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A B S T R A C T

Kidney-type glutaminase (KGA), catalyzing the hydrolysis of glutamine to glutamate for energy supply, is over-
expressed in many cancers and has been regarded as a new therapeutic target for cancers. Physapubescin I was
isolated from the fruits of the edible herb Physalis pubescens L., commonly named as “husk tomato or hairy
groundcherry”, and was predicted to be a potential KGA inhibitor through structure-based virtual ligand
screening. Enzyme inhibition assays, microscale thermophoresis (MST) and cellular thermal shift assay (CETSA)
experiments have demonstrated the high efficiency and specificity of physapubescin I targeting KGA. EdU
proliferation, Hoechst 33258 staining and cytotoxicity assays indicated that physapubescin I could inhibit cancer
cell proliferation and promote apoptosis more effectively than the known KGA inhibitor, BPTES. Knockdown of
KGA by siRNA reduced the inhibition of physapubescin I to SW1990 cells. Meanwhile, physapubescin I impaired
glutamine metabolism in SW1990 cells with increasing intracellular level of glutamine, and correspondingly
decreasing glutamate and its downstream metabolites, which may account for its inhibition of cancer cell
proliferation and proapoptosis. Physapubescin I also showed significant tumor growth inhibition and low
toxicity in a SW1990 xenograft mouse model. Collectively, physapubescin I may serve as a potential drug
candidate or lead compound for cancer therapy by targeting KGA.

1. Introduction

Glutaminase, the first enzyme in the glutaminolysis pathway, cat-
alyzes the hydrolysis of glutamine to glutamate [1]. Glutamine serves as
a precursor of a number of intermediates essential for biosynthetic
pathways and energy production. Mammalian glutaminase exists in a
variety of specific tissues and is encoded by two genes, kidney-type
glutaminase (GLS) and liver-type glutaminase (GLS2). GLS2 is mainly
expressed in liver, brain, pituitary gland and pancreas with more
complex roles in cancers. The role of GLS2 as a tumor suppressor is
controversial and further research and validation about the context-
dependent role of GLS2 in cancer is needed. GLS is more widely ex-
pressed in various tissues, which is considered to play a key role in

various cancers [2–4]. Alternative splicing of GLS further increases its
complexity. The pre-GLS transcript can be spliced into two isoforms of
kidney-type glutaminase (KGA) or glutaminase C (GAC), while liver-
type glutaminase (LGA) and a longer isoform glutaminase B (GAB)
belong to GLS2 [5].

Glutamine is an abundant and versatile nutrient, participating in
energy formation, redox homeostasis, macromolecule synthesis and
signaling in cancer cells. Carbon derived from glutamine can be used
for anabolic biosynthesis by hydrolyzing glutamine to glutamate [6].
Although most tissues can synthesize glutamine during rapid growth or
other stresses, when the demand exceeds the supply rate of cells, glu-
tamine will become conditionally essential. This demand for glutamine
is particularly important in cancer cells, so many of them exhibit
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oncogene-dependent glutamine addiction. This metabolic reprogram-
ming usually depends on the activity of mitochondrial glutaminase
[7,8]. It has been reported that some oncogenes including c-Myc, Raf,
Ras and Rho GTpases could up-regulate KGA expression in many cancer
cells [9–13]. Treating tumor cells with KGA specific siRNA induces
apoptosis under oxidative stress [14]. Inhibition of KGA therefore has
gained considerable attention as a new therapeutic approach for can-
cers [9,15–17].

Although KGA has been extensively studied as a key metabolic en-
zyme, only a few synthetic KGA inhibitors have been discovered so far,
such as DON (6-diazo-5-oxo-L-norleucine), BPTES (bis-2-(5-phenylace-
tamido-1,2,4-thiadiazol-2-yl) ethyl sulfide), 968 (5-(3-bromo-4-(di-
methylamino)phenyl)-2,2-dimethyl-2,3,5,6 tetrahydrobenzo[a]phe-
nanthridin-4(1H)-one) and CB-839. CB-839 exhibited distinct
synergistic anti-tumor activity when it was combined with paclitaxel to
MDA-MB-231 orthotopic xenograft model or in combination with po-
malidomide to multiple myeloma RPMI-8226 myeloma xenograft
models. CB-839 is currently in clinical trials for several different in-
dications. However, DON, as a traditional KGA inhibitor, lacks se-
lectivity and has weak potency. BPTES, a KGA allosteric inhibitor, se-
lectively inhibits KGA while study on BPTES has been terminated in the
preclinical phase due to its poor metabolic stability and low solubility.
968 has no inhibitory effect against glutaminase which has been acti-
vated. This shortcoming and hydrophobicity limit the further applica-
tion and continued research of 968 in the anti-tumor field [18–22]. The
renewed interest in selective inhibition of KGA as a therapeutic ap-
proach has led to the continuous search for new inhibitors which are
more potent and selective for KGA [23,24].

Physalis pubescens L. (Solanaceae), an edible and medical plant,
produces nutritious and healthy fruits which commonly known as husk
tomato or hairy groundcherry in English, and Gu-Niang in Chinese
[25,26]. The fruits of Physalis pubescens are consumed as popular foods
either fresh or processed, such as canning, jam or preserves. The calyces
or whole plants of Physalis pubescens have also been used as traditional
folk medicine for the treatment of sore throat, cough, and urogenital
system diseases such as urethritis, hematuria, and orchitis in China
[25,26]. This plant has been reported to be rich in withanolides, a
group of naturally occurring C28 steroids with multiple bioactivities
including antitumor, anti-inflammatory, immunosuppressive, and an-
timicrobial effects [27–29].

It is worth noting that natural products are considered to be a rich
source for drug discovery and development [30]. In order to find highly
potent and selective small-molecule KGA inhibitors from natural pro-
ducts, we screened over 100 compounds from Physalis pubescens in-
cluding withanolides, flavonoids, and coumarins by a structure-based
virtual ligand screening method. Fortunately, physapubescin I
(Fig. 1A), a withanolide, was determined to target KGA with high ef-
ficiency and specificity for KGA enzyme. Moreover, it showed potent
anticancer activity in vitro and inhibition of tumor cell growth in vivo.

2. Experimental

2.1. Compounds

The fresh fruits of P. pubescens L. (80 kg, collected from Shenyang,
Liaoning Province, China) were cut into small pieces and extracted with
EtOH/H2O (75:25 v/v) (2×800 L). The resulting extract (3.6 kg) was
concentrated in vacuum, suspended in H2O (5.0 L), and partitioned
successively with petroleum ether (PE) (3×5.0 L) and EtOAc (3×5.0
L) to give EtOAc fraction (350 g). It was subjected to a silica gel CC
(12× 100 cm) that was eluted with CH2Cl2/MeOH (100:1, 40:1, 20:1,
10:1, 4:1, 2:1, 1:1, and 0:1 v/v) to obtain nine combined subfractions
(E1−E10). Fraction E3 (42 g) was subjected to a silica gel CC
(8× 80 cm) and eluted with CH2Cl2/acetone (from 100:1 to 0:1 v/v) to
produce five subfractions (E31−E35). E33 (15.5 g) was chromato-
graphed on a Sephadex LH-20 column (4.5× 100 cm) eluted with

CH2Cl2/MeOH (1:1 v/v) and further purified via preparative HPLC
(MeOH/H2O, 70:30 v/v) to yield physapubescin I (1.4 g).
Physapubescin I (purity > 98.0%) was identified by comparing its 1H
and 13C NMR spectroscopic data with those reported in the literature
[29]. Physapubescin I was dissolved in DMSO to make a stock solution,
aliquoted, and stored at −20 °C. The DMSO concentration was kept
below 0.5% in all cell cultures used and did not exert any detectable
effect on cell growth or death.

2.2. Molecular docking

Crystal structure of human KGA (PDB code: 3VP1) [9] was obtained
from the Protein Data Bank. The docking was operated by ICM 3.7.3
modeling software on an Intel i7 4960 processor (MolSoft LLC, San
Diego, CA). And ligand binding pocket residues were selected by gra-
phical tools in ICM software to create the boundaries of docking search.
The glutamate and BPTES were co-crystallized ligands in this crystal
structure for docking, and they were deleted when setting up the re-
ceptor in docking calculation and potential energy maps of the receptor
were calculated using default parameters. Compounds were input into
ICM and an index file was created. Conformational sampling was based
on the Monte Carlo procedure 30, and finally the lowest-energy and the
most favorable orientation of the ligand were selected.

2.3. Cloning, expression, and purification of KGA

The catalytical domain of human KGA (cKGA) encoding amino acids
221–553 was cloned into pET26(b) vector with C-terminal His tag and
expressed in E. coli BL21 (DE3)-RIL-Condon plus cells. The cells were
cultured in LB media at 37 °C to OD value at 0.6–0.8, then induced with
0.4 mM IPTG at 16 °C for 16 h. Cells were harvested by centrifugation
and sonicated in the lysis buffer containing 50mM Hepes (pH 7.5),
500mM NaCl, 5 mM imidazole, 10% glycerol, 1 mM DTT, 0.1% (v/v)
Triton X-100, and 1mM PMSF (Sigma-Aldrich USA). After centrifuga-
tion (22 000g×30min, 4 °C), the soluble fraction was bound to Ni-
NTA resin (Qiagen), and washed with a buffer containing 20mM imi-
dazole, then eluted with a buffer containing 300mM imidazole. The
protein was further purified by using a Superdex-200 column (GE-
health care, USA) in a buffer containing 20mM Hepes (pH 7.5),
200mM NaCl, 10% glycerol, and 3mM DTT.

2.4. Assays for KGA enzyme inhibition

The KGA profiling assays were used to evaluate the compound-de-
pendent inhibition of KGA in vitro catalytic assay [31]. The activity and
inhibition of KGA were determined by measuring the production-NADH
using a microplate reader. The enzyme activity was measured in 100 μL
system. Reaction buffer containing 50mM Tris-Acetate (pH 8.6),
0.15M K2HPO4, 0.1 mg/mL bovine serum albumin (BSA), 0.25mM
EDTA, 1mM DTT, 4mM NAD, 10mM glutamine, 1 unit of glutamate
dehydrogenase (GDH) and inhibitor were added to each well in 96-well
plates. Finally, the KGA enzyme was added to initiate the reaction at the
final concentration of 1 μM. Generation of NADH was monitored by
340 nm absorbance at 37 °C for 20min. The IC50 values were calculated
by fitted regression equation using the Log plot (GraphPad Prism 6).
Each value was represented with means ± SD of three independent
tests, each with three replicates.

2.5. Microscale thermophoresis (MST) assay

Specific details were referenced to the method of binding affinity
determination by microscale thermophoresis [32]. According to the
manufacturer’s instructions, KGA was labeled with the Monolith NT™
Protein Labeling Kit RED (Cat#L001). Labeled protein was diluted to
200 nM by the buffer containing 20mM HEPES (pH 7.5) and 0.05% (v/
v) Tween-20. Compound was diluted in a range of concentration steps
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and incubated with KGA for 10min at room temperature. Samples were
loaded into Monolith TM standard-treated capillaries, incubated for
10min at 26 °C, then the thermophoresis was carried out on a Monolith
NT.115 instrument (Nano Temper Technologies, München, Germany).
Datas were obtained with 100% LED power and 20%MST. Kd value was
fitted by using the NT Analysis software (Nano Temper Technologies,
München, Germany).

2.6. Cell culture

The human pancreatic cancer cells (SW1990) and human fi-
brosarcoma cells (HT1080) were obtained from ATCC (Manassas, VA,
USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco BRL) supplemented with 10% (v/v) fetal bovine serum (FBS)
(Invitrogen) and 1% (v/v) penicillin–streptomycin solution

(Invitrogen). Cell culture was maintained in humidified atmosphere
containing 5% CO2 at 37 °C.

2.7. Cellular thermal shift assay (CETSA)

CETSA is a method based on the principle of ligand-induced stabi-
lization of target proteins for direct detection of the ability of a com-
pound binding to a target at the cellular level. Briefly, SW1990 cells
cultured with 90% confluence in 100× 20mm tissue culture dishes
were treated with media containing 0.2% DMSO or 20 µM physapu-
bescin I (0.2% DMSO) for 12 h. After treatment, the cells were isolated
with trypsin, collected by centrifugation, then resuspended in PBS. The
cell suspension was divided equally into 5 PCR tubes and heated at a
temperature gradient from 44 °C to 52 °C for 3min. Subsequently, the
cells were analyzed by a Western blot assay.

Fig. 1. The low-energy binding conformations of physapubescin I bound to KGA generated by virtual ligand docking. (A) The chemical structure of physapubescin I.
(B) Ligand interaction diagram of physapubescin I with KGA. (C) The binding pocket analysis of physapubescin I on KGA.
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2.8. Western blot analysis

The harvested cells were lysed using liquid nitrogen and two re-
peated freeze-thaw cycles. Insoluble debris was removed by cen-
trifugation and the concentration of protein was quantified using a BCA
Protein Quantitation Kit (Beyotime, China). Equal amounts of protein
(20–40 μg) from each sample were subjected to 10% SDS-PAGE and
electrophoretically transferred to polyvinylidene difluoride membrane
(PVDF) (Millipore, USA). After blocking for 2 h at room temperature
with Tris-buffered saline containing 5% non-fat dry milk, the mem-
brane was incubated overnight with the following primary antibodies:
β-actin (A2228) and KGA (20170-1-AP). Protein bands were visualized
using an enhanced chemiluminescence reagent (ECL Plus) (GE
Healthcare, USA) after hybridization with a HRP conjugated secondary
antibody. Band density was quantified using ImageJ software.

2.9. Cytotoxicity assay

The cells were seeded at a density of 5000 cells per well in 96-well
plates and cultured overnight for cell attachment. Cells were incubated
with different concentrations of physapubescin I (0–80 µM) for 48 h
while BPTES and CB-839 were used as the positive control. Cell viabi-
lity was then assessed using the CCK8 assay kit according to the man-
ufacturer’s instructions. Absorbance was measured at 450 nm using an
enzyme-linked immunosorbent assay reader (Zeiss, OBSERVER D1/
AX10 cam HRC). All experiments were performed in triplicate and the
IC50 of physapubescin I was calculated from the dose response-inhibi-
tion curve by using GraphPad Prism 6.

2.10. siRNA transfection

Briefly, siRNA was designed and purchased from General
Biosystems company. The SW1990 cells were transfected with 50 nM
siKGA or siCtrl using Hieff TransTM Liposomal Transfection reagent
(YEASEN), according to the manufacturer’s instructions. The sequences
of siRNA1-3 and siCtrol are: GCAAAGAGCUGGUGGCCUCTTGAGGCC
ACCAGCUCUUUGCTT; CUGAAUAUGUGCAUCGAUATTUAUCGAUGC
ACAUAUUCAGTT; GAGGAAAGGUUGCAGAUUATTUAAUCUGCAACC
UUUCCUCTT; UUCUCCGAACGUGUCACGUTTACGUGACACGUUCGGA
GAATT. Subsequently, the cells were analyzed by a Western blot assay.

2.11. EdU and DAPI double staining to detect cell proliferation

The logarithmic growth phase cells were plated in 24-well plates at
a density of 2× 104–5×104 cells per well for 4–6 h. Then, cells were
incubated in serum-free DMEM containing 50 μM EdU (RiboBio,
Guangzhou, China) for 2 h, and treated with 5 μM, 10 μM physapu-
bescin I or DMSO (negative control, all containing 0.2% DMSO). After
2 h, the medium was removed and cells were washed with PBS. Cells
were fixed using fixing buffer (4% polyformaldehyde) for 30min, then
subjected to Apollo staining and DNA staining according to the manu-
facturer’s instructions. Cells were imaged using a fluorescence micro-
scopy, and experiments were repeated at least three times. The number
of EDU positive cells and DAPI positive cells were counted. The EdU
positive ratio was quantified to DAPI positive cells.

2.12. Hoechst 33258 staining to detect cell apoptosis

The cells were incubated with physapubescin I for 24 h, stained with
Hoechst 33258 at 37 °C for 30min, then captured with a fluorescence
microscope, and experiments were repeated at least three times.
Apoptotic cells showing fragmentation and dense staining of nuclei, and
stained cells were counted. The rate of cells apoptosis was quantified by
the ratio of cells with fragmented and densely stained nuclei to all cells.

2.13. Cell proliferation assay

SW1990 cells were seeded into 96-well plates at a density of
2×103 per well. Cell proliferation was assessed for 24 h, 48 h, 72 h,
96 h at 37 °C and measured the absorbance at 490 nm using MTT
method. The experiment was performed in triplicate.

2.14. Measurement of intracellular metabolism level

NADPH/NADP+ ratio were determined by using NADP+/NADPH
Quantification Colorimetric Kit (BioVision, #K347-100). The abun-
dance of intracellular glutamine (KeyGen, Nanjing, China A124), glu-
tamate (KeyGen, Nanjing, China A074), (BioVision, #K778), aspartate
(BioVision, #K552), oxaloacetate (BioVision, #K659) and malate
(BioVision, #K637) was determined by using quantification kits, ac-
cording the manufacturer’s instruction. Briefly, 5×106 cells (10 cm
dishes) were collected during log-phase growth by cell scraper, homo-
genized in 0.2 mL of provided buffers (on ice), and centrifuged at 4 °C
for 10min at 13,000g. Supernatants were deproteinized using 10 K ul-
trafiltration tube (Millipore, USA), analyzed and compared to standard
curves. The signals obtained were normalized to the protein con-
centration calculated upon processing a parallel 10 cm dish.

2.15. Antitumor efficacy of physapubescin I in xenograft mouse model

All animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals of Tongji Medical
College, Huazhong University of Science and Technology and approved
by the Ethics Committee. CB-17/SCID mice (male, 4 weeks old) were
purchased from Beijing HFK Bioscience CO., LTD (Beijing, China).
SW1990 cells (3× 106 cells) were inoculated subcutaneously (s.c.) into
the left flank of each mouse. After palpable tumors developed, mice
were randomly divided into six groups (n= 9 for each group) and
treated daily by gavage of natural saline or 5mg/kg physapubescin I
(both containing 0.2% DMSO) for 15 days. The dose volume was
0.1 mL/10 g body weight and the weight of mice was recorded every
three days. Meanwhile, the tumor volume was measured with a vernier
caliper every three days and calculated by the following formula:
(A×B2)/2, where A was length and B was width of the two-dimension
tumor. After mice were sacrificed, tumor weight was measured. The
inhibition ratio (%) was calculated using the following equation: I% =
100% × [Wtumor (natural saline) - Wtumor (treated)]/Wtumor (natural saline).

For histological examinations, specimens including livers, spleens,
kidneys and pancreas were fixed in 4% paraformaldehyde for 24 h, and
subsequently embedded in paraffin wax and cut in 5 μm. H&E staining
was carried out on sections of these normal tissues. After being de-
waxed and rehydrated, these sections were dipped into Mayer’s he-
matoxylin for 5min. Followed by rinsing with H2O, the sections were
stained with 1% eosin Y solution for 3min. The sections were dehy-
drated with alcohol and xylene. Finally, a mounting medium was added
before covering with a cover slip.

2.16. Statistical analysis

Statistical analysis of the data was performed using Graph Pad Prism
6.0 software. The data were expressed as the means ± SD. Values were
analyzed using SPSS version 12.0 software by one-way analysis of
variance (ANOVA), and P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Virtual ligand screening

In order to discover new KGA inhibitors, over 100 compounds in-
cluding withanolides, flavonoids, and coumarins from Physalis
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pubescens were screened in silico against the KGA model (PDB code:
3VP1) by using ICM 3.7.3 modeling software (MolSoft LLC, San Diego,
CA) [33] The lowest-energy and the most favorable orientation of the
ligand was selected, followed by enzymatic inhibition assay to find
potential natural KGA inhibitors (Supplementary Table 1). The results
predicted that physapubescin I (Fig. 1A) may have strong binding af-
finity to KGA with the very negative mfScores of −122.50 (Table 2).
From the generated docking model, physapubescin I extended into the
active site of the enzyme, it occupied the cavity both containing the
substrate and product of the enzyme, completely hindering the entrance
of binding site. Hydrogen bonds were predicted between the ester
carbonyl group at C-16 and Lys320, as well as between hydroxyl group
at C-4 with Asn335 and Tyr414. Also, physapubescin I formed several
key hydrophobic interactions with Tyr249, V484, and Tyr466 (Fig. 1B
and C). To compare binding modes of KGA inhibitors, co-crystal
structures of DON (PDB code: 4O7D) [16], BPTES (PDB code: 3VP1) [9]
and CB-839 (PDB code: 5HL1) [34] with KGA were overlapped with the
docking result of physapubescin I (Supplementary Fig. 1). As shown in
Supplementary Fig. 1, BPTES (orange) and CB-839 (blue) are bound in
an allosteric pocket which was just close to the catalytic site of the
enzyme, where they are interacting with the “gating loop” to regulate
the enzyme activities [34]. DON (purple), the substrate analogue, was
bound with the same catalytic site of glutamine (green).

3.2. In vitro enzyme inhibition assay

To confirm the inhibition of KGA by physapubescin I in vitro, an
enzyme inhibition assay was performed. The result demonstrated that
physapubescin I significantly inhibited the activity of KGA in vitro with
IC50 of 7.02 ± 0.89 μM (Fig. 2A, Supplementary Table 1), similar to
the positive control BPTES with IC50 of 8.37 ± 0.25 μM, but worse
than CB-839 with IC50 of 0.97 ± 0.04 μM [35] (Table 2). On the other
hand, using glutamine as a substrate, we performed a steady-state

enzyme kinetics study of physapubescin I inhibiting KGA. The results
indicated that physapubescin I exhibited a mixed-type inhibition with
both non-competitive and competitive characteristics, for Km was in-
creased and Vmax was decreased when the concentrations of physa-
pubescin I raised (Fig. 2B–C and Table 1). This enzyme kinetics result
was consistent with the above docking model in which physapubescin I
occupied both the entrance of the substrate and its binding site. Also,
the inhibition caused by physapubescin I was reversible, as shown in
Fig. 2D, the increasing concentrations of the substrate glutamine from
10mM to 40mM could abrogate the inhibition by 40 μM physapubescin
I.

3.3. High binding affinity of compound-protein

The equilibrium dissociation constant Kd is the most straightforward
parameter reflecting binding strength of compounds with proteins. We
employed the microscale thermophoresis (MST), a method based on the
fluorescent behaviour of protein in diverse ligand concentrations during
thermophoresis to investigate interactions of protein–protein or pro-
tein-small molecule, to assess the binding affinity of physapubescin I
and KGA [32]. The Kd value of physapubescin I obtained on MST was
2.89 ± 0.10 μM, exhibiting its high binding affinity with KGA
(Fig. 3A).

The cellular thermal shift assay (CETSA) based on the ligand

Fig. 2. In vitro enzyme inhibition assays. (A) Dose response inhibition of KGA activity by physapubescin I. (B) Line weaver-Burk double-reciprocal representation of
the glutamine saturation profiles for KGA at a range of concentrations of physapubescin I. (C) Glutamine saturation profiles for KGA at a range of concentrations of
physapubescin I. (D) Saturated inhibition assay. Glutamine was 10mM at 1–4min and increased to 40mM at 4min. Physapubescin I was 40 μM.

Table 1
Kinetic studies of enzyme inhibition by physapubescin I on KGA with glutamine
as the substrate.

C (physapubescin I, μM) Control 5 10 20

Vmax (OD/min) 0.13 0.10 0.07 0.06
Km (mM) 0.96 1.69 2.40 3.31

K.-Y. Yang, et al. Bioorganic Chemistry 92 (2019) 103186

5

http://3VP1
http://4O7D
http://3VP1
http://5HL1


induced stabilization of target proteins was employed to confirm the
interaction between physapubescin I and KGA in vitro. The thermal
stability of KGA in human pancreatic cancer cells SW1990 was tested at
the temperature range of 44–52 °C. The KGA of 20 μM physapubescin I
treated group was more thermostable than that of DMSO treated group,
as the KGA band could still be clearly visible in higher temperature
(Fig. 3B–C). These results implied that the specific binding of physa-
pubescin I to KGA in SW1990 cells. The combination of MST and CETSA
assays ensures precise assessment of KGA-physapubescin I binding
strength and provides useful information for further studies.

3.4. Cytotoxicity assay of physapubescin I

Human pancreatic cancer cells SW1990, human fibrosarcoma cells
HT1080 and human breast cancer cells MDA-MB-231 which exhibited
highly dependence on glutamine [20,35], were employed to investigate
proapoptosis activity and on-target activity of the KGA inhibitor. The
growth inhibitory effects of physapubescin I against SW1990, HT1080
and MDA-MB-231 cells were investigated using CCK8 method. As a
result, physapubescin I showed strong inhibitory effects toward
SW1990, HT1080 and MDA-MB-231 cells with IC50 of 3.34 ± 0.04 μM,
5.04 ± 0.05 μM and 2.06 ± 0.03 μM, respectively (Fig. 4A–C), and
was more potent than the known inhibitor BPTES, which has IC50 of
35.33 ± 3.21 μM, 45.72 ± 4.67 μM and 25.20 ± 2.18 μM against
three cell lines, respectively (Table 2). The growth inhibitory effect of
physapubescin I against SW1990 was better than CB-839, which has
IC50 of 13.06 ± 0.57 μM [35].

3.5. siRNA knockdown of KGA

SW1990 cells transfected with siRNA1-3 down-regulated KGA ex-
pression compared to siRNA transfected control (si-Control) (Fig. 5A).
SW1990 cells transfected with siRNA-2, siRNA-3 or si-Control were
treated with physapubescin I. Then, the cell viability was analyzed. The
results showed that knockdown of KGA by siRNA reduced the inhibition
of physapubescin I to SW1990 cells (Fig. 5B).

3.6. Effects of physapubescin I on proliferation and proapoptosis of cells

We selected SW1990 cells for EdU and DAPI double staining assays
to further determine the effect of physapubescin I on SW1990 cell
proliferation. It was found that the number of EdU-positive cells treated
with physapubescin I showed a significant dose-dependent decrease.
And inhibitory effect of 10 μM physapubescin I was significantly
stronger than that of 40 μM BPTES (Fig. 6A–B). These results demon-
strated that physapubescin I could inhibit SW1990 cell proliferation
more efficiently than the known KGA inhibitor, BPTES.

To verify whether physapubescin I has a pro-apoptotic effect on
SW1990 and MDA-MB-231 cells, 5 μM and 10 μM physapubescin I, and
40 μM BPTES-treated cells were stained with Hoechst 33258, respec-
tively. Compared with the control group, 5 μM and 10 μM physapu-
bescin I treated cells obviously showed fragmentation and dense
staining of nuclei, and that ratio was more than that of 40 μM BPTES
treated cells (Fig. 6C–F). These results demonstrated that physapu-
bescin I had a proapoptotic effect on SW1990 and MDA-MB-231 cells.

Table 2
Determination of physapubescin I about binding affinity, IC50 for enzyme and cells.

Compounds mfScoresa (kcal/mol) Kd (μM) IC50 (μM) for Enzyme IC50 (μM) for Cells

SW1990 HT1080 MDA-MB-231

Physapubescin I −122.50 2.89 ± 0.10 7.02 ± 0.89 3.34 ± 0.04 5.04 ± 0.05 2.06 ± 0.03
BPTES – – 8.37 ± 0.25b 35.33 ± 3.21 45.72 ± 4.67 25.20 ± 2.18
CB-839 – – 0.97 ± 0.04b 13.06 ± 0.57b – –

“−”means no tested. “a” means Docking score/interaction potential of compounds with KGA (kcal/mol). “b” means this data is from reference [35].

Fig. 3. Physapubescin I binding to KGA was confirmed by MST and CETSA asssays. (A) The binding curve of physapubescin I with KGA, Kd= 2.89 ± 0.10 μM in an
independent experiment. (B) Quantification of band intensity of KGA in CETSA experiments in an independent experiment. (C) CETSA performed in SW1990 cells
treated with 20 μM physapubescin I.
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3.7. Physapubescin I impaired glutamine metabolism

To further investigate whether the inhibitory effect of physapu-
bescin I on SW1990 cell proliferation was mediated by inhibition of
glutamine metabolism, a α-Ketoglutarate (α-KG) supplementing assay
was carried out. The results showed that 5 μM physapubescin I sig-
nificantly inhibited cell proliferation, while the addition of 16mM α-KG
relieved the inhibition of cell proliferation induced by physapubescin I.
(Fig. 7A). These results indicated that the inhibitory effect of physa-
pubescin I on SW1990 cell proliferation was closely related to gluta-
mine metabolism.

On the other hand, the effects of different concentrations of phy-
sapubescin I on the intracellular glutamine and its downstream meta-
bolites were studied in detail and compared with BPTES. The results
showed that it could significantly reduce the consumption of glutamine
in SW1990 cells and decrease the production of glutamate and its
downstream metabolites including oxaloacetic acid, aspartate, and
malate (Fig. 7B).

Likewise, physapubescin I significantly reduced the proportion of
NADPH/NADP+ in cells. These results indicated that physapubescin I
impaired the glutamine metabolism, thereby reduced downstream
products of tricarboxylic acid cycle which provided energy and parti-
cipated in the synthesis of biological macromolecules, and consequently
inhibited cell growth and proliferation. Therefore, physapubescin I re-
duced glutamine consumption in SW1990 cells, and correspondingly
increased the intracellular level of glutamine, and decreased the level of
glutamate and its downstream metabolites.

3.8. In vivo inhibitory effect of physapubescin I in SW1990 solid tumor

In this study, we employed SW1990 xenograft mouse model to
evaluate the in vivo antineoplastic activities of physapubescin I. Results

showed that intraperitoneal injection of 5mg/kg physapubescin I could
significantly inhibit the growth of the tumor (P < 0.01) (Fig. 8A, C and
D). Examination of livers, spleens, kidneys and pancreas of mice treated
with physapubescin I revealed no pathological changes in these normal
tissues compared with the natural saline-treated group by H&E-stained
assay (Fig. 8E). Furthermore, physapubescin I showed no effect on mice
body weight (Fig. 8B), suggesting its low toxicities in vivo.

4. Discussion and conclusions

Kidney-type glutaminase (KGA), catalyzing the hydrolysis of gluta-
mine to glutamate, plays a key role in cancer cells, where it is over-
expressed and maintains cell survival by supplying energy through
glutamine metabolism pathway [36–38]. KGA has been regarded as a
new target for cancer therapy in recent years [39,40].

Efforts have been made to develop specific KGA inhibitors to im-
prove their efficiency and specificity, and to reduce doses and side ef-
fects. Although KGA has been widely studied as a key metabolic en-
zyme, the numbers of its inhibitors found so far are relatively few. For
example, DON, a traditional KGA inhibitor, is a valuable tool to explain
the physiological effects of KGA, but its weak efficacy and lack of se-
lectivity hinder its application as a therapeutic agent [18]. BPTES,
another inhibitor, has been terminated in the preclinical stage due to its
poor metabolic stability and low solubility [19,20]. CB-839 is now the
only GLS inhibitor in phase I/II clinical trials and combined with other
agents [20]. Since de novo design for new targeted antitumor drug is a
difficult task, natural products and their derivatives are good alter-
natives to obtain active lead compounds.

Physalis pubescens is an edible and medical plant with a wide dis-
tribution in the world, and its nutritious and delicious fruits are a kind
of popular healthy food. Here, we reported physapubescin I discovered
from its fruits, husk tomato, as a truly natural KGA inhibitor

Fig. 4. Cell IC50 of physapubescin I. (A) The IC50 of physapubescin I to SW1990 cells was 3.34 ± 0.04 μM. (B) The IC50 of physapubescin I to HT1080 cells was
5.04 ± 0.05 μM. (C) The IC50 of physapubescin I to MDA-MB-231 cells was 2.06 ± 0.03 μM.

Fig. 5. Knockdown of KGA in SW1990 cells. (A) Knock down of KGA using siRNA in SW1990 cells followed by western blotting revealed the protein expression levels
of KGA, compared with the mock siRNA-transfected control. (B) SW1990 cells were transfected with siRNA-2, siRNA-3 or si-Control followed by treatment with
physapubescin I. Cell viability was analyzed.
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structurally distinct from BPTES. And the compound-KGA complex (3D
model) further disclosed the molecular basis of physapubescin I tar-
geting KGA and its kinetics mechanism, which was consistent with the
results of MST, CETSA and enzyme inhibition assay. As reported in
previous study that truncated KGA having the main catalytic domain
had the same enzymatic activity as the full-length protein in vitro or
cells [41], so it should not be an issue for the initial screen by using the
truncated KGA protein in this study. As we further validate the results
through cytotoxicity assays, siRNA transfection and CETSA experi-
ments, all these were based on the full-length KGA protein. Further-
more, at the cellular level, physapubescin I showed stronger pro-
apoptosis and anti-proliferation than BPTES against SW1990, MDA-MB-
231 or HT1080 cells which exhibited highly dependence on glutamine,
indicating that physapubescin I killed these specific cancer cell lines
through a KGA dependent manner. Knockdown of KGA by siRNA

reduced the inhibition of physapubescin I to SW1990 cells. Outcomes of
cellular metabolite analysis also demonstrated that physapubescin I
impaired glutamine metabolism to trigger mechanism-based cell death.
Furthermore, physapubescin I showed a significant inhibition on the
tumor growth in SW1990 xenograft mouse model with low toxicities,
which suggested its potential therapeutic utilities in pancreatic cancer
treatment.

Physapubescin I, a natural compound extracted from the husk to-
mato, has shown strong anti-tumor effects in the pancreatic cancer cell
model and the murine xenograft model, with high targeting and low
toxicities. Therefore, compared with known KGA inhibitors, physapu-
bescin I has more significant values for further investigation. Our pre-
vious research reported that one withanolide, physapubescin K showed
KGA inhibitory activity [35]. Herein, physapubescin I is also found to
be another KGA inhibitor. Comparison of two withanolides showed the

Fig. 6. Effects of physapubescin I on proliferation and proapoptosis of cells. (A) DAPI and EdU double staining was used to determine the effect of different
concentrations of physapubescin I on the proliferation of SW1990 cells. BPTES was used as positive control. (B) The EdU positive ratio was quantified to DAPI
positive cells. (C) Physapubescin I induced SW1990 cells apoptotic effect detected by Hoechst 33258 staining. The cells were treated with physapubescin I (5 μM and
10 μM) for 24 h, then stained with Hoechst 33,258 and observed through a fluorescence microscope (×200 magnification). (D) The rate of SW1990 cells apoptosis
was quantified by the ratio of cells with fragmented and densely stained nuclei to all cells. (E) Physapubescin I induced MDA-MB-231 cells apoptotic effect detected
by Hoechst 33258 staining. (F) The rate of MDA-MB-231 cells apoptosis was quantified by the ratio of cells with fragmented and densely stained nuclei to all cells.
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similar structures, except for the presence of an acetoxyl group on C-16
and the absence of a methoxyl group on C-26 in physapubescin I. Our
present research suggested that the KGA inhibition was related to the
presence of functional groups (4β-hydroxy-2-en-1-one in ring A and
5β,6β-epoxy in ring B), but the substituent groups in ring D and the side
chain were not critical for the activity of withanolides. The preliminary
structure-activity relationship might provide reference for the further
structural derivation of withanolides targeting at KGA. Indeed, some

literatures report GAC is more active than KGA and overexpressed in
many cancers, indicating that GLS1 alternative splicing may play an
important role in the presumed higher glutaminolytic flux in cancers
[20], but the role of physapubescin I for the GAC is unclear, which
requires further study and validation. In future studies, we will further
explore drug combinations, structural modifications based on KGA
structure, and experimental therapies on other cancers.

Fig. 7. Physapubescin I impaired glutamine metabolism in SW1990 cells. (A) The α-KG relieved the inhibition of cell proliferation by physapubescin I in SW1990
cells. The difference between control group and groups treated by 5 μM physapubescin I, 5 μM physapubescin I and 16mM α-KG or 16mM α-KG was indicated by *.
The difference between groups treated with 5 μM physapubescin I or 5 μM physapubescin I and 16mM α-KG was indicated by #. (B) Effects of physapubescin I on
glutamine metabolism. Relative intracellular metabolite levels and NADPH/NADP+ were measured in SW1990 cells treated with DMSO, 5 μM or 10 μM physapu-
bescin I for 4 h. BPTES was used as a positive control. The treated and untreated conditions were compared by one-way analysis of variance. *P < 0.05; **P < 0.01;
***P < 0.001; ns means no significant difference.
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