R, BREOHF W, A 50 mmol/L
Tris-HCI (pH 8.0)Z% iy 7 5% B A Mk BE

SR SN - A TR TG P A TR R O
A —E W R -7, T 30°C. 200 r/min
ST TN, R 12 h BUEE 500 pL,
14 000 r/min {533 2.0 10 min W8 I AL R
N ] 0.22 pm B AR UE FIERE S, s
RO T R G M D-2FFUME AR A ZLH
FE

2 BRS04

2.1 EEIZHE

AAHFE I GenBank Hs FEH i E T 8 45K
VR 22 R LB RN R B A WE I S i I, AR
RILRITIIWIR R G R T IR, E 1 R, ok
VR 22K L DA R B R AW AR D Bl 5 T AN [ 7
A3, FRHARBIPETERE A 16.94%—44.85% (3 3).
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The phylogenetic tree constructed based on xylose reductase amino acid sequences screened by

Table 3 Amino acid sequences similarity of different xylose reductases (%)

AnXR RoXR SsXR HjXR ScXR YpXR LXR PbXR

AnXR 100.00
RoXR 24.58 100.00
SsXR 22.26 21.93 100.00
HjXR 18.27 39.20 17.61 100.00
ScXR 24.58 21.26 44.85 16.94 100.00
YpXR 21.26 19.93 21.26 22.92 21.93 100.00
LXR 21.59 24.25 23.59 23.26 23.26 21.59 100.00
PbXR 19.93 19.60 24.92 19.27 24.25 18.60 19.60 100.00

B 0 e A B A9 K B I8 SRR DN S R R RLREEE, PO B AR IET TR A AR B iR

pRS313 MRz A FH A kL, FFE A TR e £
SC-1 Hhikfr M i, Lh%% A pRS313 %5 it
BRI ARE SC-2 fEMXTIR, S5 BoR, AWF5R
FEYRAG BN A 8 A A 140 it i 5 DX e ARG B
SC-1 AT g ny, ¥hReH b p-FILbA
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2.2 AnXR BUEEEMRMAR
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Figure 2 Comparison of galactitol production by
Saccharomyces cerevisiae harboring different xylose
reductase genes.
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Figure 3 SDS-PAGE analysis of AnXR. The box is
the target protein band; M: Protein marker; 1: Crude
enzyme; 2: Supernatant; 3: Precipitate; 4: Purified
enzyme.
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Figure 4 Enzymatic characterization of AnXR. A: Optimum temperature curve of AnXR. B: Optimum pH

curve of AnXR. C: Effects of different metal ions on activity of AnXR enzyme. D: Equilibrium conversion rate
determined for AnXR under the optimum reaction conditions.
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Table 4 Kinetic parameters of AnXR

Substrate Ky (mmol/L) Keat (s7) Kead Kin (mmol/(L-s))
D-galactose 0.33 314.70 953.64
D-xylose 0.34 367.30 1 080.29
D-erythrose 0.33 373.50 1131.82
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Figure 5 Effect of Agall on whole cell production of galactitol in Saccharomyces cerevisiae chassis cells. A:
Curve of whole-cell consumption of D-galactose by Saccharomyces cerevisiae SC-5. B: Bar graph of whole cell
transformation of recombinant strains produced galactitol yield. SC-1: Original strain; SC-3: SC-1 with vector
pRS313-anxr; SC-5: SC-3 Agall with vector pRS313-anxr.
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Figure 6 Optimization of conditions for whole cell transformation of D-galactose to galactitol and substrate
expansion. A: Effect of cell concentration on whole-cell conversion of engineered strain SC-5 to produce
galactitol. B: Effect of substrate concentration on whole-cell conversion of engineered strain SC-5 to produce

galactitol. C: The curves of whole-cell conversion of D-galactose to galactitol in SC-5 under optimal reaction
conditions. D: Whole cell transformation of engineered strain SC-5 to produce rare sugar alcohols.
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Figure 7 Schematic diagram of SC-5 whole-cell catalysis of D-galactose to galactitol.
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Table 5 Comparison of galactitol yields produced by different yeasts

Strain Strain-building Initial Final Galactitol Conversion rate  References
D-galactose (g/L) D-galactose (g/L) (g/L) (%)

Saccharomyces Overexpressed 5.00 0.00 9.0 mg/L 0.18 [10]

cerevisiae gene gre3

Candida Original strain  110.00 50.93 18.00 16.00 [17]

polymorpha

Rhodosporidiu Original strain ~ 40.00 4.80 5.20 13.00 [11]

m toruloides

IFO0880

R. toruloides  Original strain ~ 40.00 0.00 8.40 21.00 [11]

IFO0880

S cerevisae  Overexpressed  60.00 40.00 12.10 20.20 This study

(SC-5) gene anxr
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