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Abstract: Sucrose synthase plays a crucial role in the plant sugar metabolism pathway by catalyzing the
production of uridine diphosphate (UDP)-glucose, which serves as a bioactive glycosyl donor for various metabolic

processes. In this study, a sucrose synthase gene named CtSus was cloned from Cistanche tubulosa, a traditional
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Chinese medicine known for its rich content of diverse glycosides, based on transcriptome analysis results. The
open reading frame of CtSus was 2 418 bp long encoding 805 amino acids. Sequence analysis revealed conserved
domains associated with the plant sucrose synthase family at both the N-terminal and C-terminal regions of CtSus
protein. Phylogenetic analysis demonstrated that CtSus shares a close evolutionary relationship with sucrose
synthases from other plants within the same order. Functional identification of CtSus was performed through
whole-cell catalysis coupling with UGT71BD1, a characterized glycosyltransferase enzyme. The results showed
that the introduction of CtSus significantly enhanced the conversion rate of glycosylation catalyzed by
UGT71BDI. The soluble expression of CtSus in Escherichia coli was further achieved using the pCold™ TF
expression vector. In vitro enzymatic assay indicated the activity of CtSus to catalyze the formation of UDP-
glucose in the presence of sucrose and UDP. Real-time quantitative-polymerase chain reaction results showed that
the expression patterns of CtSus gene in different parts of C. tubulosa and the suspension cell cultures of
C. tubulosa under drought stress correlated with the accumulation patterns observed for phenylethanol glycosides,
respectively. Furthermore, key amino acids and their interactions between enzyme and substrate were explored
based on protein structure prediction and molecular docking results. Overall, our findings identify a sucrose
synthase CtSus responsible for the supply of the active glycosyl donor UDP-glucose during the biosynthesis of
glycoside products in C. tubulosa and have also provided a gene element that can be utilized in engineering strain

construction for glycoside products production.
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Table 1 Nucleotide sequence of primers used in this study. qPCR: Real-time quantitative-polymerase chain reaction

Primer usage Vector Primer name Primer sequence (5'-3")
Gene amplification CtSus-F ATGGCGGAACGTGTCCTGAC
CtSus-R TTACTCAACAGCCAATGGAA
qPCR DNAj-F GTTAGCAAGGCGTTCAAGTG
DNA4j-R GTCTTCTCCTACCCTGATACTG
CtSus-F GGAGTTGAGTTCTTGAATAGGC
CtSus-R CTTGCCCTTGTAGTTGTGC
Expression pET-24b CtSus-EcoR 1-F AATGGGTCGGGATCCGAATTCATGGCGGAACGTGTCCTGA
CtSus-Hind 11I-R CTCGAGTGCGGCCGCAAGCTTTTACTCAACAGCCAATGGAACAGC
pET-28a CtSus-EcoR 1-F ATGGGTCGCGGATCCGAATTCATGGCGGAACGTGTCCTGA
CtSus-Hind 111-R CTCGAGTGCGGCCGCAAGCTTTTACTCAACAGCCAATGGAACAGC
pCold™ 1 CtSus-Nde 1-F CATATCGAAGGTAGGCATATGATGGCGGAACGTGTCCTGA
CtSus-Sal I-R CTATCTAGACTGCAGGTCGACCTCAACAGCCAATGGAACAGC
pCold™ TF CtSus-BamH I-F CTCGGTACCCTCGAGGGATCCATGGCGGAACGTGTCCTGA

CtSus-Hind 11I-R

AGACTGCAGGTCGACAAGCTTTTACTCAACAGCCAATGGAACAGC
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FEFP R E 50 pg-mL R ER R AR K 100 pg-mL" &%
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A B = T SRS
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Hh k4K 0 1 B R S R R . R B S R D
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3 CSus WSMNRRIESIEM S

3.1 CrSus EFRIINERIE  F W 7580 1) pET-28a-
CtSus, pET-24b-CtSus F pCold™ 1-CtSus Jii ¥ 55 N K
T 1 35 B2 2 Transetta (DE3) 7, i3 i 7% PCR

Table 2 Amino acid sequence similarities between CtSus and sucrose synthases identified from other plant

Species Accession No. Similarity Species Accession No. Similarity
Sesamum indicum XP_011093886.1 94.78% Ipomoea batatas GMD30336.1 89.81%
Phelipanche ramosa AEN79500.1 94.53% Lycium ferocissimum XP_059283540.1 89.81%
Catalpa fargesii AYK02542.1 94.29% Coffea eugenioides XP_027175646.1 89.57%
Andrographis paniculata XP_051150193.1 93.91% Solanum tuberosum NP_001274911.1 89.32%
Perilla frutescens var. hirtella KAH6779186.1 93.17% Solanum dulcamara XP_055824125.1 89.32%
Striga asiatica GER41738.1 92.67% Solanum verrucosum XP 049370499.1 89.32%
Olea europaea var. sylvestris XP_022883072.1 92.80% Capsicum annuum XP_016540310.2 88.70%
Salvia hispanica XP_047941784.1 91.80% Arabidopsis thaliana AED92894.1 77.35%
Nicotiana tabacum AHL84158.1 89.81% Albuca bracteata AMN16537.1 69.48%
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Figure 1 Gene exploring and cloning of CtSus from C. tubulosa and bioinformatic analysis of its encoded protein. A: Expression levels of

807
805
805

the CtSus and CtSus! genes in different parts of C. tubulosa normalized as Z-Scores based on their FPKM values; B: Gene amplification of

CtSus; M: DNA marker; C: Conservative domain of CtSus protein predicted by SMART; D: Multiple sequence alignment of CtSus and

sucrose synthases identified from other plants including Arabidopsis thaliana, Solanum tuberosum and Albuca bracteata. The sucrose synthesis

domain and sugar transfer domain are represented by red and blue boxes, respectively; E: Phylogenetic analysis of CtSus and sucrose

synthases from other plants; F: SDS-PAGE analysis of the heterologous expression of CtSus using pCold™ T vector in E. coli. Lane 1:

Protein marker; Lane 2: Supernatant fraction; Lane 3: Precipitate fraction. The red arrow shows the CtSus protein. G: Colony PCR of a
single clone containing both two recombinant plasmids. M: DNA marker; 1: pET-28a-UGT71BD1; 2: pCold™ I-CtSus
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Figure 2 Whole-cell biotransformation of substrate 1 or 2 by recombinant strain harboring UGT71BD1 or recombinant strain harboring

UGT71BD1 coupling with CtSus, respectively. A: HPLC chromatograms of the whole-cell biotransformation of substrate 1. The detection

wavelength was 360 nm; B: HRESI-MS and MS? spectra of product 1a; C: HPLC chromatograms of the whole-cell biotransformation of

substrate 2; The detection wavelength was 330 nm. D: HRESI-MS spectra of products 2a and 2b
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Figure 3 Heterologous expression and functional identification of CtSus. A: SDS-PAGE analysis of CtSus proteins. Lane 1: Protein

marker; Lane 2: Recombinant CtSus with trigger factor; Lane 3: Trigger factor tag cleavage using Factor Xa protease to give the CtSus

protein labeled by the red arrow. B: In vitro enzymatic assays using fusion protein and trigger factor-free CtSus proteins to catalyze the

synthesis of UDP-glucose in the presence of sucrose and UDP, respectively, with reference standard UDP-glucose. Boiled protein was used

as a control group under the same conditions. The detection wavelength was 260 nm
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Figure 4 Relative expression levels of CzSus in different parts of C. tubulosa and in suspension cells treated by PEG6000. A: Relative

expression level of CtSus in different parts of C. tubulosa; B: Relative expression level of CtSus in C. tubulosa suspension cells treated by

wkx

PEG6000 at different time points. n =3, x+s. P <0.05, P <0.001
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Figure 5 Structural investigation of CtSus. A: Predicted secondary structure of CtSus using SOPMA. Blue: a helix; Purple: Random coil;

Red: Extended strand; Green: f sheet. B: Three-dimensional structure alignment of AtSusl1 (in blue color) and CtSus (in green color). Both

were shown as tetramer. C: Key residues in the substrate binding pocket of AtSusl (in blue color) and CtSus (in green color with labeled

residues); D: Binding conformations alignment of UDP and fructose in AtSusl (in blue color) and CtSus (in green color); E: Interactions

between UDP and CtSus shown in 2D diagram analyzed by Discovery Studio Client
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