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Abstract 32 

 33 

Triterpene saponins include bioactive compounds with structures consisting of triterpene 34 

aglycones (sapogenins) and one or more sugar moieties linked through acetal or ester glycosidic 35 

linkages at one or more sites. Centella asiatica (L.) Urban is a medicinal plant that contains 36 

bioactive ursane-type saponins, such as madecassoside and asiaticoside. In this work, 37 

glucosylation of triterpenoids in C. asiatica was investigated starting with plant extracts. An 38 

enzyme capable of glucosylating asiatic and madecassic acids was partially purified. Proteomics 39 

methods and cDNA sequence data were employed as tools to obtain a full-length cDNA clone 40 

encoding a glucosyltransferase. The recombinant gene product, UGT73AD1, was functionally 41 

expressed in Escherichia coli and purified by immobilized metal-affinity chromatography. 42 

Purified recombinant UGT73AD1 was found to have a narrow specificity, glucosylating asiatic 43 

and madecassic acids at the C28 carboxyl. mRNA accumulated in all tissues tested (leaves, 44 

stems, roots and flowers), with highest expression in leaves. Thus, UGT73AD1 was identified as 45 

a triterpenoid carboxylic acid: UDP-glucose 28-O-glucosyltransferase that appears to be 46 

involved in saponin biosynthesis in C. asiatica. 47 

 48 

Keywords: Centella asiatica; Apiaceae; saponin biosynthesis; glucosyltransferase; UGT73AD1  49 

 50 

 51 

 52 

 53 

54 
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Highlights 55 

 56 

 Centella asiatica contains bioactive ursane triterpenoid saponins 57 

 C. asiatica cDNA encoding a triterpenoid UDP-glucosyltransferase (UGT) was cloned 58 

 The UGT is a triterpenoid carboxylic acid:UDP-glucose 28-O-glucosyltransferase 59 

 UGT73AD1 has narrow specificity, being active with asiatic and madecassic acid 60 

 61 

Abbreviations 62 

 63 

BAS, β-amyrin synthase; BSA, bovine serum albumin; DTT, dithiothreitol; EST, expressed 64 

sequence tags; FPP, farnesyl diphosphate; LC-MS, liquid chromatography–mass spectrometry, 65 

MeJA, methyl jasmonate; OSC, oxidosqualene cyclase; PSPG, plant secondary product 66 

glycosyltransferase; UDP, uridine diphosphate; UGT, UDP-dependent glucosyltransferase.  67 

68 
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1. Introduction 69 

 70 

Triterpene saponins are a heterogeneous group of bioactive compounds with structures 71 

consisting of triterpene aglycones (sapogenins) and one or more sugar moieties linked through an 72 

acetal or ester glycosidic linkage at one or more sites. Centella asiatica (L.) Urban (Apiaceae), 73 

commonly known as Gotu kola or Indian pennywort, is a medicinal plant that contains bioactive 74 

ursane-type saponins, such as madecassoside and asiaticoside (see Fig. 1), in its aerial parts 75 

(reviewed in [1]). This plant has been used to treat skin diseases, mental illnesses, and leprosy. 76 

Various bioactivities have been shown for madecassoside (anti-inflammatory, antioxidant, 77 

cardioprotective, neuroprotective) [2-4] and asiaticoside (wound healing, antioxidant, anxiolytic) 78 

[5-7]. 79 

Despite its biological importance, triterpene saponin biosynthesis has yet to be fully 80 

characterized at the molecular level. There is not yet a complete complement of genes identified 81 

for synthesis of the backbone nor the subsequent glucosylation steps involved in production of 82 

bioactive saponins. However, advances in genomics technologies, such as expressed sequence 83 

tags (ESTs) and RNAseq, provide an economical platform for gene discovery in non-model 84 

plants such as C. asiatica [8]. Identification of the saponin-related genes together with 85 

corresponding functional in vitro studies could prove valuable for metabolic engineering to 86 

increase production of these triterpene saponins in plants and/or microbes. 87 

  The triterpenoid saponin skeletons, which include oleanane, ursane, lupane and 88 

dammarane types, are synthesized via the isoprenoid pathway through farnesyl diphosphate 89 

(FPP) followed by cyclization of 2,3-oxidosqualene by 2,3 oxidosqualene cyclase (OSC). β-90 

amyrin synthase (BAS), a widely distributed OSC, has been functionally characterized from 91 

various plants, reviewed in [9]. In C. asiatica, genes involved in the main pathway to triterpenoid 92 
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formation have been discovered. These include farnesyl diphosphate synthase (CaFPS) [10] 93 

squalene synthase (CaSQS) [11] , oxidosqualene synthase (CaOSQs) and the putative β-amyrin 94 

synthase (CabAs) [12], an oxidosqualene cyclase, subsequently identified as a dammarenediol 95 

synthase (CaDDs) [13] after being cloned and functionally expressed in a lanosterol synthase-96 

deficient yeast mutant. 97 

Modifications to the triterpenoid backbone include oxidation, substitution or 98 

glucosylation [14] by enzymes such as P450-dependent monooxygenases, UDP-Glc 99 

glucosyltransferases (UGTs) and other enzymes [15-17]. UGTs are pivotal enzymes in the 100 

process of glucosylation in plants, contributing to the biosynthesis and stable storage of 101 

medically important secondary metabolites [14]. Furthermore, glucosylation has been found to 102 

be critical for saponin biological activities [18, 19]. In saponin biosynthesis, UGT’s catalyze the 103 

transfer of UDP linked sugar moieties to the triterpenoid skeleton.  To date, a limited number of 104 

UGTs have been uncovered from plants, including UGT73K1 and UGT71G1 [20] and UGT73F3 105 

[16] from M. truncatula, UGT74M1 from S. vaccaria [21], UGT73P2 and UGT91H4 [22] and 106 

UGT73F2 and UGT73F4 from Glycine max [23], UGT73C10, UGT73C11, UGT73C12 and 107 

UGT73C13 from Barbarea vulgaris [24], UGT74H5 from Avena spp. [25], UGTPg45 and 108 

UGTPg29 from Panax ginseng [26] and Pq3-O-UGT2 from P. quinquefolius [27]. In this work, 109 

glucosylation of triterpenoids in C. asiatica was investigated starting with enzyme assays of 110 

plant extracts. An enzyme capable of glucosylating asiatic and madecassic acids (see Fig. 1) was 111 

partially purified. Proteomic methods and cDNA sequence data were used to obtain a full-length 112 

cDNA clone encoding the glucosyltransferase for which the corresponding gene product was 113 

characterized. 114 

 115 
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2. Materials and Methods 116 

 117 

2.1. Plant material 118 

 119 

Centella asiatica (L.) Urban (Gotu kola) 4-month old plantlets were obtained from 120 

Richters Herbs (Goodwood, Canada). The plants were grown under greenhouse conditions at 121 

23°C and 12 h photoperiod. 122 

 123 

2.2. Partial purification of a glucosyltransferase from crude extracts of C. asiatica 124 

 125 

A crude protein extract from C. asiatica leaves was obtained using a protocol previously 126 

described [28]. The extraction buffer contained 100 mM of Tris-HCl pH 7.6, 150 mM sorbitol, 127 

12.5 mM β-mercaptoethanol, 1 mM PMSF, 2% (w/v) polyvinylpolypyrrolidone (PVPP) and 128 

0.05% (v/v) plant protease inhibitor cocktail (Sigma
®

) containing 4-(2-aminoethyl) 129 

benzenesulfonyl fluoride (AEBSF), Bestatin, Pepstatin A, E-64, Leupeptin, and 1,10-130 

phenanthroline. Approximately 1 g of leaves was ground with PVPP on ice and stirred with 5 ml 131 

of buffer for 5 min. Subsequently, the extract was centrifuged at 4ºC at 14,000 × g for 10 min. 132 

The recovered supernatant was applied to a PD-10 (Sephadex
®
 G-25 M) for desalting and buffer 133 

exchange. The resulting eluate was considered a crude protein extract. The amount of protein in 134 

each extract was determined using a modified micro BCA protein assay (Pierce) [29]. Briefly, 10 135 

μl samples were mixed with 90 μl of BCA working solution and incubated at 60 ºC for 30 min, 136 

after which optical density at 562 nm was recorded. Glucosyltransferase enzyme assays were 137 

carried out in a total volume of 100 µl containing 10 µl of crude protein extract (1.8 to 2.2 mg 138 
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ml
-1

 of protein), 250 µM UDP-Glc, 1 mM acceptor substrate, 100 mM HEPES pH 7.5, 1 mM 139 

DTT and 10 mM of MgCl2 . The reaction mixture was incubated at 30 ºC for 1 h and stopped by 140 

transferring the reaction to -80 ºC. Samples were lyophilized and resuspended in 20 µl of 70% 141 

(v/v) MeOH. Samples were sonicated for 3 min and centrifuged at 12,000 × g for 1 min. Samples 142 

were then transferred to LC/MS vials for analysis. 143 

 144 

2.3. Ion trap LC/MS analysis of enzyme assays 145 

 146 

Enzyme reactions were analyzed using an Agilent 6320 ion trap LC/MS system with 147 

electrospray source under default Smart Parameter settings (scanning in the m/z range of 50-2200 148 

at 8100 mass units s
-1

 with an expected peak width of ≤ 0.35 mass units), with a reverse phase 149 

column (Zorbax 80A Extended-C18 column, 5 µm particle size, 2.1 × 150 mm) maintained at 35 150 

°C. The binary solvent system consisted of H2O-acetonitrile (90:10 v/v) containing 0.1% (v/v) 151 

formic acid and 0.1% (w/v) ammonium formate (solvent A) and H2O-acetonitrile (10:90 v/v) 152 

containing 0.1% (v/v) formic acid and 0.1% (w/v) ammonium formate (solvent B). The 153 

separation gradient was 90:10 A/B to 0:100 A/B over 4.5 ml. The monoglucoside products were 154 

detected as [M+formate]
-
 ions and the substrates madecassic acid and asiatic acid were detected 155 

as [2M]
+ 

ions. 156 

 157 

2.4. Isolation and elucidation of monoglucoside products 158 

 159 

For isolation of the monoglucosylated products of madecassic and asiatic acid, 500 µl 160 

enzyme reactions were performed containing 90 to 110 µg of protein extract (1.8 to 2.2 mg ml
-1

), 161 
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250 µM UDP-Glc, 1 mM substrate (asiatic or madecassic acid), 1 mM DTT, 10 mM MgCl2 and 162 

20 mM Bicine, pH 8.5. The assay was incubated for 4 h at 30 ºC under agitation. Samples were 163 

then lyophilized and resuspended in 100 µl of 70% (v/v) MeOH. Separation was performed 164 

using a Hewlett Packard 1100 Series HPLC and an Agilent Eclipse XDB-C18 column (5 µm, 4.6 165 

× 150 mm), at a flow rate of 1 ml min
-1

. A binary solvent system was used, consisting of 100% 166 

acetonitrile (solvent A) and 10% acetonitrile (solvent B), and the separation system went from 167 

100% solvent B to 100% solvent A in 20 min and was then maintained at 100% B for 15 min. 168 

One ml fractions were collected and analyzed by ion trap LC/MS. 169 

For peak identification by NMR, HPLC fractions corresponding to retention times of 9 to 170 

10 min (madecassic acid-derived product) or 10 to 11 min (asiatic acid-derived product) were 171 

evaporated to complete dryness. After dissolution in CDCl3, the proton NMR spectrum was 172 

recorded on a Bruker Avance DRX 500 MHz spectrometer equipped with a CryoProbe. 173 

 174 

2.5. Separation of fractions containing glucosyltransferase activity 175 

 176 

For partial purification of the UGT catalyzing triterpenoid glucosylation, 1 ml of crude 177 

protein extract, containing ~2 mg of protein, was subjected to anion exchange chromatography 178 

using a Mono-Q 5/50 GL column connected to an Agilent 1100 series HPLC equipped with auto 179 

injector, a diode array detector and a fraction collector maintained at 5 °C. The column was pre-180 

equilibrated with 20 mM Tris-HCl, pH 8.0. The column was eluted with a mobile phase of 20 181 

mM Tris-HCl, pH 8.0, containing a linear gradient from zero to 1 M NaCl over 30 ml and 182 

maintained at 1 M NaCl for 5 ml. One ml samples were collected and assayed for 183 

glucosyltransferase activity. 184 
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Two fractions from the anion exchange chromatography that catalyzed the formation of 185 

madecassic acid monoglucoside - fractions 15 (28 to 30 min) and 16 (30 to 32 min) – were 186 

concentrated, mixed with 2x SDS-PAGE loading sample buffer (200 mM Tris pH 6.8, 4% (w/v) 187 

SDS, 0.2% (v/v) Bromophenol Blue, 20% (v/v) glycerol, 200 mM DTT) and heated at 95 °C for 188 

5 min. Samples were subjected to SDS-PAGE under denaturing conditions using electrophoresis 189 

buffer (25 mM Tris-HCl, pH 7.5, 250 mM glycine, 0.1% (w/v) SDS and a 4% to 15% (w/v) 190 

polyacrylamide gradient Ready Gel
®
 (Bio-Rad). Precision Plus Protein™ Unstained Standard 191 

(Bio-Rad) was loaded on the same gel. The gel was stained with Oriole
TM

 fluorescent gel stain 192 

(Bio-Rad) overnight. The protein bands were visualized with UV light. 193 

 194 

2.6. cDNA library construction 195 

 196 

Transformed root cultures of C. asiatica were obtained by infecting nodes and leaves 197 

with Agrobacterium rhizogenes strain 15384. After two days of co-cultivation in the dark, 198 

explants were transferred to medium devoid of exogenous plant growth regulators containing 3% 199 

(w/v) sucrose. The hairy roots were sub-cultured at 3 week-intervals for further growth. For 200 

MeJA elicitation, hairy roots were grown at 23 ºC on a rotary shaker (120 rpm) in darkness for 201 

four weeks and then treated for 7 days with 100 μM MeJA [30]. Samples were selected and a 202 

cDNA library was constructed as described previously [31].  203 

 204 

2.7. Isolation of a full-length cDNA clone from C. asiatica 205 

 206 
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After gel electrophoresis of anion exchange chromatography fractions (see above), 207 

twenty-five gel slices from the lanes of two active and the two non-active flanking sample lanes 208 

corresponding to a Mr range of 30,000 to 80,000 were excised from an SDS PAGE gel and 209 

digested with trypsin using a MassPrep II proteomics work station (Micromass UK Ltd.) 210 

following a published procedure [32]. Tryptic peptides from each gel slice were analyzed by Q-211 

TOF LC/MS as described [29], and the resulting data were used for MASCOT searches (version 212 

2.3.02; Matrix Science Ltd., London, UK) against data derived from Roche 454 GS-FLX 213 

Titanium and Illumina sequencing of cDNA from MeJA-induced C. asiatica root cultures [31].  214 

A contiguous cDNA sequence named CASRI1PC_rep_c607 was identified by MASCOT 215 

searches against a MIRA assembly of Roche 454-derived sequences, as a match to tryptic 216 

peptides derived from the two active fractions of SDS-PAGE gel slices (15-5 and 16-5) 217 

corresponding to Mr values of ~50,000 (See online supplementary data, Fig. S1). Sequence 218 

similarity searches indicated that CASRI1PC_rep_c607 may contain a full-length ORF encoding 219 

a UGT.  220 

Platinum
®
 Taq DNA polymerase (Invitrogen)  with oligonucleotides (5’-ATGGCATCCA 221 

ACATTCAGCA GCTTCACTT-3’ and 5’-TCAAAATCGG CTTGAATTTT GCTGCCTCAC 222 

AT-3’ for the forward and reverse primers, respectively) was used to PCR amplify the gene 223 

corresponding to the ORF on CASRIPC_rep_c607 using cDNA derived from MeJA-induced C. 224 

asiatica root cultures [31] under the following conditions: denaturation at 95 °C for 4 min; 35 225 

cycles of 94 °C for 20 s, annealing at 55 °C for 30 s, and extension at 72 °C for 2.4 min; 226 

followed by 10 min at 72 °C.  227 

The PCR product was gel-purified and cloned into the E.coli vector pCR
TM

8/GW/TOPO 228 

using ONE SHOT
®
 TOP10 chemically competent E. coli cells (Invitrogen) using a TA Cloning 229 
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kit (Invitrogen). Resulting transformants were selected on agar plates [Luria Broth (LB), 1% 230 

(w/v) agar, spectinomycin (100 μg ml-1
)]. The resulting plasmids were sequenced with M13 231 

forward and reverse primers. A plasmid containing the CASRIPC_rep_c607 sequence (an ORF 232 

of 1485 bp) was identified and called pCB018. pCB018 was then recombined into the E. coli 233 

expression vector pDEST
TM

17 (Invitrogen) giving rise to the plasmid pCB019 which encodes an 234 

N-terminal His-tagged fusion protein of 521 amino acids and Mr of 59,047. pCB019 was used to 235 

transform BL21-AI
TM

 E. coli competent cells and the resulting clones were selected on agar 236 

plates [LB, 1% (w/v) agar, carbenicillin (100 μg ml-1
)]. DNA sequencing was used to confirm 237 

that the construct was in frame for expression of His-tagged UGT73AD1.  238 

 239 

2.8. Expression and purification of UGT73AD1 240 

 241 

A 4 ml aliquot of an overnight LB (carbenicillin 100 μg ml-1
) culture of the BL21-242 

AI/pCB019 strain was used to inoculate 50 ml of Autoinduction Medium [33]. The culture was 243 

incubated at 37 °C with agitation until the OD600 reached 0.4 at which time L-arabinose [0.2% 244 

(w/v)] was added to induce expression from the araBAD operon promoter and the culture was 245 

shifted to an incubation temperature of 16 °C with agitation overnight. The culture was 246 

centrifuged (2,000g at 4 °C for 10 min) and the resulting cell pellets were frozen at -80 °C. 247 

Pellets were resuspended in B-Per
®
 bacterial protein extraction reagent (Thermo Scientific), 248 

following the manufacturer’s instructions. The resulting lysates were then centrifuged (15,000 × 249 

g, 4 °C, 8 min), and the supernatant containing the His-tagged UGT73AD1 was mixed 1:1 (v/v) 250 

with metal affinity resin Binding Buffer, containing 200 mM Tris, pH 7.0, 800 mM NaCl and 10 251 

mM imidazole, which was then added to HisPur
TM

 Cobalt Resin (Thermo Scientific) and 252 
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incubated for 1 h at 4 °C. His-tagged UGT73AD1 was eluted with 100 mM Tris-HCl pH 7.0, 253 

400 mM NaCl and 150 mM imidazole, following the manufacturer’s instructions. The amount of 254 

protein applied in the gel was 1.0 µg.  For the C. asiatica glucosyltransferase, the reduction of 255 

pH from 7.5 to 7.0 significantly increases the yield and purity of protein in the elution buffer 256 

(data not shown). 257 

Each elution batch was pooled and then concentrated and desalted using spin dialysis 258 

with Amicon Ultra Centrifugal Filters Ultracel 30K (Millipore). The protein was quantified using 259 

modified micro BCA protein assay (Pierce). Subsequently, the eluate was assayed for 260 

glucosyltransferase activity. 261 

 262 

2.9. Optimized assay for recombinant UGT73AD1 263 

 264 

Unless otherwise stated, glucosyltransferase enzyme reactions were carried out in 100 µl, 265 

containing 0.2% (w/v) BSA, 250 µM asiatic acid, 250 µM UDP-glucose, 1 mM DTT and 20 mM 266 

Bicine at pH 8.5. One hundred ng purified UGT73AD1 was added to start the reaction, followed 267 

by incubation for 1 h at 30 ºC. Reactions were stopped by transferring samples to -80 ºC. 268 

Samples were lyophilized and resuspended in 20 µl of 70% (v/v) MeOH. Samples were 269 

sonicated for 3 min and centrifuged at 12000 × g for 1 min. Samples were then analyzed by ion-270 

trap LC/MS. Controls were performed with the omission of enzyme and the reactions stopped at 271 

0 h.  272 

 273 

2.10. Characterization of UGT73AD1 enzyme 274 

 275 
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BSA concentrations up to 0.3% (w/v) were assayed in 100 µl samples in triplicate. 276 

Reactions were performed as described above. The pH optimum of UGT73AD1 was evaluated in 277 

triplicate from 6.5 to 10.0 using five different buffers at 20 mM – MOPS sodium salt, pH 6.5 to 278 

7.5; Bicine, pH 7.5 to 8.5; TRIS-HCl, pH 8.0 to 9.5; CHES, pH 8.5 to 9.5 and CAPS, pH 10. 279 

 Enzyme assays to determine substrate specificity were performed with the addition of the 280 

acceptor substrates to a final concentration of 250 µM in enzyme assay. Substrates were 281 

dissolved in absolute ethanol. Acceptor substrates in this study were as follows: oleanane-type 282 

sapogenins (β-amyrin, oleanolic acid, echinocystic acid, hederagenin, gypsogenic acid, 283 

gypsogenin, 16-OH gypsogenic acid and quillaic acid), ursane-type sapogenins (α-amyrin, 284 

ursolic acid, asiatic acid and madecassic acid), lupane-type sapogenins (lupeol, betulinic acid and 285 

betulin), polyphenols (quercetin, 2,3-dihydroquercetin and caffeic acid) and the phytosterol 286 

stigmasterol. Enzyme assays were also performed in triplicate with various sugar donors: UDP-287 

glucose, UDP-glucuronic acid, UDP-β-L-arabinose and UDP-α-D-xylose at a final concentration 288 

of 250 µM.  289 

  290 

2.11. Preparation of RNA and first strand cDNA synthesis 291 

 292 

Total RNA was isolated from different organs from 6-month old C. asiatica plants. An 293 

Illustra RNAspin Mini Kit (GE Healthcare) was used for total RNA extraction from leaves, 294 

flowers, roots and stems. Total RNA concentration was measured by UV spectrophotometer 295 

(Nanodrop, Thermo Scientific) and nucleic acid quality was checked with 2100 Bioanalyzer 296 

instrument (Agilent) and by 1% (w/v) agarose gel electrophoresis (data not shown). First-strand 297 

cDNA synthesis was performed with the Superscript II Reverse Transcriptase (Invitrogen) using 298 
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1 µg of total RNA as template and Oligo d(T)18 primers, in the presence of RNAse H (Thermo 299 

Scientific), according to the manufacturer’s instructions. The final cDNA products were diluted 300 

100-fold in RNAse-free distilled H2O prior to use in RT-qPCR. 301 

 302 

2.12. Selection of C. asiatica reference genes and primer design 303 

 304 

Six genes were selected to identify the most stable reference genes for RT-qPCR 305 

expression analyses of the various organs – actin, two elongation factor protein (EFP) genes, 306 

GAPDH, tubulin and ubiquitin. All sequences were named based on similarity to Arabidopsis 307 

proteins determined via BLASTX searches of transcriptome information from Roche 454 and 308 

Illumina sequencing of C. asiatica induced root cDNA [31]. Alignments with sequences from 309 

other plants for each of these genes were used to design new primer pairs based on the most 310 

conserved areas (online supplementary Table S1). Primer pairs for RT-qPCR were designed 311 

using Oligo Perfect
TM

 Designer software (Invitrogen) for each gene. The primer specification 312 

included: melting temperatures of 59 to 61 ºC, primer length of 20 nt, GC contents of 45 to 55% 313 

and PCR amplicon lengths of 100 to 250 bp. 314 

 315 

2.13. Real-time quantitative PCR analysis 316 

 317 

Isolation of total RNA from the samples and synthesis of first strand cDNA were 318 

performed as described above. The synthesized cDNA was diluted 1:100 with H2O, and 10 μl of 319 

the diluted cDNA was used as a template for quantitative real-time PCR analysis. PCR reactions 320 

were carried out in quadruplicate for each sample and performed in a total volume of 20 μl as 321 
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described [34]. The RT-qPCR analyses were performed in fast optical 48-well reaction plates 0.1 322 

ml (MicroAmp™ Applied Biosystem) using a StepOne™ Real-Time PCR System (Applied 323 

Biosystems) according to the manufacturer instructions. The RT-qPCR program included an 324 

initial denaturation step at 95 °C for 5 min, followed by 40 cycles of 15 s at 95 °C, 10 s at 60 °C, 325 

and 15 s at 72 °C, followed by a heat dissociation curve from 60 °C to 90 °C. PCR efficiency 326 

was calculated with the LinReg PCR program [35] from the raw fluorescence data. Mean 327 

efficiencies of the repeated samples were used to adjust Ct values for further analysis. The 328 

expression stability of candidate reference genes was evaluated by two different statistical 329 

packages: geNorm [36] and NormFinder [37]. All RT-qPCR reactions were normalized using Ct 330 

value corresponding to the reference gene. The relative expression levels of target gene were 331 

calculated with formula 2
−ΔΔCt

 [38]. Values represented the average of three biological replicates. 332 

 333 

3. Results 334 

 335 

3.1. Identification of a triterpenoid glucosyltransferase from C. asiatica 336 

 337 

With a view towards molecular cloning of the enzymes involved in saponin biosynthesis 338 

in C. asiatica, crude leaf extracts were tested for glucose transfer to asiatic and madecassic acids 339 

and other potential substrates. Assay samples were analyzed with an ion trap liquid 340 

chromatography/mass spectrometry (LC/MS). The analysis showed loss of substrate (by single 341 

ion monitoring) and formation of products corresponding to MS peaks consistent with asiatic 342 

acid monoglucoside (m/z = 695.84 [M + formate]
-
) and madecassic acid monoglucoside (m/z = 343 

711.60 [M + formate]
-
). MS/MS of these ions resulted in the presumptive loss of glucose with 344 
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the appearance of diagnostic [2M
+
] ion for their respective triterpenoids (m/z = 1008.68 for 345 

madecassic acid and m/z = 976.70 for asiatic acid). It was concluded that leaf extracts contain 346 

triterpenoid UDP-glucose glucosyltransferase activity. Partial purification of the crude leaf 347 

extracts that exhibited glucosyltransferase activity was performed with anion exchange 348 

chromatography on a Mono-Q 5/50 GL column (GE HealthCare). Glucosyltransferase enzyme 349 

assays were performed on the resulting fractions and the assays were analyzed with madecassic 350 

acid as acceptor and LC/MS/MS for detection and quantitation of the resulting monoglucoside. 351 

The majority of glucosyltransferase activity was found in fraction 15 (28 to 30 min; see Fig. 2.A, 352 

with a lesser amount in fraction 16 (30 to 32 min). 353 

To identify putative UDP-glucosyltransferase candidates in the active chromatography 354 

fractions, MS of tryptic digests of the fractions was performed. For tryptic peptide analysis, the 355 

active fractions (15 and 16) and neighbouring inactive fractions obtained from anion exchange 356 

chromatography were subjected to SDS-PAGE, as shown in online supplementary data (Fig. S1). 357 

SDS-PAGE gel slices corresponding to Mr values of 30,000 to 80,000 were excised and treated 358 

with trypsin. The resulting peptides from each gel slice were analyzed by quadrupole-time-of-359 

flight (Q-TOF) LC/MS to yield peptide mass and fragment ion information. These data were 360 

used in MASCOT searches against the predicted tryptic peptides derived from a MIRA assembly 361 

of Roche 454 sequencing of cDNA derived from methyl jasmonate (MeJA)-induced root cultures 362 

of C. asiatica (called CASRIPC) [31]. MS data from two excised gel bands (15-5 and 16-5; see 363 

online supplementary data, Fig. S1) corresponding to a Mr of ~50,000, were found to match three 364 

predicted tryptic  sequences unique within the C. asiatica EST library corresponding to a contig, 365 

CASRIPC_rep_c607, namely TLGINFFQANEMLREPLEK, GVLVNTFEEMEPR and 366 

AIEDGGSSYLYITNLIEDVR.  tBLASTn searches of the ORF of CASRIPC_rep_c607 against 367 
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plant sequence databases (National Center for  Biotechnology Information) revealed a high 368 

similarity to UGTs. The corresponding gene product then became the focus for investigation as a 369 

UGT involved in saponin biosynthesis. The full-length cDNA with an open reading frame (ORF) 370 

of 1485 nucleotides encoding a polypeptide of 494 amino acids with a predicted Mr of 55,953, 371 

was cloned and the gene product was named UGT73AD1 [39]. The cDNA sequence was 372 

deposited in Genbank as accession no. KP195716.1.  373 

Functional characterization of UGT73AD1 was performed with a recombinant N terminal 374 

His-tagged enzyme (Mr 59,047) corresponding to ORF cloned in pDEST
TM

17 (Invitrogen). The 375 

enzyme was purified by metal-affinity batch adsorption. A western blot was performed to 376 

monitor an induction expression time course of UGT73AD1 which indicated maximal 377 

expression to be ~19 h (data not shown). SDS-PAGE of the resulting purified His-tagged protein 378 

UGT73AD1 is shown in Fig. 3.  The purified recombinant protein was assayed with C. asiatica 379 

sapogenins. Extracted ion chromatograms from ion trap LC/MS showed peaks with retention 380 

times of 14.3 min or 15.6 min. These peaks were assigned as madecassic acid monoglucoside 381 

(Fig. 2.B) and asiatic acid monoglucoside (Fig. 4) respectively, by MS and MS/MS (see 382 

Experimental section).  383 

 384 

 385 

3.2. Characterization of UGT73AD1 386 

 387 

For optimum UGT73AD1 activity, the type of buffer, buffer pH, dithiothreitol (DTT) 388 

concentration and bovine serum albumin (BSA) concentration were screened to determine 389 

optimum reaction conditions. BSA showed an optimum concentration of 0.2% (w/v; online 390 
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supplementary material, Fig. S2). DTT was also found to be important for optimal UGT activity 391 

in the 0.5 to 5 mM range. Five different buffers (20 mM) covering the pH range of 6.5 to 10.0 392 

were screened to determine the optimum pH and buffer condition for UGT73AD1 activity. The 393 

broad range pH screening indicated that UGT73AD1 was active throughout the range tested and 394 

the optimum activity was centered between 8.5 and 9.0 (online supplementary data, Fig. S3). In 395 

this optimum pH range, Bicine (pH 8.5) showed maximum product formation. Twenty mM 396 

Bicine at pH 8.5 was chosen as optimum buffer and pH for the UGT73AD1 assays. 397 

Various donor sugars and acceptor triterpenoid saponin aglycone, polyphenol and 398 

phytosterol substrates were screened to determine UGT73AD1 specificity.  The purified 399 

recombinant enzyme was found to be inactive with both UDP-glucuronic acid and UDP-400 

arabinose when asiatic acid was the triterpene acceptor. However, UDP-xylose appeared to 401 

exhibit 10% of activity found with the donor substrate UDP-glucose (online supplementary data, 402 

Fig. S4). In reactions in which UDP-Glc was utilized as the donor substrate, UGT73AD1 was 403 

found to be active with only asiatic and madecassic acids. No measurable activity was seen with 404 

the other triterpenoid saponin aglycones, polyphenols and a phytosterol which were tested as 405 

substrates (data not shown; see Experimental section for details). 406 

In general, saponins have one or more linear or branched sugar chains attached to the 407 

aglycone via a glucosidic ester or ether linkage. The two kinds of products can be distinguished 408 

by alkaline hydrolysis [40]. The products obtained from the recombinant enzyme, asiatic acid 409 

and madecassic acid monoglucosides, were found to be unstable to treatment with potassium 410 

hydroxide 10% (w/v) at 80 ºC for 2 h (data not shown). This procedure cleaves the ester but not 411 

the acetal linkages in glucosylated products, indicating that the enzyme is catalyzing an ester 412 

formation at the C-28 carboxyl group. To confirm this, 
1
H NMR spectra of both products were 413 
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obtained. By comparison to NMR studies of triterpene glucosides [41, 42], it was possible to 414 

assign resonances corresponding to Glc C1 and C6 in the 5.2 to 5.3 ppm and 3.7 to 3.8 ppm 415 

ranges, respectively, the first being a characteristic chemical shift signal of glucose ester linkage. 416 

Spectra showed characteristic resonances of ursolic acid derivatives - an oleofinic bond at C-12 417 

and a methine at C-18. The chemical shift signals corresponding to C-2, C-3 and C-23 418 

demonstrate that the hydroxyl groups linked to those carbons are not glucosylated (online 419 

Supplementary Table S2). Thus, the NMR (and alkaline hydrolysis) data are consistent with the 420 

glucosylation of asiatic acid and madecassic acid at the carboxyl group (C-28; see Fig. 1).  421 

Sequence similarity searches indicated that UGT73AD1 protein sequence exhibits highest amino 422 

acid sequence identity with UGT from Daucus carota (73C6; 64%) (XP_017249880.1),  Panax 423 

ginseng (59%) (AKA44600.1), Juglans regia (73C3; 57%) (XP_018840297.1), Nicotiana 424 

attenuata (73C1; 58%) (XP_019231530.1) and N. sylvestris (73C1; 58%) (XP_009769445.1).  425 

Inspection of the UGT73AD1 amino acid sequence indicates the presence of a subsequence 426 

closely matching (e.g., 72% identity with UGT73D1) with the highly conserved Plant Secondary 427 

Product Glycosyltransferase (PSPG) motif [43, 44]. This motif includes amino acids that interact 428 

with the sugar donor. The sugar donor specificity of UGT73AD1 for UDP-glucose is consistent 429 

with the conserved tryptophan (W-375), glutamic acid (E-396) and glutamine (Q-397) residues 430 

in the PSPG motif.3.3. Tissue-specific expression of UGT73AD1 431 

 432 

Five candidate reference genes were evaluated for use in gene expression analysis by RT-433 

qPCR for C. asiatica (See online Supplementary Information). Of these, glyceraldehyde 3-434 

phosphate dehydrogenase (GAPDH) was found to be the most constitutively expressed in the C. 435 

asiatica tissues tested. As shown in Fig. 5, UGT73AD1 mRNA accumulated in all tissues tested, 436 
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but with different relative expression levels. If flower expression is set as the baseline, transcript 437 

accumulation was determined to be highest in leaves of C. asiatica (38-fold), followed by stems 438 

(12-fold) and roots (5.5-fold). 439 

 440 

4. Discussion 441 

 442 

As an important step in advancing our understanding of the triterpenoid saponin 443 

biosynthesis in C. asiatica, a combination of partial enzyme purification, identification of a 444 

cDNA candidate, and testing the activity of the corresponding enzyme has led to the elucidation 445 

of the first glucosylation step in the biosynthesis of bioactive saponins. Chemical and NMR 446 

analyses of UGT73AD1 products demonstrate that this enzyme catalyzes the first glycosylation 447 

of asiatic and madecassic acid yielding a C-28 Glc ester (see Fig. 1). Previously, UGTs that 448 

glucosylate sapogenins at the C-28 carboxylic group have been identified in only two species: M. 449 

truncatula (UGT73F3) [16] and in S. vaccaria (UGT74M1) [17, 21].  450 

From an evolutionary point of view, it is notable that of the three known ester-forming 451 

UGT from plants, two are from the UGT73 family and one is from the UGT74 family. Although 452 

these families are consecutive in number, in fact, they represent genes which diverged in 453 

sequence relatively early in the evolution of land plants [45]. This suggests the possibility that 454 

ester forming UGTs evolved independently from acetal-forming enzymes after the divergence of 455 

the two UGT families. 456 

In vitro assays showed that UGT73AD1 has a narrow range of substrate specificity, being 457 

active only with asiatic acid and madecassic acid out of 18 substrates tested, including ursane, 458 

oleanane and lupane triterpenoids, polyphenols and a phytosterol. With regard to sugar donors, 459 

the enzyme was active with UDP-glucose and to a lesser extent with UDP-xylose.  460 
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The plant UGTs share a highly conserved motif (PSPG motif) which is an important 461 

region for binding UDP-sugars [44]. The two last amino acids in the PSPG motif (Glu-381 and 462 

Gln-382) are important in determining sugar specificity and interact with the glucose moiety 463 

through forming several hydrogen bonds with O2’, O3’ and O4’ atoms of glucose ring [46]. In 464 

addition, the PSPG amino acid Trp360 (22
nd

 amino acid of the PSPG motif) is highly conserved 465 

among UGTs and forms a hydrogen bond with the glucose donor through its amide nitrogen 466 

atom [47, 48]. In the UGT73AD1 PSPG motif region, the above cited amino acids are also 467 

conserved, predicting UDP-Glc as the sugar donor. This is, of course, consistent with our 468 

enzyme assays (see Figs. 2 and 4).  469 

Results from RT-qPCR showed that all organs tested express the UGT73AD1 gene, with 470 

highest expression in leaves. These results are consistent with studies of C. asiatica plantlets in 471 

which accumulation of active saponins (asiaticoside and madecassoside) was found to be 472 

significantly higher in aerial parts compared to roots [49]. These results are also in good 473 

agreement with a previous work [50] in which C. asiatica semi-quantitative PCR and RT-qPCR 474 

was used to compare the expression profiles of select genes related to secondary metabolic 475 

pathways in leaves, stem, seeds and roots tissue samples. All tested genes, i.e. squalene 476 

synthases, squalene epoxidases and glucosyltransferases, exhibited highest expression in leaf 477 

tissues.  478 

 In conclusion, the combination of biochemical experiments, transcriptomic and 479 

proteomic techniques, as well as heterologous expression in E. coli, successfully allowed the 480 

elucidation of a glucosyltransferase involved in the biosynthesis of bioactive triterpenoid saponin 481 

in C. asiatica. In light of the medical attributes of the saponin family, future investigations 482 
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should aim at elucidating further steps of the pathway as well as exploring the potential of these 483 

saponin UGT’s in synthetic applications [51]. 484 
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Figure legends 666 

 667 

Figure 1. Proposed biosynthetic pathway for C. asiatica saponins. Solid arrows indicate one-step 668 

reaction, dashed arrows indicate uncharacterized steps.  669 

 670 

Figure 2. Madecassic acid glucoside produced from madecassic acid after 60 min assay of A) 671 

anion exchange chromatography fraction 15 (see text) and B) HIS-purified UGT73AD1. Insets: 672 

total ion chromatograms from LC-MS analysis were each extracted for two ions, a) substrate 673 

(madecassic acid dimer m/z 1008) and b) product (madecassic acid glucoside  m/z 712) at i. time 674 

= 0, ii. time = 60 min. The assay with the fraction 15 contained approximately 3 µg of total 675 

protein (A), while the HIS-purified UGT73AD1 assay was performed with 100 ng protein (B). 676 

Assay A was performed with 1 mM acceptor substrate while assay B used an optimized protocol 677 

containing 250 µM of the acceptor substrate (section 2.9). Both assays were performed with 250 678 

μM of sugar donor (UDP-Glc). 679 

 680 

Figure 3. Purification of E. coli expressed recombinant C. asiatica UGT73AD1 by metal affinity 681 

chromatography. The amount of protein applied in the gel was 1.0 μg. The Precision Plus 682 

Protein™ Mr standards and the purified UGT73AD1 (arrow) were subjected to SDS-PAGE 683 

under denaturing conditions using 4-15% (w/v) polyacrylamide gel, and stained with fluorescent 684 

Oriole
TM

 stain. The mobility of Mr standards of 25,000; 50,000 and 75,000 is shown on the right.  685 

 686 

Figure 4. Asiatic acid glucoside produced from asiatic acid after 60 min assay of HIS-purified 687 

UGT73AD1. Total ion chromatograms from LC-MS analysis were each extracted for two ions, 688 
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a) substrate (asiatic acid dimer m/z 976) and b) product (asiatic acid glucoside  m/z 695) at i. time 689 

= 0 and  ii. time = 60 min. 690 

 691 

Figure 5. Expression of UGT73AD1 in different C. asiatica organs. The GAPDH gene was used 692 

to as reference to normalize qPCR data for UGT73AD1 for the organs shown. Expression is 693 

relative to flowers. Vertical bars represent standard error of three biological replicates. 694 

 695 

Supplementary Material 696 

 697 

Determination of reference genes in C. asiatica 698 

 699 

Two different approaches, established by the GeNorm and NormFinder software, were 700 

used to determine the expression stability of candidate reference genes in the plant parts 701 

evaluated. The GeNorm algorithm calculates the average expression stability (M value), which 702 

gives the average pairwise variation of expression of a particular gene in relation to all candidate 703 

reference genes. Using an M value below the threshold of 1.5 was initially recommended [36], 704 

although a maximum value of 0.5 has been proposed for more accurate results [52, 53]. Genes 705 

with the lowest M values have the most stable expression. Our results indicated that expression 706 

levels of the Act and GAPDH genes were the most stable (i.e., with the lowest M value = 0.439), 707 

whereas EFP2 was the least (M value = 0.946) (online supplementary Table S3).  708 

NormFinder is another algorithm used to identify the optimal reference gene in a group of 709 

candidate genes, taking into account intra- and intergroup variations for calculation, and genes 710 

with lowest values are considered the most stable.  As shown on supplementary Table S3, the 711 
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lowest value, obtained for GAPDH, indicated the most stably expressed gene (0.131), followed 712 

by Act and Ubiq (0.137). 713 

 Both GeNorm and NormFinder identified essentially the same two most stably expressed 714 

genes, with minor variations in the ranking of the other genes evaluated.  715 

 716 

717 
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Supplementary figure legends 718 

 719 

Figure S1. SDS-PAGE of anion exchange fractions which were active [15 (c) and 16 (d)] and 720 

inactive [14 (b) and 17 (e)] in madecassic acid glucosyltransferase assays. Lane “a” represents 721 

the protein standards. Rectangles indicate gel slices which were excised and subjected to 722 

trypsinization and Q-TOF LC/MS. Asterisks indicate gel slices fractions (15-5 and 16-5) from 723 

which UGT73AD1 was identified. The mobility of Mr standards of 25,000; 50,000 and 75,000 is 724 

shown on the left. 725 

 726 

Figure S2. The effect of increasing BSA concentration on enzyme activity. Recombinant 727 

UGT73AD1 was assayed with asiatic acid at the BSA concentrations indicated. The means and 728 

standard deviations (n = 3) of the rate of formation of the monoglucoside product for 1 h assays 729 

are indicated. 730 

 731 

Figure S3. Effect of pH on UGT73AD1 activity. Recombinant C. asiatica was assayed with 732 

asiatic acid at the pH values and buffers indicated. The means and standard deviations (n = 3) of 733 

the rate of formation of monoglucoside product for 1 h assays are indicated. 734 

 735 

Figure S4. Asiatic acid monoglucoside produced from asiatic acid after a 60 min assay with 736 

either A) UDP-Glucose; B) UDP-α-D-xylose; C) UDP-glucuronic acid or D) UDP-β-L-arabinose. 737 

Enzyme assays were performed in triplicate at a final concentration of 250 µM for sugar donors 738 

and 250 µM for substrate acceptor. Assay A produced asiatic acid + glucose (m/z 695) and assay 739 

B produced asiatic acid + xylose (m/z 665).  Assays C and D yielded negative results, with 740 

absence of monoglucosylated product. 741 
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Supplementary Table S1. Primer sequences for RT-qPCR amplification and product sizes for 742 

each of the five reference gene candidates of C. asiatica. 743 

 744 

Supplementary Table S2. Assignments of selected 
1
H-NMR chemical shifts (given in parts per 745 

million) and coupling constant J (Hz) for the asiatic acid and madecassic acid monoglucoside 746 

products of UGT73AD1. 747 

 748 

Supplementary Table S3. Ranking of candidate reference genes for C. asiatica in decreasing 749 

order of expression stability calculated by geNorm and NormFinder. 750 

751 
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Supplementary Table S1. Primer sequences for RT-qPCR amplification and product sizes for 752 

each of the five reference gene candidates of C. asiatica. 753 

 754 

Abbreviation Gene name 

Arabidopsis 

homologue 

locus 

Primer sequence (5’-3’) 

forward/reverse 

Amplicon 

length (bp) 

Act 
Actin NP_196543.1 

TGCAGATCGTATGAGCAAGG/ 

GTGCACAATTGATGGACCAG 
187 

EFP1 Elongation 

factor protein 
NP_849818.1 

GGACAGGTGCTTTCTTGAGC/ 

CCAAACTTGGAGGCGTACAT 
222 

EFP2 Elongation 

factor protein 
NP_175135.1 

CTCCTGGTCACGTGGATTTT/ 

CTGACTCTGCACACCTCCAA 
101 

GAPDH 

Glyceraldehyde 

3-phosphate 

Dehydrogenase 

NP_187062.1 
GATCGTTGAGGGGCTTATGA/ 

CAGTGCTGCTCGGAATGATA 
128 

Tub 
Tubulin NP_197478.1 

GCGAGACTGGTTCTGGAAAG/ 

GATTAGCTGTTCCGGATGGA 
119 

Ubiq 
Ubiquitin NP_849292.1 

TTCACTTGGTGCTGAGGTTG/ 

TCCATCTTCCAATTGCTTCC 
188 

 755 

756 
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Supplementary Table S2. Assignments of selected 
1
H-NMR chemical shifts (given in parts per 757 

million) and coupling constant J (Hz) for the asiatic acid and madecassic acid monoglucoside 758 

products of UGT73AD1. 759 

 760 

Atom 

No. Asiatic Acid 
Asiatic acid 

monoglucoside 
Madecassic acid 

Madecassic acid 

monoglucoside 

2 3.68 (1H, m) 3.68 (1H, m) 3.72 (1H, m) 3.72  (1H, m) 

3 3.34 (1H, d, 10 Hz) 3.37 (1H, d, 10 Hz) 3.27 (1H, m) 3.27 (1H, m) 

12 5.22 (1H, t, 3.5 Hz) 5.24 (1H, t, 3.5 Hz) 5.26 (1H, t, 3.5 Hz) 5.29 (1H, t, 3.5 Hz) 

18 2.19 (1H, d, 11 Hz) 2.20 (1H, d, 11 Hz) 2.20 (1H, d, 11 Hz) 2.23 (1H, d, 11 Hz) 

23 
3.25 (1H, d, 11 Hz) and 

3.49 (1H, d, 11 Hz) 

3.26 (1H, d, 11 Hz) 

and 

3.49 (1H, d, 11 Hz) 

3.43 (1H, d, 11 Hz) and 

3.57 (1H, d, 11 Hz) 

3.43 (1H, d, 11 Hz) and 

3.55 (1H, d, 11 Hz) 

Glc-1 - 5.32 (1H, d, 8 Hz) - 5.33 (1H, d, 8.5 Hz) 

Glc-6 - 

3.77 (1H, d, 2.5 Hz) 

and 

3.80 (1H, d, 2.5 Hz) 

- 
3.78 (1H, d, 2 Hz) and 

3.80 (1H, d, 2.5 Hz) 

 761 

 762 

  763 

764 
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Supplementary Table S3. Ranking of candidate reference genes for C. asiatica in decreasing 765 

order of expression stability calculated by geNorm and NormFinder 766 

 767 

Ranking order geNorm (M value) NormFinder (stability value) 

1 
Act/GAPDH 0.439 GAPDH (0.131 ± 0.017) 

2  
Act (0.137 ± 0.022) 

3 
Ubiq 0.666 Ubiq (0.137 ± 0.029) 

4 
Tubu 0.718 EFP1 (0.157 ± 0.014) 

5 
EFP1 0.859 Tubu (0.164 ± 0.014) 

6 
EFP2 0.946 EFP2 (0.184 ± 0.038) 

 768 

 769 

 770 

 771 




















