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Introduction
Human indoleamine 2,3-dioxygenase 1 (hIDO1) is an 
enzyme that has garnered significant interest in the fields 
of immunology and therapeutics because of its pivotal 
role in immune regulation and disease pathology [1–3]. 
hIDO1 acts as a key mediator in the modulation of 
immune responses, exerting immunosuppressive effects 
through its ability to catabolize tryptophan, an essential 
amino acid. By degrading tryptophan via the kynurenine 
pathway, hIDO1 inhibits T-cell proliferation, promotes 
regulatory T-cell differentiation, and induces immune 
tolerance [4, 5]. The dysregulation of pathways caused by 
hIDO1 in various pathological conditions may be related 
to this unique immunoregulatory function of hIDO1. 
The discovery of the immunosuppressive properties of 
hIDO1 has led to the development of hIDO1 inhibitors 
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Abstract
This study focused on identifying and characterizing 1,3-diphenylpropane derivatives from flavonoids that 
inhibit human indoleamine 2,3-dioxygenase 1 (hIDO1) enzymes, which play a role in immune regulation and are 
associated with various diseases. A series of isolated metabolites (1–7) demonstrated modest to high inhibition of 
hIDO1, with binding degree values ranging from 26.31 to 72.17%. In particular, during a target-based screening 
of natural products using hIDO1, kazinol J (6, a 1,3-diphenylpropane derivative) was found to potently inhibit 
hIDO1, with a binding degree of 72.17% at 1 ppm. Kazinol J (6) showed concentration-dependent and mixed 
inhibition kinetics and achieved slow and time-dependent inhibition of hIDO1. Additionally, docking simulations 
were performed to evaluate the inhibitory potential and binding interactions of the compounds with hIDO1. 
These findings suggest that these 1,3-diphenylpropane derivatives can serve as therapeutic agents for conditions 
involving hIDO1 dysregulation, such as cancer, autoimmune disorders, and infectious diseases.
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as potential therapeutic agents [6]. hIDO1 inhibitors are 
designed to selectively target and inhibit the enzymatic 
activity of hIDO1, thereby restoring immune responses 
and potentially offering novel treatments for a wide 
range of diseases. Promising results have been obtained 
with these inhibitors in preclinical studies, demonstrat-
ing their ability to reverse immunosuppression, enhance 
antitumor immunity, and modulate immune-mediated 
inflammatory diseases [7, 8]. Primarily, hIDO1 inhibi-
tors have shown significant promise as cancer immuno-
therapies [9]. Tumors exploit the immunosuppressive 
effects of hIDO1 to evade immune surveillance and pro-
mote immune tolerance within the tumor microenviron-
ment. By inhibiting hIDO1, the immune response against 
tumors may be reinvigorated, leading to enhanced anti-
tumor immunity and improved treatment outcomes. As 
a result, clinical trials have been performed for several 
hIDO1 inhibitors, either as monotherapies or in com-
bination with other immunotherapies, to improve the 
efficacy of cancer treatments and overcome resistance 
mechanisms [4, 10]. In addition to cancer treatment, 
hIDO1 inhibitors have shown potential in the treatment 
of autoimmune disorders and infectious diseases. In 
autoimmune diseases, such as rheumatoid arthritis and 
systemic lupus erythematosus, hIDO1 inhibitors hold 
promise for restoring immune balance and suppress-
ing pathological immune responses [11, 12]. Similarly, 
hIDO1 inhibitors have the potential to enhance host 
immune responses against pathogens in infectious dis-
eases, as immune evasion is a critical factor.

The discovery of bioactive natural products as leads 
for therapeutic development can be inspired by ethno-
pharmacology or achieved by screening plant extracts for 
bioactivity via in vitro and in vivo assays. There are sev-
eral failures and pitfalls associated with the isolation of 
bioactive substances using activity-induced fractionation 
and scale-up. This is because the bioactive compounds 
are decomposed during separation through repetitive 
columns, or the bioactive compounds are present at 
very low concentrations, making it impossible to sepa-
rate them efficiently. Recently, a method in which affin-
ity-based ultrafiltration has been used to identify target 
metabolites from extracts has been developed [13–17].

Most inhibitors reported in the literature are natural 
products, and several compounds have been tested and 
demonstrated to be hIDO1 inhibitors [18–20]. There-
fore, the inhibitory activities of most hIDO1 inhibi-
tors have been reported in relation to the structural 
characteristics of natural plant inhibitors, such as dif-
ferences between natural product-based carbonyl func-
tional compounds and their inhibitory activities [21]. 
The reported review papers listed the effects of various 
substances isolated from natural products on the inhibi-
tory activity of hIDO1, such as alkaloids (IC50 and Ki 

= 2.0–32.0 µM) [20], flavanones (IC50 = 7.7–31.4 µM) 
[21], quinones (IC50 = 40.0 nM–24.6 µM) [22], and her-
queinone (IC50 = 19.05–36.86 µM) [23]. Therefore, we 
are confident that novel natural substances can lead to 
lead structures for the design and development of novel 
hIDO1 inhibitors. Additionally, among its many constit-
uents, kazinol has been reported to exhibit more potent 
bioactivity and is of considerable interest to researchers 
for drug development because of its potential for thera-
peutic use. Kazinols, which have a 1,3-diphenylpropane 
backbone, have attracted interest because of their multi-
faceted chemical and biological activities. Kazinol deriva-
tives have been widely reported to be effective at treating 
oxidative stress, inflammation, bacteria, fungi, viruses, 
and diabetes but have not been reported as natural sub-
stances that can act as hIDO1 target inhibitors. In this 
study, we utilized a rapid screening method and investi-
gated an efficient approach to identify hIDO1 inhibitors 
from 1,3-diphenylpropane and chalcone using ultrafil-
tration procedures followed by UPLC–PDA and UPLC–
ESI–QToF–MS. hIDO1 binding affinity examination by 
UPLC identified seven metabolites (1 − 7) that appeared 
to interact with hIDO1. These seven promising metabo-
lites were isolated, and their binding inhibition and 
docking simulations were examined, all of which were 
significantly consistent with their significant inhibition.

Materials and methods
Chemicals
Broussonetia papyrifera (KRIBB 0059119) extract was 
obtained from the Natural Products Central Bank of the 
Korea Research Institute of Bioscience and Biotechnol-
ogy (Daejeon, Korea) (https://www.kobis.re.kr/npcb/
uss/main.do, accessed on 21 June 2024). The kazinols, 
1,3-diphenylpropane, used in the experiments were 
extracted from the root bark of Broussonetia papyrifera 
as previously described [19, 20, Supplementary data]. 
1,3-Diphenylpropane was purified using preparative 
high-performance liquid chromatography (HPLC) and 
achieved purities greater than 95%, as determined using 
an ultra-performance liquid chromatography‒photodi-
ode array (UPLC‒PDA).

Broussonin B (1): yellowish powder; HRESIMS m/z 
257.1168 (calcd for C16H18O3, 257.1178); 1H NMR 
(400  MHz, acetone–d6) and 13C NMR (100  MHz, ace-
tone–d6) are shown in the Supplementary Table S1.

Broussonin A (2): yellowish powder; HRESIMS m/z 
257.1167 (calcd for C16H18O3, 257.1179); 1H NMR 
(400  MHz, acetone–d6) and 13C NMR (100  MHz, ace-
tone–d6) are shown in the Supplementary Table S1.

Broussochalcone A (3): yellow powder; HRESIMS 
m/z 339.1229 (calcd for C20H20O5, 339.1232); 1H NMR 
(500  MHz, acetone–d6) and 13C NMR (125  MHz, ace-
tone–d6) are shown in the Supplementary Table S1.

https://www.kobis.re.kr/npcb/uss/main.do
https://www.kobis.re.kr/npcb/uss/main.do
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Kazinol F (4): yellow powder; HRESIMS m/z 395.2247 
[M − H]− (calcd for C25H32O4, 395.2222); 1H NMR 
(500  MHz, acetone–d6) and 13C NMR (125  MHz, ace-
tone–d6) are shown in the Supplementary Table S1.

Kazinol V (5): yellow powder; HRESIMS m/z 425.2345 
[M − H]− (calcd for C26H33O5, 425.2328); 1H NMR 
(500  MHz, acetone–d6) and 13C NMR (125  MHz, ace-
tone–d6) are shown in the Supplementary Table S1.

Kazinol J (6): yellow powder; HRESIMS m/z 409.2410 
[M − H]− (calcd for C26H33O4, 409.2379); 1H NMR 
(500  MHz, acetone–d6) and 13C NMR (125  MHz, ace-
tone–d6) data are shown in the Supplementary Table S1.

Kazinol W (7): yellow powder; HRESIMS m/z 427.2473 
[M − H]− (calcd for C26H35O5, 427.2484); 1H NMR 
(500  MHz, acetone–d6) and 13C NMR (125  MHz, ace-
tone–d6) are shown in the Supplementary Table S1.

General apparatus
The 1D and 2D NMR spectra for compound identifica-
tion were recorded on a Bruker AM500 instrument (Bil-
lerica, MA, USA). NMR solvents were purchased from 
Cambridge Isotope Lab. Inc. (Andover, MA, USA). The 
reagents needed for UPLC–PDA and UPLC–QToF–
MS analysis were acetonitrile (Merck Millipore, Burl-
ington, MA, USA), formic acid, and leucine enkephalin 
(Sigma‒Aldrich, St. Louis, MO, USA). Distilled water 
was obtained using a Milli-Q Academic (Merck Mil-
lipore) water purification system. Tris(hydroxymethyl)
aminomethane (Sigma‒Aldrich, St. Louis, MO, USA), 
sodium chloride (99.5%, Junsei Chemical Co., Tokyo, 
Japan), imidazole (Sigma‒Aldrich), potassium phosphate 
monobasic (Sigma‒Aldrich), potassium phosphate diba-
sic (Sigma‒Aldrich), L-ascorbic acid (Sigma‒Aldrich), 
catalase from bovine liver (Sigma‒Aldrich), methylene 
blue (Sigma‒Aldrich), and L-tryptophan (Sigma‒Aldrich) 
were used as the elution and enzyme assay buffers for 
His-hIDO1.

Purification of His-hIDO1
Human IDO1 (hIDO1) was obtained from the Korea 
Human Gene Bank (Medical Genomics Research Center, 
KRIBB, Korea). The hIDO1 sequence was subsequently 
cloned and inserted into the pET28a expression vec-
tor to generate the pET28a-hIDO1 plasmid, which was 
verified by DNA sequencing (performed by Cosmogene-
tech, Seoul, Korea). The recombinant plasmid was trans-
formed into Escherichia coli competent T7 strain (NEB, 
MA, USA) cells, and the protein expression of hIDO1 
was induced by the addition of 1 mM isopropyl-β-D-1-
thiogalactopyranoside (IPTG, Elpis, Daejeon, Korea) for 
4 h at 37 °C. After induction, the expressed hIDO1 pro-
tein was purified using Ni-NTA agarose (Qiagen, Valen-
cia, CA) at 4 °C. The eluted hIDO1 protein was subjected 
to dialysis against storage buffer (20 mM Tris-HCl buffer 

(pH 8.0) and 200 mM NaCl). The purity of the hIDO1 
protein was subsequently assessed by sodium dodecyl 
sulfate‒polyacrylamide gel electrophoresis.

Ultrafiltration procedures
The samples were dissolved in dimethylsulfoxide 
(DMSO) to prepare sample solutions for ultrafiltration 
screening (Supplementary Table S2). In total, 400 µL of 
the compound mixture was made by adding 50 µL of His-
hIDO1 (0.95, 1.9, and 3.8  mg/mL) in elution buffer (50 
mM Tris-HCl, pH 8.8, 300 mM NaCl, and 300 mM imid-
azole) and 20 µL of seven compounds (0.2  mg/mL) to 
330 µL of enzyme assay buffer (50 mM potassium phos-
phate buffer, pH 6.5, 20 mM ascorbic acid, 10 mM cata-
lase, 10 μm methylene blue, and 200 µM L-tryptophan). 
The extract mixtures (at final concentrations of 4.0  mg/
mL and His-hIDO1 at 0.2375 mg/mL) and the compound 
mixtures (at final concentrations of 0.01 mg/mL and His-
hIDO1 at 0.475  mg/mL) were incubated for 10  min at 
37 °C in a water bath. Then, the incubated mixtures were 
centrifuged at 13,000 rpm for 30 min, and the superna-
tant was filtered through a CHROMDISC® syringe fil-
ter (Hydrophilic PTFE 0.2  μm; Echromscience, Daegu, 
Korea) for UPLC–PDA analysis. The control experiment 
was carried out similarly but without His-hIDO1. On 
the basis of the variations in peak areas before and after 
incubation with His-hIDO1, the reduced peak areas were 
determined as the degree of affinity between the ligand 
and the enzyme. The interaction can be defined by the 
binding degree (BD) and calculated as follows:

BD% = (Aa − Ab)/Aa*100 where Aa and Ab repre-
sent the peak areas of the samples (compounds 1–7) 
and interactions without and with active His-hIDO1, 
respectively.

UPLC–PDA and UPLC–ESI–QToF–MS analysis
The samples for ultrafiltration screening were analyzed 
by UPLC–PAD analysis, which was achieved with ultra-
high-performance liquid chromatography coupled with 
a photodiode array detector (UPLC–PDA, ACQUITY 
UPLCTM System, Waters, Milford, MA, USA). Chro-
matographic separations were carried out with an 
ACQUITY I-Class UPLC System (Waters Co.). Water 
with 0.1% formic acid (A) and acetonitrile with 0.1% 
formic acid (B) were used as the mobile phases, which 
were eluted with the following gradient conditions: 0.0–
1.0 min, 35% B; 1.0–12.0 min, 35–85% B; 12.0–12.1 min, 
85–100% B; 12.1–13.4 min, 100% B; 13.4–13.5 min, 100–
35% B; 13.5–15  min, 35% B; and a flow rate of 0.4 mL/
min for 15 min. Each of the seven compounds (0.1 mg/
mL) was analyzed using a Vion IMS QTOF mass spec-
trometer (Waters Co.). The analysis was performed using 
the same mobile phase and chromatographic gradient 
conditions as the UPLC-PAD mentioned above. Mass 
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spectrometry (in anion mode) was performed by electro-
spray ionization (ESI).

The type of desolvation gas used was nitrogen gas. 
The MS parameters used were as follows: 2.3  kV cap-
illary, 40  V cone voltage, 110  °C source temperature, 
350  °C, desolvation temperature, 50  L/h cone gas flow, 
and 800 L/h desolvation gas flow. To calibrate the accu-
racy and reproducibility of the data, leucine-enkephalin 
(m/z 554.2615 (ESI-)) was used as an internal standard 
solution, and the scan range of mass values was set to 
m/z 100–1500. The collision gas energy for MS/MS was 
10–45 V. The data were collected for each sample with a 
0.25 s scan time and a 0.01 s interscan delay. All MS data 
were analyzed in MSE mode, and the data were collected 
using UNIFI software (v1.9, Waters Co.).

His-tagged hIDO1 enzyme assay
The enzyme activity assays were conducted according to a 
protocol outlined by Kwon et al. [21]. In brief, the 200 µL 
reaction mixture comprised potassium phosphate buffer 
(50 mM, pH 6.5), ascorbic acid (20 mM), methylene blue 
(10 µM), catalase (10 mM), purified recombinant hIDO1 
enzyme (5 µg/mL) and L-tryptophan (Trp, 200 µM). The 
metabolites were serially diluted in dimethyl sulfoxide 
(DMSO, 0.1%, v/v) and dispensed into 96-well plates. 
The reaction was carried out at 37 °C for 1 h, halted with 
40 µL of trichloroacetic acid (30%) and heated at 65  °C 
for 15  min. Centrifugation at 4000  rpm for 15  min was 
performed to eliminate the debris. Subsequently, 125 
µL of the supernatant from each well was transferred to 
another 96-well plate. p-Dimethylaminobenzaldehyde 
(125 µL; 2%, v/v) in acetic acid was then added to each 
well, and the absorbance at 480 nm was measured using 
a SpectraMAX-190 ELISA reader (Molecular Devices, 
Sunnyvale, CA). Each assay was performed in triplicate. 
The inhibitory concentration at which 50% loss of activ-
ity (IC50) occurred was determined by fitting the experi-
mental data to a logistic curve as described in previous 
studies [13]. The inhibition constants for the binding of 
inhibitors to free enzymes or enzyme–substrate com-
plexes, denoted as KI or KIS, respectively, were obtained 
from secondary plots created from the slopes of straight 
lines or vertical intercepts (1/Vapp

max) versus the inhibi-
tor concentration according to Eqs.  (2), (3) and (4) [13, 
24–26].

	 Activity (%) = 100 [1/ (1 + ([I] /IC50))]� (1)

	 1/V = Km/Vmax (1 + [1] /KI) 1/S + 1/Vmax� (2)

	 Slope = Km/KIVmax [I] + Km/Vmax� (3)

	 Intercept = 1/KISVmax [I] + 1/Vmax � (4)

Time-dependent assay for affinity-based inhibition
Time-dependent assays were conducted using 129 µUnits 
of recombinant hIDO1 enzyme and 50 mM potassium 
phosphate buffer (pH 6.5) at 37  °C. To investigate the 
affinity-based time-dependent inhibition of hIDO1, pro-
gression curves were generated from the chromatograms 
after preincubation for 5, 10, and 15  min with constant 
inhibitor concentrations of 5 and 10 (20 µM).

Docking simulations utilizing hIDO1
The crystal structure of hIDO1, obtained from the Pro-
tein Data Bank under the accession code 5WN8, served 
as the foundation for docking simulations [27]. Noncova-
lent docking was performed using AutoDock Vina. Pro-
teins and ligand pdbqt files were prepared using standard 
AutoDock tools. The starting coordinates of hIDO1 were 
docked into the prepared receptor grid by AutoDock 
Vina. Discovery Studio Visualizer v17.2 and LigPlot 
v2.2.8 were used for analyzing protein‒ligand interac-
tions and obtaining charges.

Results and discussion
UPLC–ESI–QToF–MS analysis of 1,3-diphenylpropanes and 
chalcones
UPLC-PDA-QToF-MS can be used to quickly identify 
potential bioactive substances [28–32]. The structures 
and identities of six 1,3-diphenylpropanes (1, 2, and 4–7) 
and a chalcone (3) were confirmed via spectroscopic 
analyses in negative modes, such as MS, MS/MS, UV 
spectroscopy, and high-resolution mass spectrometry 
(HRMS). The spectroscopic data of these compounds 
were compared with those in the previous literature 
[33, 34]. As shown in Table 1, Compounds 1 and 2 were 
detected at m/z 515 [2 M − H]−, 257 [M − H]−, 135 [2,3A]−, 
and 119 [2,3B]− (calcd for C16H18O3, 257.1178), and com-
pound 3 was detected at m/z 339 [M − H]−, 203 [1,2A]−, 
159 [1,2A−CO2]− and 135 [1,2B]− (calcd for C20H20O5, 
339.1232). Compound 4 was detected at m/z 395 
[M − H]− and 203 [2,3B−prenyl + H]− (calcd for C25H32O4, 
395.2222), and compound 5 was detected at m/z 425 
[M − H]−, 407 [M − H2O−H]−, 269 [1,3B−H2O]−, and 149 
[3,4A]− (calcd for C26H34O4, 409.2379). Compound 6 was 
detected at m/z 409 [M − H]−, 271 [2,3B]−, and 149 [3,4A]− 
(calcd for C26H34O4, 409.2379), and compound 7 was 
detected at m/z 427 [M − H]−, 409 [M − H2O−H]−, and 
149 [3,4B]− (calcd for C26H36O5, 427.2484). Comparison 
with the literature led to the identification of broussonin 
B (1), broussonin A (2), broussochalcone A (3), kazinol F 
(4), kazinol V (5), kazinol J (6), and kazinol W (7) (Sup-
plementary Figure S1).

hIDO1 binding of 1,3-diphenylpropanes and chalcones
Ultrafiltration screening coupled with UPLC is a rapid 
method used to screen bioactive materials in complex 
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mixtures and is performed with a trace amount of anal-
ysis sample [14–17]. The enzyme and ligand‒enzyme 
complex, which are generated by interactions between 
the enzyme and potential enzyme inhibitors in com-
plex mixtures, can be separated by ultrafiltration. In 
this study, potential hIDO1 inhibitors were quickly 
identified via ultrafiltration screening via UPLC-PDA-
QToF-MS. Solutions containing seven compounds that 
interact without and with active hIDO1 were analyzed 
and compared (Fig.  1). The solution was determined to 
be the optimal condition, as broussonin A (2) was iso-
lated in large amounts. The experiment was carried out 
by lowering the total concentration of broussonin A (2) 
from 1 ppm to 100 ppm, and hIDO1 was fixed at 0.119 

and 0.475  mg/mL (Supplementary Figure S2-4). When 
the total concentration of the compound was 1 ppm, a 
decrease in the peak area was clearly observed with the 
naked eye, and the binding degree (BD) caused by the 
enzyme‒compound interaction was greater than 20% 
(Supplementary Figure S4). Finally, the total concentra-
tion of the compound solution was 1 ppm, and hIDO1 
was used at 0.477  mg/mL. The seven compound solu-
tions were detected at 280  nm and checked to reduce 
the peak area in the compound solution with hIDO1. 
The BD can be measured by substituting this informa-
tion into the BD formula. As shown in Table 1, the BDs 
of seven compounds (1–7) exceeded 25%, and the BD 
of broussochalcone A (3), a prenylated chalcone, was 

Table 1  UPLC chromatography, UV‒vis, mass spectral data, and degree of binding of hIDO1 target inhibitory effects on 
1,3-diphenylpropane and chalcone (1 − 7)
NO. Compounds Rt

(min)
UV
(nm)

Detected ion
[M-H]−

Calculated ion
[M-H]−

MS/MS Error
(ppm)

Peak area (Intensity) BD (%)
control hIDO1

(0.475 mg/mL)
1 Broussonin B 3.32 236, 276 257.1168 257.1178 119, 135 -3.9 19,053 14,040 26.31%
2 Broussonin A 3.57 233, 279 257.1167 257.1178 119, 135 -4.3 9912 7229 27.06%
3 Broussochalcone A 4.05 263 339.1229 339.1232 135, 203 -0.9 12,025 4380 63.57%
4 Kazinol F 6.95 225, 282 395.2247 395.2222 121, 203, 273 6.3 3641 1759 51.68%
5 Kazinol V 8.14 233, 282 425.2345 425.2328 149, 269, 407 4.0 1447 749 48.23%
6 Kazinol J 8.45 225, 281 409.2425 409.2379 149, 271 1.5 8503 2366 72.17%
7 Kazinol W 8.88 282 427.2478 427.2484 409, 353, 271, 203, 149 -2.6 3417 1220 64.29%

Fig. 1  UV 280 nm chromatograms of the seven compounds (1 − 7) without (solid line) and with (dotted line) hIDO1 in buffer. Peaks numbered 1 − 7 
represent the compounds isolated from Broussonetia papyrifera roots in our study
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63.57%. The two compounds (broussonin B (1) and A (2)] 
and 1,3-diphenylpropanes generated BDs of 26.31% and 
27.06%, respectively. On the other hand, the BDs of four 
prenylated 1,3-diphenylpropanes [kazinol F (4), kazinol V 
(5), kazinol J (6), and kazinol W (7)] were 51.68%, 48.23%, 
72.17%, and 64.29%, respectively. As a result, it can be 
tentatively concluded that the prenyl group and chalcone 
affect the interaction with the enzyme.

hIDO1 inhibitory activities
The potential therapeutic effects of 1,3-diphenylpropanes 
from flavonoid classes have been suggested for cancer 
treatments and as anti-inflammatory agents. However, 
the hIDO1 inhibitory activity of 1,3-diphenylpropanes 
has not been determined. For this reason, the hIDO1 
inhibitory activity of kazinol J (6), the most potent of 
the isolated 1,3-diphenylpropanes, was tested (Fig.  2A; 
Table  1). Our findings revealed intriguing insights into 
the structure–activity relationship. Specifically, the pres-
ence of a prenyl group on the stilbene may be crucial for 

the inhibition of hIDO1, as evidenced by the IC50 value of 
kazinol J (6, IC50 = 43.0 µM). We also tested epacadostat 
(Epa) as a positive control and broussomin A (1) and B 
(2), which are nonprenyl 1,3-diphenylpropanes back-
bones, as negative controls.

Enzyme kinetic analysis
As shown in Fig.  2B, the inhibition kinetics mechanism 
revealed by the Lineweaver‒Burk plots indicates that 
kazinol J (6) is a typical mixed-type inhibitor; increas-
ing the concentration of kazinol J (6) resulted in a family 
of lines with a common intercept on the y-axis but with 
different gradients. Therefore, through additional dia-
grams and equations, we evaluated and confirmed which 
hypothesis in the previously known enzyme mechanism 
can provide this kinetic profile. A typical mixed inhibi-
tion mechanism modifies the substrate with an inhibi-
tor, and the parameters KI and KIS can be investigated 
by measuring the residual enzyme-substrate complex via 
Eqs.  (3) and (4) [13, 24]. The equilibrium constants for 

Fig. 2  (A) Concentration-dependent hIDO1 activity of kazinol J 6. (B) Lineweaver‒Burk plots showing the ability of kazinol J (6) to inhibit hIDO1. (C) Time-
dependent chromatograms of hIDO1 in the presence of kazinol J (6) using UPLC-QToF-MS. (D) Inhibition as a function of preincubation time for the most 
active kazinol J (6) (5, 10, and 20 µM)
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its binding with free enzyme (KI) and with the enzyme-
substrate complex (KIS) were obtained from the second 
plots of Km/Vmax and 1/Vmax versus the concentration of 
kazinol J (6). Lineweaver–Burk plots of the initial veloc-
ity versus hIDO1 enzyme concentrations at different con-
centrations of kazinol J (6) generated a series of straight 
lines, all of which intersect the second quadrant (Fig. 2B). 
The mechanisms were analyzed through Dixon plots and 
secondary diagrams to determine the binding affinity of 
the EI and ESI complexes in enzyme reactions [35, 36]. A 
Dixon plot (Fig. 2B, Slope) of the Lineweaver‒Burk rela-
tionship versus the slope of the line of the inhibitor con-
centration shows that it has an EI dissociation constant 
(KI) of 13.7 µM, whereas the secondary diagram (Fig. 2B, 
y-Intercept) of the intercept versus the inhibitor con-
centration generated an ESI dissociation constant (KIS) 
of 127.3 µM. One putative binding mode of kazinol J (6) 
may involve binding between the inhibitor and the active 
site of free hIDO1 or the hIDO1-substrate complex. On 
the basis of the approximately 9.3-fold higher KIS values, 
binding between kazinol J (6) and the hIDO1 substrate 

intermediate may be weaker, and the inhibition mecha-
nism is competitive and predominates over noncompeti-
tive mechanisms.

Slow and time-dependent inhibitory activity
In the mechanism of known competitive inhibitors, the 
inhibitors slowly bind to the target enzyme active site. 
As shown in the data in Fig.  2C, inhibition by isolated 
kazinol J (6) was greater after preincubation for 5–15 min 
than without preincubation. As the residual activity 
decreased as a function of preincubation time, kazinol 
J (6) was identified as a slow-binding inhibitor. Increas-
ing the concentration of kazinol J (6) led to decreases in 
the initial velocity and the steady-state rate (Fig. 2D). The 
preincubation step and time were equally important, as 
shown in Fig. 2D, indicating that the affinity of the inhibi-
tor for the free enzyme was greater than that of the inhib-
itor for the enzyme-substrate complex. Hence, isolated 
kazinol J (6) acted as a time-dependent and slow inhibi-
tor of the target enzyme, similar to other compounds 
reported in a previous study [13, 37].

Fig. 3  Molecular docking views of the target compound kazinol J (6) on hIDO1. (A) Input structures of kazinol J (6) in hIDO1. (B) 2D representation of the 
Ligplot analysis results. (C) 2D representation of the Studio discovery results
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Computational docking simulations for ligand candidates 
of hIDO1
To visualize the binding interactions of broussonin B (1), 
kazinol V (4), kazinol F (5), kazinol J (6), and kazinol W 
(7) with the hIDO1 enzymes, molecular docking analy-
sis was performed. Molecular docking analysis via the 
AutoDock Vina program revealed that 1,3-diphenyl-
propanes (1, 4, 5, 6 and 7) bind to the allosteric site of 
hIDO1 (Fig.  3 and Supplementary Fig. S3). Brousso-
nin B (1), which lacks a prenyl group in its backbone, 
was observed to bind to other sites (Supplementary Fig. 
S3C). In contrast, kazinol F (5) showed a different bind-
ing pattern from those of kazinol V (4), kazinol J (6), 
and kazinol W (7) because of the presence of a prenyl 
group at the meta position of the aromatic ring, which 
cyclizes to form 2,3-dihydrobenzofuran (Supplementary 
Fig. S3D). Furthermore, compared with that in kazinol 
J (6), the methylation of the ortho position in kazinol V 
(4) resulted in structural changes that disrupted hydro-
gen bonding. Specifically, the hydroxyl group attached to 
kazinol V interfered with hydrogen bonding, resulting in 
decreased affinity (Supplementary Fig. S3E). Kazinol J (6) 
and kazinol W (7) possess different structures because 
the prenyl group of kazinol W (7) changes to a hydroxyl 
group. The affinity of kazinol W (7) decreased due to 
interference with binding (Supplementary Fig. S3F). 
Therefore, in terms of docking structure, kazinol J (6) 
achieved the best effect. Therefore, the results show that 
1,3-diphenylpropane derivatives constitute a new class of 
hIDO1 inhibitors.

The aim of this study was to identify and characterize 
1,3-diphenylpropane derivatives from the flavonoid class 
as novel inhibitors of the enzyme hIDO1. hIDO1 is an 
enzyme involved in immune regulation and is implicated 
in various diseases. Inhibiting hIDO1 can potentially 
restore immune responses and offer novel therapeutic 
approaches. General apparatus and chemicals: This sec-
tion lists the instruments and chemicals used in the study, 
including NMR spectrometry, UPLC-PDA, and UPLC-
ESI-QToF-MS. His-hIDO1: His-hIDO1, the hIDO1 pro-
tein, was purified from Escherichia coli cells transformed 
with the hIDO1 gene. The purification involved the use 
of Ni-NTA agarose and dialysis. Isolation of 1,3-diphen-
ylpropanes and chalcones: Seven compounds (1–7) were 
obtained, and their structures were determined through 
MS spectroscopic analysis. Ultrafiltration procedures: 
Sample solutions containing the compounds were pre-
pared and incubated with hIDO1. The mixtures were 
then centrifuged, and the supernatants were analyzed 
via UPLC-PDA-QToF-MS. The interactions between 
the compounds and hIDO1 were evaluated on the basis 
of changes in peak areas. His-hIDO1 enzyme assays 
were performed using purified recombinant hIDO1 
enzyme and L-Trp as the substrate. The reaction mixture 

was incubated and stopped, and the metabolites were 
analyzed using p-dimethylaminobenzaldehyde. Dock-
ing simulation of hIDO1: Docking simulations using 
AutoDock Vina were performed to predict the binding 
interactions between the compounds and hIDO1 using 
the crystal structure of hIDO1 (PDB code 5WN8).

This study aimed to identify 1,3-diphenylpropane 
derivatives as novel hIDO1 inhibitors. The compounds 
were isolated, and their interactions with hIDO1 were 
assessed via various techniques. The results of this study 
provide insights into the potential of these 1,3-diphen-
ylpropanes derivatives as therapeutic agents for diseases 
involving hIDO1 dysregulation, such as cancer, autoim-
mune disorders, and infectious diseases.
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