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ABSTRACT 

Ugonins are unique flavonoids with cyclohexyl motif from Helminthostachys zeylanica.  

Ugonins (1-6) from the target plant displayed significant inhibitions against both PTP1B 

(IC50s = 0.6 ~7.3 µM) and α-glucosidase (IC50s = 3.9 ~ 32.9 µM), which are crucial 

enzymes associated with diabetes. A cyclohexyl motif was proved to be the key 

functionality for PTP1B and α-glucosidase. For example, 1 was 26-fold effective to 

PTP1B and 15-fold to α-glucosidase than its mother compound, luteolin. This tendency 

was well elucidated with distinctive differences of binding affinities (KSV) between 

ugonins and mother compounds to PTP1B enzyme. Inhibitory mechanisms to PTP1B 

and α-glucosidase were fully characterized to be competitive, non-competitive and 

mixed type I according to the position of cyclohexyl functionality. In particular, the 

ugonin J (1) has a cyclohexyl on the B ring was estimated as a reversible, competitive 

and a slow binding inhibitor with parameters: Ki
app 

= 0.1234 µM, k3 = 0.5713 µM
-1

min
-

1
, and k4 = 0.0705 min

-1
. In-depth molecular docking experiments disclosed the specific 

binding sites and residues of competitive inhibitor (1) and non-competitive inhibitor (4) 

to PTP1B enzymes. As well, all six ugonins (1-6) also inhibited α-glucosidase 

effectively, in which cyclohexyl motif was also the key functionality of inhibitions. 

Keywords: Ugonins, Helminthostachys zeylanica, PTP1B, α-glucosidase, Enzyme 

inhibition, Molecular docking 
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1. Introduction 

Protein tyrosine phosphatase (PTP1B, EC 3.1.3.48) and α-glucosidase (EC 3.2.1.20) are 

the most crucial enzymes for diabetes mellitus (DM) that is a chronic disorder evoked 

by the high level of blood sugar. The PTP1B is ubiquitously expressed in tissues such as 

fat, muscle and liver [1]. Activation of insulin receptor causes the transduction of 

metabolic insulin signal [2]. The dephosphorylation of tyrosine residue on the activation 

loop of insulin receptor catalysing by this enzyme turns off insulin signalling, leading to 

its resistance [3]. Since PTP1B knocked-out mice have resulted in improved insulin 

signalling, this enzyme indicated as the major player in the modulation of insulin 

sensitivity [4]. Thus, PTP1B appears as a key controller of insulin-receptor activity that 

acts at the insulin receptor and downstream signalling components, such as insulin 

receptor substrate 1 [5]. Moreover, PTP1B levels also seem to be raised in particular 

physiological or pathophysiological settings of leptin resistance which is linked to food 

uptake causing obesity [6].  

In addition to this, a well-established therapeutic approach to controlling the 

postprandial hyperglycaemia is the inhibition of α-glucosidase, which hydrolyses the 

1,4-α-glucosidic linkages of oligosaccharides. The oligosaccharides are then converted 

to monosaccharides which are absorbed into the blood from the intestine [7,8].  

Inhibitors of α-glucosidase can markedly reduce postprandial hyperglycaemia after a 

mixed-carbohydrate diet and may be applied to control diabetes mellitus [9,10]. The 

possibility of clinical use of such inhibitors for diabetic patients has been tried by 

acarbose, miglitol, emigitate, and voglibiose, which have been shown to efficiently 

decrease the intestinal absorption of sugars in humans. Whatever there is a continuous 

study of developing a new α-glucosidase inhibitor skeleton to reduce the negative side 

effect of present treatments [11–14]. 
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Helminthostachys zeylanica belongs to Ophioglossaceae and widely distributes in 

Southeast Asia. It is a medicinal plant and is known as “Daodi Ugon”, which has been 

used for the treatment of inflammation and hepatic disorders. Most of the biological 

investigations have been focused on antioxidative and anti-inflammatory effects owing 

to traditional usage [15]. One of the isolates ugonin U activated human neutrophils and 

monocyte by stimulating the NLPR3 inflammasome activation through Ca
2+

 

mobilization and the mitochondrial ROS [16]. Also others, ugonins J and K blocks the 

NF-κB and MAPK pathways in LPS induced mice [17]. Bioactive phytochemicals have 

reported mainly as ugonin structures that have cyclohexyl motif derived from geranyl 

functionality. Apparently, ugonins are unique chemotaxonomy of H. zeylanica because 

they have not been isolated from other plant species so far. Recently, H. zeylanica 

extract including ugonin J and K as major metabolites have been found to have a 

promising pharmacological effect on hepatic steatosis and insulin resistance [18]. 

Owing to the results from animals experiment, we tried to apply ugonins to PTP1B and 

α-glucosidase, which are associated with diabetes, obesity and insulin resistance. 

This study was aimed to investigate the enzymatic function of ugonins from H. 

zeylanica against PTP1B and α-glucosidase. The effectiveness of the cyclohexyl motif 

on ugonins was proved in comparison with their mother skeletons. The inhibitory 

mechanism and binding affinities were characterized by a set of kinetic data. The 

binding modes of inhibitors were further confirmed by molecular docking experiments.  

2. Experimental section 

2.1.Chemicals and materials 

All the chemicals used in experiments were of analytical grade and bought from 

Thermo Fisher Scientific (Waltham, MA, USA). Different packing materials were used 
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for column chromatography comprising, Octadecylsilanized (ODS) silica gel (50 mm, 

YMC Ltd, Japan) and Sephadex LH-20 (50 mm, Amersham Pharmacia Biotech, 

Sweden). For the isolation and further purification of ugonins, MPLC and recycling 

HPLC were operated on LC-Forte/R 100 (YMC Co., LTD, Kyoto, Japan) system 

provided with a three channels UV detector. NMR spectra of the ugonins were recorded 

on a Bruker (AM 300, 500 MHz) and JEOL JMS-700 (JEOL Ltd., Akishima, Japan) 

was conducted for the MS. SpectraMaxM3 Multi-Mode Microplate Reader (Molecular 

device, USA) was used for the enzyme inhibitions assays. 

2.2.Plant material and isolation 

The rhizome of Helminthostachys zeylanica was bought from the local market in 

Taiwan in 2018. First of all, dried and powdered rhizome of 1 kg of H. zeylanica was 

soaked in MeOH (10 L). The collected crude extract (74.0 g) was put up into the water, 

dissolved and fractionated with ethyl acetate. The fraction of ethyl acetate (15 g) was 

passed to silica gel (100 × 300 mm, 230–400 mesh, 720 g) column chromatography 

washing with a gradient solvent system of n-hexane and ethyl acetate (20:1 to 1:2), that 

gives six subfractions (A–F). Subfraction D (1.2 g) rechromatographed separately using 

Sephadex LH-20 eluted with methanol, to give three subfractions (D1-D3). Subfractions 

D1 with D2 were performed on recycling HPLC of ODS gel column with water-

methanol as a solvent to afford compounds 1 (47 mg) and 2 (8 mg), respectively, and 

subfraction D3 was subjected to MPLC (250 mm × 30 mm, S-10 lm, 12 nm, YMC) ran 

with a slight increase of MeOH to obtained 3 (13 mg). Fraction E (2.1 g) was 

fractionated via MPLC through C18 column (20–40 mm, 250 g) with the increasing of 

MeOH (0–100%) percentage in H2O and 20 mL/min flow rate to obtained 10 

subfractions (E1–E10). Subfractions E5, E7 and E8 were subjected to recycling HPLC 
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using the ODS gel column with water-methanol affording compounds 4 (40 mg), 5 (6 

mg), and 6 (13 mg) respectively. 

Ugonin J 

Compound 1 yellow powder; EIMS, m/z 422 [M]
+
; HREIMS, m/z 422.1726 [M]

+
 (calcd 

for C25H26O6 422.1729); 
1
H NMR (500 MHz, MeOD) δ 0.93 (3H, s, H-13), 1.05 (3H, s, 

H-12), 1.21 (1H, m, H-14a), 1.46 (1H, m, H-15a), 1.56 (1H, m, H-15b), 1.64 (1H, m, H-

14a), 1.91 (1H, m, H-16a), 2.41 (1H, dd, J = 12.1, 4.1 Hz, H-10), 2.53 (1H, m, H-16b), 

2.72 (3H, dd, J = 13.1, 3.8 Hz, H-9a), 2.93 (1H, t, J = 11.7 Hz, H-9b), 4.25 (1H, brs, H-

18a), 4.42 (1H, brs, H-18b), 6.52 (1H, s, H-8), 6.54 (1H, s, H-3). 6.98 (1H, d, J = 6.9 Hz, 

H-5ʹ), 7.40 (1H, dd, J = 6.9, 2.0 Hz, H-6ʹ), 7.46 (1H, d, J = 2.0 Hz, H-2ʹ) (See 

supplementary for 
13

C and 2D NMR). 

2-(3,4-dihydroxyphenyl)-6-((2,2-dimethyl-6-methylenecyclo-hexyl)methyl)-5,7-

dihydroxy-chroman-4-one 

Compound 2 yellow powder; EIMS, m/z 424 [M]
+
; HREIMS, m/z 424.1882 [M]

+
 (calcd 

for C25H28O6 424.1886); 
1
H NMR (500 MHz, acetone-d6) δ 0.94 (3H, s, H-16), 1.03 (3H, 

s, H-17), 1.27 (1H, m, H-14a), 1.53 (1H, m, H-13), 1.57 (1H, m, H-14b), 1.90 (1H, m, 

H-12a), 2.45 (1H, m, H-12b), 2.37 (1H, dd, J = 11.5, 3.9 Hz, H-10), 2.84 (1H, dd, J = 

14.0, 11.7 Hz, H-9a), 2.64 (1H, m, H-9b), 2.67 (1H, dd, J = 11.6, 3.0 Hz, H-3a), 3.09 

(1H, dd, J = 11.6, 3.0 Hz, H-3b), 4.00 (1H, d, J = 2.5 Hz, H-18a), 4.46 (1H, s, H-18b), 

5.33 (1H, dd, J = 12.9, 2.9 Hz, H-2), 5.97 (1H, s H-8), 6.86 (1H, brs, H-5ʹ, 6ʹ), 7.03 (1H, 

brs, H-2ʹ) (See supplementary for 
13

C NMR). 

Ugonin S 
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Compound 3 yellow amorphous powder; FABMS, m/z 423 [M+H]
+
; HRFABMS, m/z 

423.1728 [M+H]
+
 (calcd for C25H27O6 423.1729); 

1
H NMR (500 MHz, MeOD) δ 0.65 

(3H, s, H-16), 0.99 (3H, s, H-17), 1.26 (3H, s, H-18), 1.34 (1H, m, H-14a), 1.42 (1H, m, 

H-13a), 1.54 (1H, m, H-12a), 1.49 (1H, m, H-14b), 1.55 (1H, m, H-10), 1.97 (1H, m, H-

13b), 2.28 (1H, m, H-12b), 2.72 (1H, m, H-9a), 2.82 (1H, m, H-9b), 6.45 (1H, s, H-3), 

6.51 (1H, s, H-8), 6.88 (1H, d, J = 8.4 Hz, H-5ʹ), 7.32 (1H, dd, J = 8.4, 2.0 Hz, H-6ʹ), 

7.34 (1H, d, J = 2.0 Hz, H-2ʹ) (See supplementary for 
13

C NMR). 

Ugonin L 

Compound 4 yellow powder; EIMS, m/z 436 [M]
+
; HREIMS, m/z 436.1886 [M]

+
 (calcd 

for C26H28O6 436.1886); 
1
H NMR (500 MHz, MeOD) δ 0.91 (3H, s, H-17), 0.99 (3H, s, 

H-16), 1.20 (3H, s, H-18), 1.33 (1H, m, H-14a), 1.43 (1H, dd, J = 13.5, 5.5 Hz,  H-10), 

1.46 (1H, m, H-14b), 1.54 (1H, m, H-10), 1.62 (1H, m, H-13), 1.67 (1H, m, H-12a), 

2.09 (1H, m, H-12b), 2.24 (1H, dd, J = 16.9, 13.4 Hz, H-9a), 2.63 (1H, dd, J = 16.9, 4.9 

Hz,  H-9b), 3.91 (3H, s, 7-OCH3), 6.42 (1H, s, H-3), 6.55 (1H, s, H-8), 6.85 (1H, d, J = 

7.9 Hz,  H-5ʹ), 7.28 (1H, d, J = 2.0 Hz,  H-2ʹ), 7.29 (1H, dd, J = 8.4, 2.0 Hz, H-6ʹ) (See 

supplementary for 
13

C NMR). 

Ugonin U 

Compound 5 yellow powder; FABMS, m/z 423 [M+H]
+
; HRFABMS, m/z 423.1819 

[M+H]
+
 (calcd for C25H27O 423.1729); 

1
H NMR (500 MHz, MeOD) δ 0.64 (3H, s, H-

16), 1.01 (3H, s, H-17), 1.26 (3H, s, H-18), 1.36 (1H, td, J =13.2,3.0 Hz, H-14a), 1.43 

(1H, m, H-14b), 1.46 (1H, m, H-13a), 1.59 (1H, m, H-12a), 1.67 (1H, d, J = 10 Hz, H-

10), 1.82 (1H, qt, J = 13.8, 3.6 Hz, H-13b), 2.03 (1H, m, H-12b), 2.75 (1H, dd, J = 18.0, 

7.8 Hz, H-9a), 2.87 (1H, d, H-9b), 6.44 (1H, s, H-8), 6.55 (1H, s, H-3), 6.91 (1H, d, J = 
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7.8 Hz, H-5ʹ). 7.38 (1H, d, J = 7.8 Hz, H-6ʹ), 7.39 (1H, brs, H-2ʹ) (See supplementary 

for 
13

C NMR). 

Ugonin M 

Compound 6 yellow powder; FABMS, m/z 437 [M+H]
+
; HRFABMS, m/z 437.1528 

[M+H]
+
 (calcd for C25H24O7 437.1522); 

1
H NMR (500 MHz, MeOD) δ 0.90 (3H, s, H-

16), 0.98 (3H, s, H-18), 1.09 (3H, s, H-17), 1.26 (2H, m, H-14), 1.99 (1H, m, H-13b), 

2.15 (1H, m, H-13a), 2.21 (1H, dd, J = 9.4, 5.5 Hz, H-10), 2.93 (1H, t, J = 11.3, 10.8 Hz, 

H-9b), 3.26 (1H, m, H-9a), 5.11 (1H, s, H-12), 6.21 (1H, s, H-6), 6.38 (1H, s, H-8), 6.83 

(1H, s, H-5ʹ) (See supplementary for 
13

C NMR). 

2.3. Assay of PTP1B inhibitory activity  

The inhibitory effects of ugonins against PTP1B were measured according to the 

previously published protocols [19]. The PTP1B (EC 3.1.3.48, human, recombinant) 

enzyme was obtained from Enzo Life Sciences Inc. (Farmingdale, NY, USA). Ugonins, 

their mother structure compounds and positive controls were solubilized in DMSO and 

the needed concentration was achieved through dilution. The Tris-HCl (pH 7.5) buffer 

was prepared by taking 25 mM Tris, 1 mM EDTA, 2 mM 2-mercaptoethanol, 1 mM 

dithiothreitol and pH were achieved using HCl. The following reaction was performed 

in 96-well plate: 130 µL buffer, 10 µL of the sample, 40 µL of p-nitrophenyl phosphate 

(pNPP, 0.8 mM treated concentration) as a substrate and in the last 20 µL of the enzyme 

(1 µg/mL treated concentration) were put and the reaction of subsequent hydrolysis of 

pNPP was monitored for 30 min at 405 nm and 37 °C. Values were taken after 10 min 

of incubation. Half maximal inhibitory concentration (IC50) was validated from the 

transformation of following Eq. (1) [20,21]. 
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Activity (%)  = 100 [1/ (1 +  ([I] /IC50))]                               (1) 

2.4.Enzyme kinetic assay  

Lineweaver-Burk plots applied to the detailed kinetic study of PTP1B and further for α-

glucosidase. Using steady-state rates, the kinetic parameters linked to the inhibition 

mechanism were taken from different inhibitors and substrate concentrations. The KI, 

for free enzyme and KIS, for the enzyme-substrate complex, these two inhibitions 

constant were calculated from secondary plots of the slopes of the straight lines or 

vertical intercept (1/Vmax), respectively, against inhibitors concentration. KI and KIS were 

taken out using Eqs. (2) – (4) [22]. 

1

𝑉
=

𝐾m

𝑉max
   (1 +

[𝐼]

𝐾I
)

1

[𝑆]
 +

1

𝑉max
                                               (2) 

Slope =
𝐾m

𝐾𝐼𝑉max
[𝐼] +

𝐾m

𝑉max
                                                    (3) 

Intercept =
𝐾m

𝐾IS𝑉max
[𝐼] +

1

𝑉max
                                              (4) 

2.5. Time-dependent assays and progress curves 
 

For the evaluation of the parameters of kinetic and time-dependent inhibition of PTP1B, 

progress curves were achieved at various inhibitor concentrations, by taking an actual 

substrate concentration. Any lag (around 10 min) period was omitted for the finding of 

progress curves. Sigma plot (SPCC Inc., Chicago, IL) was used to evaluate the data that 

give the individual parameters for each curve; vi (initial velocity), vs (steady-state 

velocity), kobs (apparent first-order rate constant for the transition from vi to vs), A 

(absorbance at 405 nm), and Ki 
app

 (apparent Ki) conferring to the following Eqs. (5) – (8) 

[23].         
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[P]𝑡

[E]
= 𝑣it +

(𝑣i+𝑣s)

𝑘obs
  (1 − 𝑒−𝑘obs)                                   (5) 

𝑣

𝑣0
= 𝑒−𝑘𝑜𝑏𝑠                                                   (6) 

𝑘obs = 𝑘4 +
𝑘4+[𝐼]

𝑘i
𝑎𝑝𝑝𝑡                                               (7) 

𝐾i =
𝑘4

𝑘3
                                                        (8) 

2.6. Fluorescence spectra measurement for binding affinity to PTP1B 

To 180 µL of the buffer with 10 µL of the enzyme at similar concentration used in the 

assays were added into the 96-well black immuno plates followed by the addition of 10 

µL different concentrations of inhibitor [24]. Fluorescence emission spectra were 

recorded at 300 – 400 nm, emission and the excitation were 250 nm with slits of 2 nm in 

a spectrophotometer. The quenching parameters such as the Stern-Volmer constant 

(KSV), binding constant (KA), and the number of binding sites (n) were determined by 

the Eqs. (9) and (10):  

𝐹0 − 𝐹 = 1 + 𝐾SV[𝑄]f                                                (9) 

log
𝐹0−𝐹

𝐹
= log 𝐾𝐴 + 𝑛 log [𝑄]f                                        (10) 

Where F0 and F are the fluorescence intensities in the absence and presence of a 

quencher. [Q]f is a concentration of compounds. 

2.7.Assay of α-glucosidase inhibitory activity 

The inhibitory activity against α-glucosidase was evaluated conferring to literature that 

was reported previously with minor modifications [24]. The compounds were dissolved 

in DMSO and diluted to the required concentration from 8 mM stock. α-Glucosidase 

(EC 3.2.1.20, from Saccharomyces cerevisiae) purchased from Sigma Aldrich St. Louis, 
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USA, 50 mM potassium phosphate (pH 6.8) buffer and substrate p-nitrophenyl-α-D-

glucopyranoside were used during the assay. The reaction mixture contains 130 µL 

buffer, 10 µL inhibitor, 40 µL substrate (200 µM treated concentration) and 20 µL of 

the enzyme (0.01 U/mL treated concentration) inside in 96-well plate. After addition of 

the enzyme, directly detected the absorption at 405 nm in 37 °C for 30 min. The 

inhibition of enzyme was measured based on IC50s. Eq. (1) was used for the calculation 

of the % inhibition ratio. 

2.8. Molecular docking study 

The crystal structure of human PTP1B (PDB ID: 2CMC) with a resolution of 2.2 was 

obtained from the RCSB Protein Data Bank (http://www.rcsb.org) [25]. The structure 

was protonated at pH 7 using Clean Protein tool in Discovery Studio (DS) 2018 

(BIOVIA, San Diego, CA). For molecular docking study, three dimensional (3D) 

structures of two inhibitors were prepared using the sketching tool and geometry 

optimized by the CHARMm force field for 10000 steps with Steepest descent algorithm 

through the Minimization protocol in DS. The CHARMm generalized Born molecular 

volume (GBMV) method was used as an implicit solvent model. For exploring the 

binding mode of two inhibitors to the human PTP1B, GOLD Suite 5.2.2 (the Cambridge 

Crystallo-graphic Data Center, UK) was employed using genetic algorithms [26,27]. A 

docking site was defined within 20 Å around the co-crystal ligand in the active site. The 

number of docking runs was set to 100 for each inhibitor and values of other parameters 

were set as default. The best binding modes of the compounds were selected based on 

the highest GOLD fitness score. 
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3. Results and discussion 

3.1. Structural elucidation 

Several efforts have focussed on finding a lead structure from diverse phenolic 

compounds for PTP1B inhibition, which is a key enzyme to regulate diabetes and 

obesity.  Starting from a significant PTP1B inhibition of methanol extract (80% 

inhibition, at 30 µg/mL) of the rhizome part, the responsible components for the 

inhibition of ugonins that having a cyclohexyl motif on B or C ring of flavonoids were 

isolated. Their structures were established analysing spectroscopic results comparing to 

available literature and identified as ugonin J (1), 2-(3,4-dihydroxyphenyl)-6-((2,2-

dimethyl-6-methylenecyclo-hexyl)methyl)-5,7-dihydroxy-chroman-4-one (2), ugonin S 

(3), ugonin L (4), ugonin U (5) and ugonin M (6) [28]. Among them, the most active 

compound was found to be ugonin J (1). This compound was 26-fold more active than 

its mother skeleton luteolin. Thus herein, we elucidated the structure of 1 briefly. 

Compound 1 had a molecular formula C25H26O6 established by the [M]
+
 ion at 422.1726 

(Calcd 422.1729) in the HREIMS. The analysis of the unsaturation degree indicated a 

tetracyclic skeleton with two aromatic rings. The presence of 1-methylene-2,2-

dimethyl-6-methylenecyclohexyl-methyl group was confirmed by successive COSY 

connectivity of methylene (δH 4.27, 4.42)/H5(δH 1.47)/H4(δH 1.21)/H3(δH 1.91) and 

HMBC correlations of dimethyl (δH 0.93, 1.05)/C2(δC 35.6) and methylene (δH  2.72)/C1 

(δC 52.9).  

3.2. PTP1B inhibitory activities of ugonins 

The PTP1B activity was assayed with p-nitrophenyl phosphate as a substrate according 

to the established procedures [19]. All isolates (1-6) and their mother compounds were 

estimated for their inhibitory activities against PTP1B. Potent and dose-dependent 
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effects were observed in all tested compounds, as shown in Fig. 2A. Surely, the ugonins 

(1-6) inhibited PTP1B effectively, with IC50 values ranging from 0.6 to 7.3 µM, given 

in Table 1. The cyclohexyl motif emerged as a critical functionality for PTP1B 

inhibition, since the most active inhibitor ugonin J (1, IC50 = 0.6 µM) was 26-fold active 

than its mother compound, luteolin (IC50 = 16.0 µM). As well the compound 2 showed 

much higher inhibition than mother compound, eriodictyol (IC50 = 64.0 µM). The subtle 

change of functionality affected the inhibitory effects of the tested compound. The 

flavone backbone of 1 exhibited 3-fold higher inhibition than flavanone (2, IC50 = 2.1 

µM). However, the C7-hydroxyl group didn’t contribute to improve an inhibitory 

potency: 3 (C7-hydroxy, IC50 = 7.3 µM) vs 4 (C7-methoxy, IC50 = 4.4 µM).      

3.3. Inhibitory kinetics and binding affinities of ugonins to PTP1B 

Firstly, all ugonins (1-6) were observed as reversible inhibitors to PTP1B. Fig. 2B is the 

plots of initial velocity by the concentration of representative inhibitor 1. Therein, the 

family of straight lines passed through the same origin, which featured the typical 

reversibility of inhibitor to enzyme [19]. Further, kinetic analysis of inhibitory 

behaviours by Lineweaver-Burk plots demonstrated the difference depending on the 

skeleton of ugonins. So, compounds 1 and 2 bearing a cyclohexyl motif on C6 were 

confirmed to have competitive inhibition mode because of the increase of Km values 

without a change of Vmax in the presence of increasing inhibitor concentration. The 

compounds 3 and 5 have a common structural feature of octahydro-2H-chromen motif 

in a B ring in different position of connection. The compounds 3 and 4 had the 

connection of chromen motif with C5 and C6, while C6 and C7 were for compound 5. 

Hence the compounds 3 and 4 were confirmed as non-competitive inhibitors because of 

common intercept on x-axis illustrating the increase of Vmax with no change of Km value. 

At last, the compound 5 was educed as a mixed type inhibitor for the reason that 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



increasing concentration of inhibitor results to the family of lines shared a common 

intercept on the left of the y-axis and above the x-axis. The parameters KI and KIS were 

fitted to Eqs. (2)-(4) to identify two possible mechanisms of mixed type inhibition (I or 

II). Consequently, the analysis showed the compound 5 had a higher KIS (12.0 µM) than 

KI (2.4 µM) and prefers to bind with the free enzyme, not enzyme-substrate complex 

which corresponds to mixed type I mode of inhibition against PTP1B. Such wise, 

compound 6 bearing cyclohexyl motif on C ring was identified as mixed type I inhibitor 

with a similar kinetic pattern with 5. Lastly, the Ki values given in Table 1 were 

determined by means of the Dixon plots, where the Ki value of the most active inhibitor 

1 was calculated as 0.2 µM.  

The competitive inhibitor 1 was deeply investigated for a PTP1B inhibition to 

estimate time-dependent characteristics. The inhibitory pattern of inhibitor 1 is 

effectively screened by measuring initial velocities of phosphate group hydrolysis as a 

function of preincubation time of the enzyme with inhibitor. The enzyme was 

satisfactory active over the time range of 0~75 min (Fig. 4A inset). Fig. 4A showed a 

typical progress behaviour of time dependence because of residual enzyme activity was 

decreased gradually according to a function of preincubation time. The time dependence 

of hydrolysis by PTP1B was analysed by measuring residual enzyme activity over the 

increasing concentration of inhibitor 1 (0, 0.19, 0.38, 0.75, 1.51, 3.03 µM) at different 

incubation time. The progress curves of Fig. 4B were fitted to Eqs. (5) - (8) to determine 

vi, vs and kobs. The plot (Fig. 4B inset) presents the relationship between kobs and 

inhibitor concentrations, which did not show deviation from linearity. Therefore, 

inhibitor 1 showed a competitive characteristic feature and a typical simple reversible 

slow binding mode. Thereof the kinetic parameters were established as follow: Ki
app 

= 

0.1234 µM, k3 = 0.5713 µM
-1

min
-1

, and k4 = 0.0705 min
-1

 through Eqs. (5) - (8).  
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The PTP1B enzyme has a large number of intrinsic fluorescence residues consisting of 

19 phenylalanines, 13 tyrosines, and 18 tryptophans. The intrinsic fluorescence has a 

characteristic to be quenched by a function of inhibitor concentration when inhibitor 

interacts with target enzyme [29]. We investigated the interaction between PTP1B and 

luteolin derivatives that have an obvious difference in inhibitory potencies of each 

other. There was no significant emission from any of assay mixture (including the 

inhibitor) under our measurement conditions. Fig. 6 showed the fluorescence emission 

spectra of PTP1B at different concentrations (0, 3.125, 6.25, 12.5, 25 and 50 µM). The 

FS intensities were rapidly reduced in proportion to increasing concentrations. The FS 

reduction tendencies had a significant relation with inhibitory potencies (IC50). As 

shown in Figure 6A, compound 1 (IC50 = 0.6 µM) showed more rapid FS reduction than 

luteolin (IC50 = 16 µM). The binding affinity constant (KSV) was calculated using Stern-

Volmer equation (Table S1 in Supplementary material). The KSV values was ranked in 

order of inhibitory potencies as follows: compound 1 (IC50 = 0.6 µM, KSV = 0.085×10
5
 

L·mol
-1

) > 2 (IC50 = 2.1 µM, KSV = 0.028×10
5 

L·mol
-1

) > luteolin (IC50 = 16 µM, KSV = 

0.0019×10
5
 L·mol

-1
) > eriodictyol (IC50 = 64 µM, KSV = 0.0009×10

5
 L·mol

-1
). The 

binding affinities (KSV) had a high correlation (R
2
 = 0.978) with inhibitory potencies 

(IC50) (see Figure S28 in Supplementary material). 

3.4. α-glucosidase inhibitory activities of ugonins 

The α-glucosidase inhibition is one of the key strategies to reduce blood glucose level 

by the protection of the hydrolysis step, producing glucose molecules from 

carbohydrate. The α-glucosidase inhibition exerts a synergistic effect with PTP1B 

inhibition in the treatment of diabetes. With this hypothesis, all isolated ugonins at 

various concentrations were screened to determine α-glucosidase inhibitory activities 

through UV assay tracing nitrophenol functionality from the substrate. As shown in 
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Table 2, all ugonins indicated an impressive degree of inhibition with IC50s values from 

3.9 to 32.9 μM. In particular, the most active inhibitions were observed on compounds 1 

(IC50 = 3.9 μM) and 2 (IC50 = 7.4 μM) as well as inhibited PTP1B enzyme most 

effectively. Inhibitory modes of compounds 1 and 2 to α-glucosidase were elucidated as 

non-competitive with no change of Km value and the increase of Vmax, unlike 

competitive mode for PTP1B. Conversely, compounds 3 and 4 inhibited α-glucosidase 

by the competitive manner with IC50 values of 19.2 and 19.3 μM, respectively. 

Comparison of KI and KIS values were clearly defined for compounds 5 and 6 as mixed 

type I inhibitors. Obtained results explained that ugonins (1-6) might have a great 

potential to treat diabetes with PTP1B and α-glucosidase inhibitions simultaneously.     

3.5. Molecular docking study 

To investigate proper binding modes of compounds 1 and 4 with the human PTP1B, 

molecular docking simulation was employed. The PTP1B has three conserved WPD, 

PTP, and Pie loops in the active site, where key residues such as R24, Y46, C215, F182, 

and R221 are located (Fig. 7A and 7B) [30,31]. Interestingly, the active site of human 

PTP1B is composed of three sites (Fig. 7C) [32,33]. The A site is known as the catalytic 

site containing two catalytic residues of C215 and R221 [34]. The B and C sites are 

non-catalytic site but affect the substrate-binding affinity and have two conserved key 

residues of R24 in B site and R47 in C site [32,33]. The 1 and 4 are novel inhibitors of 

human PTP1B that have a similar chemical structure, but different kinetic mode (Fig. 

7D). The 4 has a hydroxyl group in the C ring and ring-like structure between the D and 

E ring compared to the 1. 

A competitive inhibitor, 1 binds only to the A site and interacts with key residues in 

the active site (Fig. 8A and 8C). The one hydroxyl group of a ring forms hydrogen 

bonds with the backbone of G220 as well as a sidechain of C215 and R221 which are 
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the catalytic residues in the human PTP1B. The other hydroxyl group also interacts with 

the sidechain of C215 by hydrogen bond and the sidechain of I219 by a bidentate 

hydrogen bond. In addition, the π-cation is found between the sidechain of R221 and the 

A ring. The B and C ring is located the entrance of the A site and π-π stacking 

interactions with the sidechain of Y46. This residue is an important role for 

hydrophobic packing to a phosphorylated Tyr residue in the insulin receptor known as 

the substrate protein of the human PTP1B [35]. The sidechain of D48 and K120 is 

participated in hydrogen bonds with a carbonyl group of C ring and the hydroxyl group 

of D ring, respectively. The D ring and its methylene group have π-π stacking and π-

alkyl interaction with the sidechain of D48. Overall, the competitive inhibitor 1 mainly 

and strongly interacts with the two catalytic residues of C215 and R221 as well as 

another key residue Y46. 

A non-competitive inhibitor, 4 binds to the A and B sites at the same time. But the 

most interactions with the key residues in the active sites appeared to be weak compared 

to the 1 (Fig. 8B and 8D). A hydroxyl group of a ring, which binds to the entrance of A 

site via only one hydrogen bond with the sidechain of K120. The B and C ring interact 

with the sidechain of F182, A217, and D48 by π-π stacking, π-alkyl interaction and π-

anion interaction, respectively. A methyl group between D and E ring forms π-alkyl 

interaction with the sidechain of V49. Unlike 1, the 4 never interact with the putative 

key residues in the active sites such as two catalytic residues of C215 and R221, two 

conserved key residues of R24 and R47, and Y46.   

Based on the binding mode analysis resulted from the molecular docking study, the 

1 binds only to the A site but the interaction is strong and with the most key residues 

including the catalytic residues. This interaction pattern is well compatible with the 

other known competitive inhibitors [36–38]. It is also found that several competitive 
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inhibitors bind to the both A and B sites at the same time. For these cases, they always 

interact with the conserved residues R24 and M258 of the B site [25,38–41]. 

Considering these observation, we strongly suggest that to be competitive inhibitor of 

the PTB1B, the critical element is the strong and solid interaction with those key 

residues whether it binding only to A site of the both A and B sites. Although the 4 

binds to the both A and B sites, it does not interact with the putative key residues at all. 

It can be inferred that the 4 has a different kinetic mode from the 1. 

4. Conclusion 

Herein, we have uncovered that ugonins from H. zeylanica have a significant inhibitory 

potential to both enzymes, PTP1B (IC50s = 0.6 ~7.3 µM) and α-glucosidase (IC50s = 3.9 

~ 32.9 µM), which are key enzymes to obesity and diabetes. The cyclohexyl motif on 

ugonins was proved to be key functionality to both enzymes inhibitions in comparison 

with mother skeletons. This tendency was well elucidated with binding affinities (KSV) 

by fluorescence quenching experiments. For instance, ugonin J (1) was 26 fold effective 

to PTP1B (IC50 = 0.6 µM) and 15-fold to α-glucosidase (IC50 = 3.9 µM) than mother 

compound luteolin. Inhibitory mechanisms to PTP1B and α-glucosidase were 

characterized to be competitive, non-competitive and mixed type I according to the 

structures. The ugonin J was determined as competitive, reversible and a slow binding 

inhibitor with parameters: Ki
app 

= 0.1234 µM, k3 = 0.5713 µM
-1

min
-1

, and k4 = 0.0705 

min
-1

. In particular, the specific binding sites of competitive and non-competitive 

inhibitors 1 and 4 to PTP1B enzymes were explained by molecular docking 

experiments. This finding could contribute to enhance nutraceutical worth of ugonins 

and H. zeylanica. 
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Table 1. Inhibitory effects of compounds 1-6 on PTP1B. 

Compounds 
PTP1B 

IC50 (μM)
a
 Kinetic mode (Ki, μM)

b
 KI (μM) KIS (μM) 

1 0.6 ± 0.2 Competitive (0.2 ± 0.1) NT
c
 NT 

2 2.1 ± 0.5 Competitive (1.1 ± 0.3) NT NT 

3 7.3 ± 0.4 Noncompetitive (6.2 ± 0.9) NT NT 

4 4.4 ± 0.2 Noncompetitive (4.5 ± 0.7) NT NT 

5 3.1 ± 0.7 Mixed type I (2.8 ± 0.5) 2.4 12.0 

6 

Eriodictyol 

Luteolin 

Ursolic acid
d
 

2.7 ± 0.3 

64 ± 0.2 

16 ± 0.3 

16.5 ± 0.8 

Mixed type I (2.6 ± 0.6) 

NT 

NT 

NT 

2.3 

NT 

NT 

NT 

6.0 

NT 

NT 

NT 
aSample concentration which led to 50% enzyme activity loss. bKi is the inhibition constant. cNT is not tested. 
dUrsolic acid is used as a positive control. 
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Table 2. Inhibitory effects of compounds 1-6 on α-glucosidase. 

Compounds 
α-Glucosidase 

IC50 (μM)
a
 Kinetic mode (Ki, μM)

b
 KI (μM) KIS (μM) 

1 3.9 ± 0.2 Noncompetitive (4.0 ± 0.7) NT
c
 NT 

2 7.4± 0.3 Noncompetitive (7.4 ± 0.6) NT NT 

3 19.2 ± 0.5 Competitive (10.1 ± 0.3) NT NT 

4 19.3 ± 0.6 Competitive (9.8 ± 0.4) NT NT 

5 32.9 ± 0.7 Mixed type I (24.7 ± 0.9) 23.6 46.5 

6 

Eriodictyol 

Luteolin 

DNJ
d 

10.4 ± 0.3 

122± 0.2 

60± 0.3 

42.5 ± 0.9 

Mixed type I (8.1 ± 0.7) 

NT 

NT 

NT 

6.7 

NT 

NT 

NT 

17.2 

NT 

NT 

NT 
aSample concentration which led to 50% enzyme activity loss. bKi is the inhibition constant. cNT is not tested. 
dDeoxynojirimycin (DNJ) is used as a positive control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.  Fluorescence quenching effect of compounds 1-2, Eriodictyol and Luteolin on 

PTP1B. 
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Compounds KSV (× 10
5
 L.mol

-1
) R

a
 KA (× 10

5
 L.mol

-1
) n R

b
 

1 0.085 0.99 0.06 1.08 0.98 

2 0.028 0.91 0.10 0.70 0.96 

Eriodictyol 0.0009 0.84 0.006 0.57 0.94 

Luteolin 0.0019 0.85 0.012 0.58 0.95 
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Fig. 1. Chemical structures of compounds isolated from H. zeylanica. 

Fig. 2. (A) Dose-dependent inhibition effect of compounds on PTP1B. (B) The catalytic 

activity of PTP1B as a function of enzyme concentration at different concentrations of 

compound 1. (C) The Lineweaver-Burk and (D) Dixon plots for PTP1B inhibition of 

compound 1. 

Fig. 3. Lineweaver-Burk plots for PTP1B inhibition (A) of compound 2, (B) compound 

4, (C) compound 6. 

Fig. 4. (A) Slow-binding inhibition at different preincubation time (◇: 0; ◆: 5; □: 10; 

■: 15; △: 30; ▼: 45; ○: 60; ●: 75 min) for compound 1 at 0.75 μM. Inset: Inhibition as a 

function of preincubation time for compound 1. (B) Time course of the inactivation of 

PTP1B compound 1. Inset: plot of kobs on dependence on different concentrations of 

compound 1. 

Fig. 5. (A) Dose-dependent inhibition ffect of compounds on α-glucosidase. 

Lineweaver-Burk plots for α-glucosidase (B) compound 3, (C) compound 1, (C) 

compound 6. 

Fig 6. The fluorescence emission spectra of PTP1B at different concentrations (0, 

3.125, 6.25, 12.5, 25 and 50 µM) of (a) Compound 1 (b) Luteolin (c) Compound 2 (d) 

Eriodictyol (Inset) Normalized intensities of fluorescence for PTP1B are shown  

Fig. 7. Structural information of human PTP1B and ligand molecules for molecular 

docking simulation. (A) Crystal structure of PTP1B (PDB ID: 2CM2) is displayed in 

cartoon model with conserved loops. The WPD, PTP, and Py loop are colored by green, 

orange, and purple, respectively. (B) Key residues in the active sites are represented in 

stick model with the same color. (C) Three key sites in the active site are highlighted as 

follow: A site (catalytic site) in yellow dashed line, B site (a secondary phosphate-

binding site) in dark green dashed line, and C site (a third phosphate-binding site) in red 

dashed line. Conserved residues in each site are represented by the same color. (D) 2D 

chemical structure of inhibitors 1 and 4. 

Fig. 8. Binding mode comparison of 1 and 4 to the human PTP1B. Molecular 

interactions of 1 (in cyan, A) and 4 (in pink, B) with the key residues in the active site 

of the PTP1B. Hydrogen bond, π-π, π-alkyl, and π-cation (anion) interactions are shown 
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as light green, magenta, pink, and orange dashed lines, respectively. Surface enhanced 

representations for the docked structures of the two inhibitors, 1(C) and 4(D). The A 

site shown in yellow dashed line and the B site shown in deep green dashed line, 

respectively. 
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Highlights 

 Ugonins from H. zeylanica inhibited PTP1B and α-glucosidase potently 

 The cyclohexyl motif emerged as a key functionality to target enzymes 

inhibitions 

 Inhibitory kinetics and binding affinity were fully characterized 

 Molecular modeling disclosed the binding sites of inhibitors to PTP1B 
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