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Mulberry leaves contain iminosugars, such as 1-deoxynojirimycin (1-DNJ), fagomine, 20 

and 2-O-α-D-galactopyranosyl deoxynojirimycin (GAL-DNJ) that inhibit α-glucosidase. 21 

In this study, we quantified iminosugars in Morus australis leaves and made the kinetic 22 

analysis in the hydrolysis of maltose by α-glucosidase. By LC-MS/MS, the concentrations 23 

of 1-DNJ, fagomine, and GAL-DNJ in the powdered leaves were 4.0, 0.46, and 2.5 mg/g, 24 

respectively, and those in the roasted ones were 1.0, 0.24, and 0.73 mg/g, respectively, 25 

suggesting that the roasting process degraded iminosugars. Steady-state kinetic analysis 26 

revealed that the powdered and roasted leaves exhibited competitive inhibition. At pH 6.0 27 

at 37ºC, the IC50 values of the extracts from the boiled powdered or roasted leaves were 28 

0.36 and 1.1 mg/mL, respectively. At the same condition, the IC50 values of 1-DNJ, 29 

fagomine, and GAL-DNJ were 0.70 µg/mL, 0.18 mg/mL, and 2.9 mg/mL, respectively. 30 

These results suggested that in M. australis, 1-DNJ is a major inhibitor of α-glucosidase.    31 

 32 
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 3 

Introduction 34 

α-Glucosidase [EC 3.2.1.20] catalyzes the hydrolysis reaction of α-1,4 glycosidic 35 

bonds at the non-reducing end of the substrate. It is involved in the digestion of sugars. 36 

One of the strategies to treat type-2 diabetes is inhibition of α-glucosidase. Acarbose, 37 

miglitol, and voglibose are clinically used for this purpose.1) 1-Deoxynojirimycin (1-38 

DNJ) strongly inhibits α-glucosidase activity and is anticipated for clinical use.2) In 39 

addition, various α-glucosidase inhibitors have been identified in plants. They include 40 

alkaloids such as vasicine,3) flavonoids such as quercetin,4) polyphenols such as p-41 

hydroxycinnamic acid and protocatechuic acid,5) and iminosugars such as 1-DNJ,2,6-9) 42 

fagomine,7) and 2-O-α-D-galactopyranosyl deoxynojirimycin (GAL-DNJ).7) 43 

Morus (commonly known as mulberry) is distributed in temperate regions in the 44 

world. It is cultivated as a crop for silkworm feed, fruit, and timber. Morus contains 45 

various α-glucosidase inhibitors, among which 1-DNJ is the most characterized.7-10) 46 

Morus australis is distributed in Ryukyu islands and is widely cultivated in Urasoe-shi, 47 

Okinawa, Japan. It was reported that the 1-DNJ concentrations in M. australis leaves were 48 

4 to 9-fold higher than those in Morus alba leaves distributed in Japanese mainland.10,11) 49 

Powdered and roasted M. australis leaves were developed as a tea with a function to 50 

inhibit α-glucosidase activity. The ingestion of the tea suppressed sucrose-induced 51 

elevation of blood glucose and insulin levels, indicating that the tea inhibited postprandial 52 

elevation of blood glucose.11) In the inhibition of the hydrolysis of sucrose by sucrase 53 

from rat intestine, boiled water extract of powdered M. australis leaves exhibited the IC50 54 

value of 12 ± 1.3 µg/mL.11) These results suggest that a high intake of M. australis tea 55 

might be effective for the prevention of type-2 diabetes. Recently, various physiological 56 

activities of 1-DNJ have been reported, such as suppression of the elevation of 57 
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postprandial blood glucose,13) postprandial glycemic control in subjects with impaired 58 

glucose metabolism,14) stimulation of adiponectin and GLUT4 expressions adipocytes,15) 59 

hypoglycemic effect,16) prevention of diet-induced obesity through increases in 60 

adiponectin,17) and suppression of lipid accumulation through activation of the β-61 

oxidation system.18) To pursue the application of M. australis leaves, enzyme chemical 62 

analysis of the inhibitory effects of M. australis leaves and its inhibitory components 63 

toward α-glucosidase is required. In this study, we selected three iminosugars 1-DNJ, 64 

fagomine, and GAL-DNJ as a research target. We quantified their concentrations in M. 65 

australis leaves by LC-MS/MS and made the kinetic analysis of their inhibitory effects 66 

toward the hydrolysis of maltose by α-glucosidase.  67 

 68 

Materials and methods 69 

Materials.  Rat intestinal acetone powder was purchased from Sasaki Chemical 70 

(Kyoto, Japan) and used as the preparation of α-glucosidase. Maltose, 1-DNJ, and 71 

Glucose CII test were purchased from Fujifilm Wako Pure Chemical (Osaka, Japan). 72 

Fagomine and GAL-DNJ were purified from mulberry leaves as reported previously.9,12) 73 

Powdered and roasted M. australis leaves were purchased from Urasoe-shi silver human 74 

resources center (Urasoe, Japan).   75 

Preparation of extracts of M. australis leaves.  Boiled water (50 mL) was added to 76 

powdered or roasted M. australis leaves (500 mg) and stirred for 5 min. The solution was 77 

suction-filtrated, and the filtrate was collected and used as the leaf extract. 78 

LC-MS/MS analysis.  LC-MS/MS analysis was performed as previously 79 

described.12) Briefly, 50 mg of powdered or roasted M. australis leaves were dissolved in 80 

5.0 mL of 50% ethanol. After sonication for 5 min, the mixture was centrifuged at 10,000 81 
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x g for 5 min at 4ºC. The supernatant was separated and filtered (0.2 µm pore size; 82 

Sartorius Stedim Biotech, Goettingen, Germany). The filtrate was diluted with 0.1% 83 

formic acid, 50% acetonitrile to be 1% v/v for the quantification of 1-DNJ and GAL-DNJ 84 

and to be 10% for the quantification of fagomine. Standard 1-DNJ, fagomine, and GAL-85 

DNJ were dissolved in 0.1% formic acid, 50% acetonitrile to be 200–1,000 ng/mL.   86 

Conditions of LC-MS/MS are as follows: apparatus, LC-20A and LCMS-8045 87 

(Shimadzu, Kyoto, Japan); column, TSK gel Amide-80 (particle size 5 µm; 100 mm × 88 

2.0 mm i.d., Tosoh, Tokyo, Japan); column oven temperature, 40ºC; mobile phase, 0.1% 89 

formic acid in acetonitrile (A) and 0.1% formic acid in water (B); mobile phase flow rate, 90 

0.2 mL/min; injection volume, 5 µL; ion source, electrospray ionization (positive mode); 91 

drying gas, nitrogen (180ºC, 7 L/min); nebulizing gas, nitrogen (1.6 bar); capillary 92 

voltage, -4,500 V; hexapole RF, 100 Vpp; quadrupole ion energy, 5 eV; collision gas, 93 

nitrogen (1.6 bar); collision energy, 10 eV; collision RF, 100 Vpp; and mass range, m/z 94 

50–1500. Elution gradients are as follows: 0–2.0 min, 20%–60% B; 2.0–5.5 min, 60% B; 95 

5.5–5.6 min, 60%–20% B; and 5.6–8.0 min, 20% B. 1-DNJ, fagomine, and GAL-DNJ 96 

were detected individually in the postcolumn by MS/MS with multiple reaction 97 

monitoring (MRM) for transition of the parent ions to the product ions. The 98 

concentrations of 1-DNJ, fagomine, and GAL-DNJ in powdered and roasted M. australis 99 

leaf extracts were calculated from calibration curves using standard 1-DNJ, fagomine, 100 

and GAL-DNJ.  101 

Preparation of crude α-glucosidase solution.  Rat intestinal acetone powder (0.5 g) 102 

was suspended with 5 mL of water followed by sonication. The solution was centrifuged 103 

at 10,000 x g for 15 min at 4ºC, and the supernatant was collected. Then, the solution was 104 

diluted with water to be 35 mg/mL in protein concentration and used as the α-glucosidase 105 
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solution.   106 

Measurement of α-glucosidase activity.  1-DNJ, fagomine, and GAL-DNJ were 107 

dissolved in water. Protocol for the reaction at pH 6.0 at 37ºC is as follows. Pre-incubation 108 

(90 µl) was initiated by mixing 80 µl of the maltose solution in 0.1 M maleate buffer (pH 109 

6.0) and 10 µl of the extracts of powdered (0–10 mg/mL) or roasted (0–20 mg/mL) M. 110 

australis leaves or 10 µl of the 1-DNJ (0–1 mg/mL), fagomine (0–40 mg/mL), and GAL-111 

DNJ (0–100 mg/mL) solution in water. After the pre-incubation at 37ºC for 10 min, the 112 

reaction was initiated by adding 10 µl of α-glucosidase solution and continued at 37ºC. 113 

Blank solution was prepared by adding 10 µl of 0.1 M maleate buffer (pH 6.0). After 1 or 114 

2 min, the solution was boiled for 5 min to stop reaction. To 13.3 µl of the solution, 200 115 

µl of the coloring solution in Glucose CII test was added. The absorbance at 505 nm was 116 

measured with an EnSight multimodal plate reader (PerkinElmer, Waltham, MA). From 117 

the reaction rate, the Michaelis constant in the absence of inhibitor (Km), the Michaelis 118 

constant in the presence of inhibitor (Kmapp), and maximum velocity (Vmax) were 119 

calculated based on using Hanes-Woolf plot with Microsoft Excel.   120 

The inhibitor constant (Ki) of reversible competitive inhibitor was calculated by the 121 

following equation: 122 

 123 

Kmapp    = 1 +   
[I]o 

Km  Ki   
 124 

where [I]o is the initial inhibitor concentration. 125 

 126 

Thermodynamic analysis.  The enthalpy change, ΔHo, of the dissociation of the 127 

(1) 
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complex of α-glucosidase and inhibitor was determined from a van’t Hoff plot according 128 

to Eq. 2, as described previously.19) The Gibbs free energy change of dissociation, ∆Go 129 

and the entropy change of dissociation, ∆So, at certain temperature were determined 130 

according to Eqs. 3 and 4, respectively.  131 

 132 

ln(Ki) = A – (ΔHo/R)(1/T )                                           (2) 133 

∆Go = – RT ln Ki                                              (3) 134 

∆So = (∆Ho – ∆Go) / T                                              (4) 135 

 136 

where A, R, and T are the constant term, the gas constant (= 8.314 J K-1 mol-1), and 137 

absolute temperature in degrees Kelvin.  138 

 139 

Results and discussion 140 

Quantification of iminosugars in M. australis leaves by LC-MS/MS   141 

For quantification of iminosugars in M. australis leaves, we applied a standard 1-142 

DNJ, fagomine, and GAL-DNJ to LC-MS/MS to make a calibration curve. The total ion 143 

scanning profile showed an intense molecular ions at m/z 164.20 [M+H]+ for 1-DNJ, 144 

148.20 [M+H]+ for fagomine, and 326.20 [M+H]+ for GAL-DNJ. The product ion 145 

scanning for these ions showed intense molecular ions at m/z 69.20 [M+H-95]+, 80.20 146 

[M+H-84]+, and 146.20 [M+H-H2O]+ for 1-DNJ (Fig. S1a), at m/z 86.15 [M+H-62]+, 147 

112.15 [M+H-2H2O]+, and 130.15 [M+H-H2O]+ for fagomine (Fig. S1b), and at m/z 61.10 148 

[M+H-265]+, 146.15 [M+H-180]+, and 164.20 [M+H-162]+ for GAL-DNJ (Fig. S1c). The 149 

MRM chromatogram of the total of these three ions showed a peak at 5.4 min for 1-DNJ 150 

(Fig. S2a), at 4.0 min for fagomine (Fig. S2b), and at 4.3 min for GAL-DNJ (Fig. S2c). 151 
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The peak intensity increased linearly with increasing concentration of 1-DNJ (0–1,000 152 

ng/mL) (Fig. S3a), fagomine (0–1,000 ng/mL) (Fig. S3b) or GAL-DNJ (0–1,000 ng/mL) 153 

(Fig. S3c).  154 

We applied the extracts of powdered or roasted M. australis leaves to determine the 155 

concentrations of 1-DNJ, fagomine, and GAL-DNJ in the extracts of powdered (Fig. 1a–156 

c) and roasted (Fig. 1d–f) leaves. The MRM chromatogram showed one peak at 5.4 min 157 

for the analysis of 1-DNJ (Fig. 1a and d), two peaks at 3.4 and 4.0 min, respectively, for 158 

the analysis of fagomine (Fig. 1b and e), and one peak at 4.3 min for the analysis of GAL-159 

DNJ (Fig. 1c and f). In the analysis of fagomine, the peak at 4.0 min was used (Fig. 1b 160 

and e), according to the MRM chromatogram of standard fagomine (Fig. S2b). The 161 

structure of the substance corresponding to the peak at 3.4 min is unknown. Based on the 162 

calibration curves (Fig. S3), the concentrations of 1-DNJ, fagomine, and GAL-DNJ in the 163 

powdered leaf extracts were calculated to be 40, 4.6, and 25 µg/mL, respectively, and 164 

those in the roasted leaf extracts were calculated to be 10, 2.4, and 7.3 µg/mL, respectively. 165 

Thus, the concentrations of these three iminosugars in the leaves were calculated to be 166 

4.0, 0.46, and 2.5mg/g, respectively, for the powdered ones and 1.0, 0.24, and 0.73 mg/g, 167 

respectively, for the roasted ones. These results indicated that the iminosugar 168 

concentrations in the roasted leaves were 25–52% of those in the powdered leaves, 169 

suggesting that the roasting process considerably degraded iminosugars. These results 170 

also indicated that the 1-DNJ concentration in the leaves was 1.6–8.7 and 1.4–4.2 fold 171 

higher than the fagomine and GAL-DNJ concentrations, respectively.  172 

The 1-DNJ concentrations of mulberry leaves in M. alba and M. bombysis were 173 

reported to be 1.0–1.4 mg/g, and those of mulberry leaf products on the market were 174 

1.3–4.8 mg/g.10) Thus, it seems that the 1-DNJ concentration of M. australis leaf is 175 
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relatively high. However, it should be noted that 1-DNJ concentration in mulberry leaf 176 

varies depending on seasons and collection site.19) 177 

 178 

Kinetic analysis of inhibition of α-glucosidase by the extracts of M. australis leaves 179 

The extract we prepared from rat intestinal acetone powder and used as the α-180 

glucosidase solution was thought to contain maltase-glucoamylase and sucrase-181 

isomaltase.20) In this study, we characterized the inhibitory effects of the extracts of M. 182 

australis leaves and imminosugars toward the maltase-mediated maltose-hydrolyzing 183 

activity and regarded the effects toward α-glucosidase activity.    184 

We examined the reaction rates of α-glucosidase in the hydrolysis of 50 mM 185 

maltose in the presence of various concentrations of the extracts of powdered (0–1.0 186 

mg/mL) or roasted (0–2.0 mg/mL) M. australis leaves at pH 6.0 at 37ºC (Fig. 2a). The 187 

reaction rate decreased with increasing the concentration of each extract. The IC50 188 

values, which were determined using intersection at 50% activity in line graphs, of the 189 

extract of powdered leaves and that of roasted leaves were 0.36 and 1.1 mg/mL, 190 

respectively, indicating that the inhibitory effect of the powdered leaves was 3-fold 191 

higher than that of the roasted leaves.  192 

We measured the reaction rates of α-glucosidase in the hydrolysis of various 193 

concentrations (0–75 mM) of maltose in the presence of 0.6 mg/mL of powdered or 194 

roasted leaf extract at pH 6.0 at 37ºC. All plots showed saturated profiles (Fig. 2b). 195 

Hanes-Woolf plot showed parallel lines intersecting at the Y-axis (Fig. 2c), indicating 196 

that the manner of inhibition was competitive.  197 

 198 

Kinetic analysis of inhibition of α-glucosidase by 1-DNJ, fagomine, and GAL-DNJ 199 
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Figure 3a and b show the reaction rates of α-glucosidase in the hydrolysis of 50 200 

mM maltose in the presence of various concentrations of 1-DNJ (0–10 µg/mL), 201 

fagomine (0–4 mg/mL), and GAL-DNJ (0–8 mg/mL) at pH 6.0 at 37ºC. The reaction 202 

rates decreased with increasing the concentration of each iminosugar. The activity was 203 

almost completely inhibited by 1-DNJ and fagomine, while 20% activity remained by 204 

GAL-DNJ, suggesting that the inhibition by GAL-DNJ is partial. The IC50 values were 205 

0.70 µg/mL for 1-DNJ, 0.18 mg/mL for fagomine, and 2.9 mg/mL for GAL-DNJ, 206 

indicating that the inhibitory effect of 1-DNJ was 250- and 4,000- fold higher than that 207 

of fagomine or GAL-DNJ, respectively.  208 

Figure 3c shows the reaction rates of α-glucosidase in the hydrolysis of various 209 

concentrations (0–75 mM) of maltose in the presence of 0.25 µg/mL of 1-DNJ, 0.1 210 

mg/mL of fagomine, or 1.5 mg/mL of GAL-DNJ at pH 6.0 at 37ºC. Like the case with 211 

the reaction in the presence of the leaf extracts, all plots showed saturated profiles (Fig. 212 

2b). Hanes-Woolf plot showed parallel lines intersecting at the Y-axis (Fig. 3d), 213 

indicating competitive inhibition. The Km value was calculated to be 1.9 mM in the 214 

absence of iminosugar, and the Kmapp values were calculated to be the 9.0 mM in the 215 

presence of 0.25 µg/mL 1-DNJ, 16 mM in the presence of 0.1 mg/mL fagomine, and 30 216 

mM in the presence of 1.5 mg/mL GAL-DNJ. 217 

The Ki values of 1-DNJ (molecular weight: 163), fagomine (147), and GAL-DNJ 218 

(330) calculated from the Km and Kmapp values using Eq. 1 were 0.068 µg/mL (= 4.1 × 219 

10-7 M), 14 µg/mL (= 9.2 × 10-5 M), and 102 µg/mL (= 3.1 × 10-4 M), respectively. The 220 

Ki values of 1-DNJ and fagomine thus obtained were similar to those previously 221 

reported (1.12 × 10-6 M for 1-DNJ and 3.24 × 10-4 M for fagomine).21) 222 

 223 
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Insight into the contribution of 1-DNJ in M. australis leaves to the inhibition of α-224 

glucosidase 225 

As described above, the concentrations of IC50 value of the powdered leaf extract, 226 

roasted leaf extract, and 1-DNJ were 360, 1,100, and 0.70 µg/mL, respectively, and the 227 

concentrations of 1-DNJ in the powdered and roasted leaves were 4.0 and 1.0 mg/g, 228 

respectively. Nakanishi et al. showed that dependences on season of 1-DNJ amount and 229 

the α-glucosidase inhibitory activity of mulberry leaves exhibited similar profiles.22) In 230 

this study, the inhibitory effects of fagomine and GAL-DNJ to α-glucosidase were 231 

thought to be marginal compared with 1-DNJ. Assuming that 1-DNJ is a sole 232 

component that inhibits α-glucosidase in mulberry leaf, it was calculated that 360 233 

µg/mL powdered leaf extract contained 1.4 µg/mL 1-DNJ, and 1,100 µg/mL roasted leaf 234 

extract contained 1.1 µg/mL 1-DNJ. These concentrations correspond to 200% and 235 

150%, respectively, of the IC50 value of 1-DNJ (0.70 µg/mL), suggesting that in M. 236 

australis, the inhibitory effects of 1-DNJ were suppressed in the powdered and roasted 237 

leaf extracts. We speculate that GAL-DNJ, which exhibited partial inhibition, might 238 

suppress the inhibitory effect of 1-DNJ.  239 

 240 

Effects of temperature and pH on the inhibition of α-glucosidase by the extracts of 241 

M. australis leaves and 1-DNJ   242 

To explore the role of 1-DNJ on the inhibition of α-glucosidase by the extracts of 243 

M. australis powdered leaves, we examined the effects of temperature (27–47ºC) and 244 

pH (6.0–8.0) on the inhibition. Figure S4 shows the effects of reaction temperature and 245 

pH on the α-glucosidase activity. The highest activity was observed at 62ºC (Fig. S4a), 246 

and the relatively high activity was observed at pH 5–8 (Fig. S4b), suggesting that α-247 
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glucosidase did not lose activity at pH 6.0–8.0 or at 27–47ºC. Figure S5a–d show the 248 

reaction rates of α-glucosidase in the hydrolysis of various concentrations (0–75 mM) of 249 

maltose in the presence of 0.15 mg/mL of the powdered leaf extracts or 0.25 µg/mL 1-250 

DNJ at pH 6.0–8.0, at 27–47ºC. All plots showed saturated profiles.  251 

The Ki values were calculated from Eq. 1. Figure 4a and b show the dependence of 252 

Ki values at pH 6.0 on reaction temperature and the dependence of Ki values at 37ºC on 253 

pH, respectively. The profiles of the extracts of powdered leaves and 1-DNJ were very 254 

similar, suggesting that 1-DNJ is a major inhibitory component in the powdered leaves.  255 

    The Ki values of the dissociation depended on temperature (Fig. 4a). Figure 4c shows 256 

van’t Hoff plot of Ki values. Enthalpy changes (∆Ho) at pH 6 were calculated from the 257 

slope to be -87.6 ± 6.4 kJ mol-1 for the extracts of powdered leaves and -72.8 ± 12.9 kJ 258 

mol-1 for 1-DNJ. The negative ∆Ho values of the dissociation indicate that the dissociation 259 

was exothermic. For 1-DNJ, Gibbs free energy change of dissociation (∆Go) at pH 6.0 at 260 

37ºC were calculated be 38.1 kJ mol-1 for 1-DNJ, and entropy change of dissociation 261 

(∆So) at pH 6.0 at 37ºC were calculated to be -351.7 J mol-1 K-1 from Eq. 3. Since ∆Ho 262 

is negative and -T∆So is positive, the dissociation is enthalpy-driven. The Ki values of the 263 

dissociation also depended on pH (Fig. 4b). This might be due to that changes in 264 

ionization state of the amino acid residues of α-glucosidase involved in the binding.  265 

    In conclusion, M. australis leaves contain 1-DNJ a lot and strongly inhibit α-266 

glucosidase activity. The Ki values of the extract of M. australis powdered leaves and 1-267 

DNJ are temperature- and pH-dependent. By combining LC-MS/MS, the kinetic 268 

analysis of leaf extracts and its components might be valuable to evaluate the inhibitory 269 

activity toward α-glucosidase of various plant products.  270 
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Figure Legends 354 

 355 

Fig. 1. MRM chromatogram of the extracts of M. australis leaves.  356 

Notes:  The extracts of powdered (a‒c) or roasted (d‒f) leaves were applied. MRM 357 

chromatogram of the total of ions at m/z 69.20 [M+H-95]+, 80.20 [M+H-84]+, and 146.20 358 

[M+H-H2O]+ for 1-DNJ (a, d), at 86.15 [M+H-62]+, 112.15 [M+H-2H2O]+, and 130.15 359 

[M+H-H2O]+ for fagomine (b, e), and at 61.10 [M+H-265]+, 146.15 [M+H-180]+, and 360 

164.20 [M+H-162]+ for GAL-DNJ (c, f) are shown. 361 

 362 

Fig. 2. Effects of the extracts of M. australis leaves on the hydrolysis of maltose by α-363 

glucosidase. 364 

Notes.  (a) Dependence on the concentration of leaf extracts on the reaction rate. 365 

The reaction was carried out with 50 mM maltose and varying concentrations of 366 

powdered (open triangle) or roasted (open square) leaf extracts at pH 6.0 at 37ºC. (b, c) 367 

Dependence on the substrate concentration of the reaction rate. The reaction was carried 368 

out with varying concentrations of maltose in the absence of iminosugar (open circle) or 369 

in the presence of 0.6 mg/mL powdered leaf extracts (open triangle) or roasted leaf 370 

extracts (open square) at pH 6.0 at 37ºC. (b) Reaction rate (vo) vs. maltose concentration 371 

([maltose]). Solid line represents the best fit to the experimental data using the 372 

Michaelis-Menten equation using Microsoft Excel. (c) Hanes-Woolf plot ([maltose] /vo 373 

vs. [maltose]). The Km and Vmax values were calculated to be 1.9 mM and 0.48 µM/min, 374 

respectively, in the absence of leaf extracts, and the Kmapp and Vmax values were 375 

calculated to be 30 mM and 0.37 µM/min, respectively, in the presence of 0.6 mg/mL of 376 

powdered leaf extract, and 18 mM and 0.45 µM/min, respectively, in the presence of 0.6 377 
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mg/mL of roasted leaf extract. Error bars indicate SD values. The average of triplicate 378 

determination is shown.  379 

 380 

Fig. 3. Effects of 1-DNJ, fagomine, and GAL-DNJ on the hydrolysis of maltose by α-381 

glucosidase. 382 

Notes.  (a, b) Dependence on the concentration of 1-DNJ, fagomine, and GAL-DNJ 383 

on the reaction rate. The reaction was carried out with 50 mM maltose and varying 384 

concentrations of 1-DNJ (open triangle) (a), fagomine (open square) (b), or GAL-DNJ 385 

(open diamond) (b) at pH 6.0 at 37ºC. (c, d) Dependence on the substrate concentration 386 

of the reaction rate. The reaction was carried out with varying concentrations of maltose 387 

in the absence of iminosugar (open circle) or in the presence of 0.25 µg/mL of 1-DNJ 388 

(closed triangle), 0.1 mg/mL of fagomine (closed square), or 1.5 mg/mL of GAL-DNJ 389 

(closed diamond) at pH 6.0 at 37ºC. (d) vo vs. [maltose]. Solid line represents the best fit 390 

to the experimental data using the Michaelis-Menten equation using Microsoft Excel. (d) 391 

Hanes-Woolf plot ([maltose] /vo vs. [maltose]). The Km and Vmax values were calculated 392 

to be 1.9 mM and 0.48 µM/min, respectively, in the absence of iminosugar, and the Kmapp 393 

and Vmax values were calculated to be 9.0 mM and 0.44 µM/min, respectively, in the 394 

presence of 0.25 µg/mL of 1-DNJ, 16 mM and 0.44 µM/min, respectively, in the presence 395 

of 0.1 mg/mL of fagomine, and 30 mM and 0.46 µM/min, respectively, in the presence of 396 

1.5 mg/mL of GAL-DNJ. Error bars indicate SD values. The average of triplicate 397 

determination is shown. 398 

 399 

Fig. 4. Effects of reaction temperature and pH on the inhibitory effects of the extracts of 400 

M. australis powdered leaves and 1-DNJ toward the hydrolysis of maltose by α-401 
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glucosidase.  402 

    Notes:  (a) Dependence of Ki values at pH 6.0 on reaction temperature. The Ki 403 

values at 27ºC, 37ºC, and 47ºC are 0.21 ± 0.01, 0.040 ± 0.002, and 0.024 ± 0.003 mg/mL 404 

for the extracts of powdered leaves and 0.22 ± 0.02, 0.067 ± 0.001, and 0.035 ± 0.008 405 

µg/mL for 1-DNJ. (b) Dependence of Ki values at 37ºC on pH. The Ki values at pH 6, 7, 406 

and 8 are 0.04 ± 0.01, 0.049 ± 0.001, and 0.18 ± 0.01 mg/mL for the extracts of powdered 407 

leaves and 0.067 ± 0.001, 0.098 ± 0.003, and 0.30 ± 0.05 µg/mL for 1-DNJ. (c) van’t Hoff 408 

plot of Ki values. Ki values were plotted against the reciprocal of the absolute temperature. 409 

Enthalpy changes (∆Ho) were calculated from the slope to be -87.6 ± 6.4 kJ mol-1 for the 410 

extracts of powdered leaves and -72.8 ± 12.9 kJ mol-1 for 1-DNJ. Error bars indicate SD 411 

values. The average of triplicate determination is shown. 412 
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Fig. S1. Product ion spectra of 1-DNJ, fagomine, and GAL-DNJ.
Notes:  Standard 1-DNJ (5 µL in 1.0 µg/µL) (a), fagomine (5 µL in 1.0 µg/µL) (b), GAL-

DNJ (5 µL in 1.0 µg/µL) (c) were applied. Product ion spectra of the ions at m/z 164.20 
[M+H]+ for 1-DNJ (a), at m/z 148.20 [M+H]+ for fagomine (b), and at m/z 326.20 [M+H]+
for GAL-DNJ (c) are shown.
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Fig. S2. MRM chromatogram of 1-DNJ, fagomine, and GAL-DNJ
Notes:  Standard 1-DNJ (5 µL in 1.0 µg/µL) (a), fagomine (5 µL in 1.0 µg/µL) (b), GAL-DNJ 

(5 µL in 1.0 µg/µL) (c) were applied. MRM chromatogram of the total of ions at m/z 69.20 
[M+H-95]+, 80.20 [M+H-84]+, and 146.20 [M+H-H2O]+ for 1-DNJ (a), at 86.15 [M+H-62]+, 
112.15 [M+H-2H2O]+, and 130.15 [M+H-H2O]+ for fagomine (b), and at 61.10 [M+H-265]+, 
146.15 [M+H-180]+, and 164.20 [M+H-162]+ for GAL-DNJ (c) are shown.
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Fig. S3. Calibration curves of 1-DNJ, fagomine, and GAL-DNJ.
Notes:  Calibration curves of 1-DNJ (0‒1000 ng/mL) (a), fagomine (0‒1000 ng/mL) (b), 

and GAL-DNJ (0‒1000 ng/mL) (c) are shown. 
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Fig. S4. Effects of reaction temperature and pH on the α-glucosidase activity. 
Notes: (a) Temperature dependence. The activity at 62ºC was defined as 100%. The 

reaction was carried out with 3.5 mg/mL extract from rat acetone powder, 50 mM maltose at 
pH 6 at 27–92ºC. (b) pH dependence. The activity at pH 6 was defined as 100%. The 
reaction was carried out with 3.5 mg/mL extract, 50 mM maltose at pH 4–6 at 37ºC. 
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Fig. S5. Effects of reaction temperature and pH on the inhibitory effects of the extracts of M. 
australis powdered leaves and 1-DNJ toward the hydrolysis of maltose by α-glucosidase. 

Notes:  (a‒d) Dependence on the substrate concentration of the reaction rate. The reaction 
was carried out with varying concentrations of maltose in the absence of the extracts of M. 
australis leaves or 1-DNJ (open circle) or in the presence of 0.15 mg/mL powdered leaf 
extracts (open sqaure) or 0.25 µg/mL 1-DNJ (open triangle) at pH 6.0 at 27ºC (a), at pH 6.0 at 
47ºC (b), at pH 7.0 at 37ºC (c), and at pH 8.0 at 37ºC (d). Solid line represents the best fit to 
the experimental data using the Michaelis-Menten equation with the nonlinear least-squares  
methods. Error bars indicate SD values.
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