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ABSTRACT

Glycogen phosphorylase (GP) is the rate-determining enzyme in the glycogenolysis pathway. Glioblastoma (GBM) is amongst the most aggressive cancers of the
central nervous system. The role of GP and glycogen metabolism in the context of cancer cell metabolic reprogramming is recognised, so that GP inhibitors may have
potential treatment benefits. Here, baicalein (5,6,7-trihydroxyflavone) is studied as a GP inhibitor, and for its effects on glycogenolysis and GBM at the cellular level.
The compound is revealed as a potent GP inhibitor against human brain GPa (K; = 32.54 pM), human liver GPa (K; = 8.77 pM) and rabbit muscle GPb (K; = 5.66 M)
isoforms. It is also an effective inhibitor of glycogenolysis (IC5p = 119.6 uM), measured in HepG2 cells. Most significantly, baicalein demonstrated anti-cancer
potential through concentration- and time-dependent decrease in cell viability for three GBM cell-lines (U-251 MG, U-87 MG, T98-G) with ICs5y values of
~20-55 pM (48- and 72-h). Its effectiveness against T98-G suggests potential against GBM with resistance to temozolomide (the first-line therapy) due to a positive
05-methylguanine-DNA methyltransferase (MGMT) status. The solved X-ray structure of rabbit muscle GP-baicalein complex will facilitate structure-based design of

GP inhibitors. Further exploration of baicalein and other GP inhibitors with different isoform specificities against GBM is suggested.

1. Introduction

Glioblastoma Multiforme (GBM) is a grade IV glioma classified by
the World Health Organisation (WHO) as the most aggressive and
frequently occurring primary malignancy of the central nervous system.
[1] Current treatment strategies generally consist of maximal safe sur-
gical resection prior to radiation therapy (RT) and concomitant
chemotherapy with the alkylating agent temozolomide (TMZ). [2]
However, despite the available treatment options, GBM remains a
deadly disease with poor prognosis. In fact, there has been little
improvement in the survival rates of GBM patients for more than three
decades, with <5% of patients surviving 5 years and few patients sur-
viving 2.5 years. [3] Taken together, the importance of pursuing new
strategies for drug development against GBM is evident.

Glycogen phosphorylase (GP; EC 2.4.1.1), the rate-determining
enzyme in the glycogenolysis pathway, is a key regulator of glucose
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levels and is an important therapeutic target (liver isoform) for new type
2 diabetes treatments. [4] However, it is also recently attracting sig-
nificant interest for discovery of potential anti-cancer agents, including
against GBM. [5-8] Metabolic reprogramming in cancer cells is a
fundamental property of these cells in response to a hypoxic tumour
environment. Cancer cells rely on glycolysis to cover their energy de-
mands. Thus, reduction in glucose availability and inhibition of glyco-
genolysis are considered as defence mechanisms against cancer
progression. [9] In this context, it was demonstrated that a GP inhibitor
(CP-320626) induces apoptosis in pancreatic tumour cells by reducing
glucose oxidation, nucleic acid and lipid synthesis. [10] A comprehen-
sive in vitro and in vivo study which used U-87 GBM cells suggested GP as
a promising target for new anti-cancer agents. [7] In that study,
depleting liver GP was associated with glycogen accumulation and
reduced cancer cell proliferation and corresponding induction of
senescence, at least partially via a ROS-dependent mechanism leading to
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p53 activation. A very recent study demonstrated that liver glycogen
phosphorylase is upregulated in GBM and inhibition of glycogen
degradation sensitises GBM cells to high dose radiation. [8] Addition-
ally, an Oncomine search (a cancer microarray database and web-based
data-mining platform) revealed increased expression of liver GP in a
number of tumour types [7] and it is one of 99 genes in the hypoxia
metagene proposed as a hypoxic signature in head and neck squamous
cell carcinomas (HNSCC) and breast cancer. [11]

Natural products including polyphenols have served as a rich source
of good GP inhibitors. [12-14] This has been demonstrated by the
flavonoid analogue flavopiridol (Fig. 1), which is a potent GP inhibitor
with a Kj of ~1 pM (Table 1) [15] and has anti-GBM effects that may in
part be attributed to its effect on GP. [16] Flavonoids have a basic
chemical scaffold made up of two aromatic rings (A and B) that are
linked by three carbon atoms (normally part of a heterocyclic ring that
contains an oxygen, labelled C) (c.f. Fig. 1). The differences in ring C
structural features lead to the classification of flavonoids as either fla-
vanols, flavones, flavanones, isoflavonoids and anthocyanidins, and a
number of works have studied the GP inhibitory potential of a range of
these compounds, [15,17-23] the best of which are low pM inhibitors.
Flavonoids including baicalein are known to bind to a variety of
different enzymes, [24-27] and polypharmacology such as this can be
important towards discovery of more effective agents against different
conditions, such as cancer. [28] Baicalein (5,6,7-trihydroxyflavone,
Fig. 1) is a flavone that was originally isolated from the roots of Scu-
tellaria lateriflorahas and Scutellaria baicalensis (edible medicinal plants).
It is a major flavonoid of S. baicalensis (Huangqin in Chinese), a tradi-
tional Chinese herbal medicine used in the treatment of a range of
symptoms related to cancer. [29] Baicalein inhibition of GP (mainly
rabbit muscle isoform) alongside a range of other flavonoids has been
probed with ICs5p values ~11-24 pM reported, [17,22] and it has
demonstrated promising anti-tumour effects against a number of cancers
including colon, breast, pancreatic, melanoma and esophageal squa-
mous cell carcinoma. [30-35] It has also shown initial promise against
GBM studied using the U-251 cell-line [36] and by reducing the
contribution of reactive oxygen species (ROS) to invasion/migration in
U-87 cells by ERK-dependent COX-2/PGE; activation. [37]

Biologically active GP is a dimer that has pyridoxal 5—phosphate
(PLP) as cofactor; it is regulated allosterically and by phosphorylation,
with this regulation following different patterns for the three different
GP isoforms (liver, muscle, brain). [38,39] There are two interconvert-
ible GP forms, GPa and GPb. GPa is the Ser14 phosphorylated form with
high activity and substrate affinity (R state); GPb is the unphosphory-
lated form with low activity and substrate affinity (T state). [4] A
number of different GP binding sites have been reported (the catalytic,
allosteric, new allosteric, inhibitor, quercetin, and glycogen storage

Baicalein

HO. o
SO

OH 0O
Flavopiridol

Fig. 1. Chemical structures of the flavonoids baicalein and chrysin, together
with the flavonoid analogue, flavopiridol. Flavonoid atom numbering and ring
labelling schemes used in text are shown for baicalein.
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Table 1

Kinetics results (K; values, pM) for baicalein against different GP isoforms in this
study compared to the previously studied flavonoids, chrysin and flavopiridol.
The chemical structures of the inhibitors are shown in Fig. 1.

Inhibitor GP isoform
rmGPb rmGPa hlGPa hbGPa
Chrysin 7.56 4+ 0.81%° (19.01 5.14 + 7.28 + -
+1.85)™¢ 0.06™ 0.09™¢
Flavopiridol ~ 1.24 + 0.08"¢ - - -
Baicalein 5.66 + 0.18" - 8.77 + 32.54 +
0.35" 3.93°

# Direction of glycogen synthesis.

Y Direction of glycogen breakdown.
¢ Reference [18].

d Reference [15].

sites), providing a range of options for design of structurally diverse
inhibitors with therapeutic potential. The inhibitor site (also known as
the caffeine binding and purine nucleoside site) is located near the
entrance of the GP catalytic site, some 12 A away. Ligands binding at the
site are intercalated between the aromatic side chains of Phe285 (from
the 280s loop) and Tyr613, forming sandwich complexes that exploit & —
n stacking interactions as determined by X-ray crystallography. [15,18]
These include the flavonoid chrysin (Fig. 1) (rmGPb: K; = 19.01 pM in
direction of glycogen breakdown; [15] K; = 7.56 pM in direction of
glycogen synthesis [18], as per Table 1) whose crystallographic binding
mode (PDB code: 3EBO) is shown in Fig. 2(B), and the aforementioned
flavopiridol (K; = 1.24 pM (Table 1); PDB code: 3EBP). [15]

In this study, we report a comprehensive evaluation of baicalein as a
GP inhibitor (docking, kinetics experiments against three GP isoforms
and X-ray crystallography), its effects on glycogenolysis inhibition and
against GBM in cellular studies. Baicalein is revealed as a potent GP
inhibitor, that is effective for reduction of glycogenolysis at the cellular
level. The compound demonstrated promising potential against GBM in
three different cell-line models. Furthermore, the inhibitory effect of
baicalein on GP activity was revealed in human hepatocarcinoma
HepG2 cells. While a large number of GP structures are available (www.
resb.org), the structure of brain GP had remained elusive until two
crystal structures were recently solved: one in complex with poly-
ethylene glycol (PEG) 400 (PDB ID: 5IKO) and another in complex with
AMP (PDB ID: 5IKP). [39] We have solved and report the crystal
structure of rmGP in complex with baicalein and performed a compar-
ative structural analysis with that of brain GP.

2. Results and discussion
2.1. In silico docking

To initially assess the inhibitory potential of baicalein, Glide-SP
docking calculations were employed. [40] Chrysin and its’ solved
crystal structure with GP (PDB code: 3EBO) was used as a benchmark for
comparison (Fig. 2(B)). Conserved water molecules in protein binding
sites can play a key role in bridging protein-ligand interactions. [41,42]
Glide-SP docking retaining the only conserved crystallographic water
molecule bridging protein-ligands contacts (ligand C4(0) with Asp283
backbone) in the GP-chrysin (PDB code: 3EBO) and GP-flavopiridol
(PDB code: 3EBP) complexes led to excellent agreement between pre-
dicted and crystallographic ligand positions, with an in-place ligand
RMSD (heavy atoms) of just 0.338 A. However, redocking of chrysin
using Glide-SP without any crystallographic waters retained also accu-
rately reproduced the binding features in the crystal structure with a
corresponding RMSD of 0.358 A, without application of any constraints
on the core structure to conserve the sandwich n-stacking interactions
involving Phe285 and Tyr613. Glide-SP (with the conserved bridging
water retained) was then used for baicalein docking (Fig. 2(A)) and
produced a top-ranking pose superimposable with chrysin’s
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Fig. 2. Binding interactions of baicalein compared with chrysin. (A) top-ranked binding pose of baicalein from Glide-SP (B) chrysin crystallographic binding mode
from PDB ID: 3EBO and (C) superimposition of the predicted binding pose of baicalein with the chrysin crystallographic binding mode. (Hydrogen bonds are
represented by dashed black lines; n-n interactions are shown in cyan; water molecule shown was conserved in GP — chrysin (PDB code: 3EBO) and GP-flavopiridol

(PDB code: 3EBP) complexes).

crystallographic position (core ring A, B and C skeletal atoms RMSD =
0.354 A; Fig. 2(C)). Again, Glide-SP (without crystallographic waters
retained) was consistent and produced a corresponding RMSD of 0.386
A. The extra hydroxyl group of baicalein on C6 (compared to chrysin) is
predicted to be involved in additional hydrogen bond interactions with
the Gly612 backbone O which is ~2.5 A away, further stabilising the
predicted complex. With respect to scoring, the docking predicted bai-
calein (Glidescore = —8.37 and —7.92 with and without the conserved
water molecule, respectively) to have similar or maybe slightly better
GP inhibitory potency compared to chrysin (Glidescore = —8.31 and
—7.82 with and without the conserved water molecule, respectively).
Chrysin has previously reported K; inhibition constants ranging 5.1-7.6
uM (Table 1) in the direction of glycogen synthesis for three different GP
isoforms/states (rmGPa, rmGPb, hlGPa) [18].

2.2. Kinetics

Kinetic studies were performed using rabbit muscle GPb (rmGPb),
human liver GPa (hlGPa), and human brain GPa (hbGPa), according to
the conditions described in the Experimental section. In the brain, hbGP
is predominantly found in astrocytes (which hold most of the brain
glycogen stores), and to a lesser extent in neurons [43,44]. Importantly.
while neurons have been reported to only express hbGP, astrocytes

express both hbGP and hmGP isoforms [45]. However, as mentioned in
the introduction, hlGP has been recently proposed as the important GP
isoform for targeting GBM. [7,8] Hence, the relevance of K; comparisons
for different isoforms rmGPb, hlGPa and hbGPa, is the first study of this
kind. The cDNA for hbGP shares 80% homology with the liver and 83%
with the muscle isozymes. [46] Analysis of the Lineweaver-Burk plots
for all three isoforms suggests that baicalein is a competitive inhibitor
with respect to the substrate, glucose-1-phosphate (Fig. 3), which is
expected for compounds binding to the inhibitor site and hinder binding
of the substrate to the catalytic site while they stabilize the T-state
conformation of the enzyme. [47] Baicalein was revealed as a potent low
micromolar inhibitor for rmGPb (K; = 5.66 pM) and hlGPa (K; = 8.77
uM), with similar potency to chrysin, and determined as slightly less
potent for hbGPa isoform (32.54 pM) (Table 1, Fig. 3).

2.3. X-ray crystallography

The structure of the rmGPb-baicalein was determined at 2.25 A
resolution. All atoms of the inhibitor are well defined within the electron
density map (Fig. 4(A)). Baicalein binds at the inhibitor site of rmGPb in
good agreement with the computational predictions (section 2.1) and
does not trigger any significant conformational change to the protein
structure (RMSD between the free and complexed structure 0.5 A for
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Fig. 3. Lineweaver plots for the inhibition of rmGPb (A), hiGPa (B) and hbGPa (C) by baicalein. Inset plots of Kyapp) versus baicalein concentrations used to
calculate the K; values from linear regression. Baicalein concentrations used were 0 (), 5 (@), 7 (0), 10 (m), and 20 (/\) uM for rmGPB and hlGPa, and 0 (c), 5 (@),

10 (O), 15 (m), 20 (A) and 30 (a) pM for hbGPa.

main chain atoms). Baicalein anchors at the inhibitor site by inter-
calating rings A and C (Fig. 1) between the aromatic side chains of
Phe285 and Tyr613 (Fig. 4(B)). Hydroxyl group O3 and carbonyl oxygen
of Gly612 form the only direct hydrogen bond interaction between the
inhibitor and the enzyme. Two water mediated hydrogen bond

interactions are also observed between carbonyl oxygen O5 of baicalein
and main chain nitrogen and carbonyl oxygen of Asp283, and two be-
tween hydroxyl oxygen O4 and side chain atoms of Asn282 and Pro611.
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Asp283(A)
™} baicalein
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Fig. 4. (A) The baicalein molecule within the electron density map. (B) The binding of baicalein at the inhibitor site of rmGPb. Water molecules are shown as spheres
and hydrogen bonds as dashed lines. (C) The Ligplot [48] diagrams for the GP-chrysin (PDB code: 3EBO), GP-flavopiridol (PDB code: 3EBP), and GP-baicalein (PDB
code: 8BZS) complexes. The ligands and protein side chains are shown in ball-and-stick representation, with the ligand bonds coloured in purple. Hydrogen bonds are
shown as green dotted lines, while the spoked arcs represent protein residues making nonbonded contacts with the ligand. The red circles and ellipses indicate protein
residues that are in equivalent 3D positions when the three structural models are superposed.

2.4. Ex-vivo glycogenolysis experiments

The efficacy of baicalein to inhibit glycogen phosphorylase was
assessed in human hepatocarcinoma HepG2 cells. HepG2 cells were
precultured (for 24 h) in high glucose medium (25 mM glucose), in the
presence of 100 nM insulin, to activate glycogen synthesis. The cells
were transferred to glucose free medium, in the presence of 100 nM
glucagon, conditions appropriate to induce glycogenolysis, in the
absence or presence of baicalein at a concentration range of 50-500 pM.
Assessment of the enzymatic activity of GP in cellular extracts of bai-
calein- and vehicle-treated HepG2 cells revealed high potency of bai-
calein to suppress GP activity, exhibiting an ICsp of 119.6 + 21.4 uM
(Fig. 5).

2.5. Cellular glioblastoma experiments

To determine the anti-cancer potential of baicalein, the cell viability
of three GBM cell lines (U-251 MG, U-87 MG, T98-G) was determined
following treatment for 24, 48 and 72 h. In each case, a significant
concentration- and time-dependent decrease in cell viability was
observed following baicalein treatment (Fig. 6). Following 48 and 72 h
of treatment, baicalein demonstrated similar efficacy in the U-251 MG
cell line to that reported previously with ICs¢ values of 45.1 and 35.8
pM, respectively (Table 2). [28] In the U-87 MG cell line, efficacy
increased with incubation time, demonstrated by IC5¢ values of 186 and
20.9 pM at 24 and 72 h, respectively. Perhaps the most significant result
is that observed in the T98-G cell line, where treatment reduced cell

100
80 -
= = _
S
S 60 [ -
- = i
= o)
8 a0 —
(7]
- B i
20 [~ O —
0 | | | | |

0 100 200 300 400 500 600
[Baicalein], M

Fig. 5. GP inhibition by baicalein in HepG2 cells. GP activity was assayed in
lysates of cells treated with 50, 100, 300, 500 pM baicalein for 3 h. GP activity
in cells treated with DMSO (vehicle control) was used as reference condition.

viability with an IC5g value of approximately 50 pM at 48 and 72 h. The
T98-G cell line is O%-methylguanine-DNA methyltransferase (MGMT)
positive, considered the key GBM characteristic that leads to resistance
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< 0.05).
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Table 2
Cell viability ICso values for the three glioblastoma cell lines, U-87 MG, T98-G,
and U-251 MG, following 24, 48, and 72-h treatment with baicalein.

Cell Line ICsp (pM)

24 48 72
U87-MG 186.3 40.4 20.9
T98G 103.6 50.0 55.1
U251-MG 220.4 45.1 35.8

to treatment with alkylating agent temozolomide, the first line therapy
for the treatment of GBM. Importantly, this result suggests that baicalein
could be effective in the treatment of GBM with either intrinsic or ac-
quired resistance due to a positive MGMT status.

3. Conclusions

Discovery of drug-like GP inhibitors has potential for the develop-
ment of alternative options for the treatment of GBM and other cancers.
Here, we have investigated the naturally occurring flavonoid baicalein
as a GP inhibitor against all three isoforms, a compound which has
previously demonstrated anti-cancer potential in a number of studies.
Docking studies predicted baicalein’s GP inhibitory potency and binding
(inhibitor site) similar to that previously reported for chrysin, and these
predictions were validated by experiment. X-ray crystallography deter-
mination of the rmGPb - baicalein complex revealed binding at the in-
hibitor site and the interactions responsible for the observed potency.
Inhibitors acting at this binding site generally act synergistically with
glucose, suggesting that inhibition would decrease as normoglycaemia is
achieved. [49] Baicalein was revealed as a good inhibitor of hbGPa (K;
= 32.5 pM), a low micromolar inhibitor of rmGPb and hiGPa (K;s < 10
pM) and was effective in reducing glycogenolysis (IC5p was 119.6 pM) in
a hepatocarcinoma HepG2 cellular model, with the liver isoform sug-
gested as the important target for GBM in recent studies. [8] In this
regard, baicalein demonstrated promising potential against GBM at the
cellular level, with significant reduction of cell viability in all three GBM
cell-lines with low micromolar ICsy values identified following 72 h of
treatment (20-55 pM). Further studies on baicaleins’ potential against
GBM are warranted, whose activity is likely to be in part due to GP in-
hibition. Similarly, this study also promotes further investigation of GP
as a target for GBM, including the design and evaluation of isoform
specific GP inhibitors (considering the different GP binding sites) against
a condition that is urgently in need of new treatment approaches.

4. Experimental section
4.1. Computational details

4.1.1. Protein preparation

Exploiting the solved GPb-chrysin co-crystallised complex (PDB:
3EBO; resolution 1.9 10\), [15] the GPD receptor structure was prepared
for calculations using Schrodinger’s Protein Preparation Wizard. [40]
Water molecules within 5 A of het groups were initially retained,
missing hydrogen atoms added, and bond orders assigned. Protonation
states for acidic and basic residues were established using the PROPKA
[50] predicted residue pK, values at pH 7.0. Subsequent optimization of
hydroxyl groups, histidine C/N atom flips and protonation states, and
sidechain O/N atom flips of Gln and Asn residues considered hydrogen
bonding patterns. Finally, the system was minimized using the OPLS3e
forcefield, [51] with the RMSD of heavy atoms restrained to be within
0.3 A of their crystallographic positions.

4.1.2. Ligand preparation

Chrysin and baicalein were prepared using Schrodinger’s Maestro
and LigPrep 3.9 program with Epik at a target pH of 7.0 “°; ligands in
their neutral state were selected for docking calculations.
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4.1.3. Docking details

For the docking calculations with Glide 8.1, [52] the shape and
properties of the GPb inhibitor site were mapped onto grids with di-
mensions of 24 A x 24 A x 24 A centred on the native crystal structure
ligand, chrysin. Default parameters were applied including van der
Waals radius scaling of non-polar atoms (by 0.8). Glide docking calcu-
lations were performed in SP mode, with post-docking minimization and
strain corrections applied. Docking calculations were performed without
any crystallographic waters present but also retaining a conserved
crystallographic water molecule in GP-chrysin (PDB code: 2EBO) and
GP-flavopiridol (PDB code: 3EBP) complexes, that bridges
protein-ligand contacts (ligand C4(0O) with Asp283 backbone).

4.2. Kinetics measurements

rmGPb and hlGPa were produced following established protocols.
[23,53] Brain GPb was produced by a modification of the Mathieu et al.
protocol [54] in E. coli C41(DE3) bacterial cells. Bacterial cells were
harvested with centrifugation and the pellet was resuspended in lysis
buffer containing (50 mM Tris-HCl pH 8.0, 0.3 M NaCl, 0.1% Triton
X-100, 10 mM imidazole, 1 mM PMSF and protease inhibitor cocktail).
The mixture was incubated at 4 °C, for 10 min in the presence of ben-
zonase and then sonicated at 70% amplitude, 4 °C for total 3 min.
Finally, the lysate was centrifuged and the supernatant containing the
soluble protein was filtered through a 0.45 pm filter and purified using
IMAC (HiTrap Talon Crude, GE Healthcare) and Size Exclusion Chro-
matography (SEC, S200 GE Healthcare) applied on AKTA purifier (GE
Healthcare). The chelating Sepharose resin was equilibrated with buffer
A (50 mM Tris-HCI pH 8.0, 0.3 M NacCl, 0.1% Triton X-100, 10 mM
imidazole) before the addition of the crude extract. The column was
washed with buffer containing of 50 mM Tris-HCl pH 8, 0.3 M NacCl,
0.1% Triton X-100, 20 mM imidazole and then the protein eluted with
buffer B (50 mM Tris-HCl pH 8, 0.3 M NaCl, 0.1% Triton X-100, 250 mM
imidazole) followed by overnight dialysis against a buffer containing 50
mM Tris-HCI pH 8.0 and 100 mM NacCl using dialysis tubing (10 kDa
MWCO, Sigma). Then, Thrombin protease (His-tagged) was added to the
protein solution at 4 °C for 4 h followed by overnight dialysis against a
buffer composed by 100 mM Tris/HCl pH 8.0, 50 mM 2-mercaptoetha-
nol, and 100 mM KCl. The protein was then loaded on a SEC (5200, GE
Healthcare) which was pre-equilibrated in buffer (20 mM Tris HCl pH
6.8). Thrombin protease and any uncleaved protein were removed by a
HiTrap Talon Crude (GE Healthcare) column. This procedure led to 0.5
mg of pure hbGPb per litre of bacterial culture. The protein concentra-
tion was measured by absorbance measurement at 280 nm using a
theoretical € of 115170 m ™! cm ™. The purity of the protein was assessed
by SDS-PAGE analysis. Phosphorylation of hbGPb was performed using
a truncated form of the y (catalytic) subunit of rabbit skeletal muscle
phosphorylase kinase as described previously [55].

Kinetic measurements were performed in the direction of glycogen
synthesis as described previously [56]. rmGPb (3 pg/mL), hlGPa (1
pg/mL) or hbGPa (5 pg/mL) were assayed in a 30 mM imidazole/HCl
buffer (pH 6.8) containing 60 mM KCl, 0.6 mM EDTA, and 0.6 mM DTT
using constant concentrations of glycogen (0.2% w/v), AMP (1 mM for
the rmGPb experiments), DMSO (2%, v/v) and various concentrations of
Glc-1-P (2, 3, 4, 6 and 10 mM for rmGPb; 1, 2, 3, 4, and 6 mM for hlGPa;
0.5, 1, 2, 3, 6 and 10 mM for hbGPa). Initial velocities were calculated
from the first order rate constants using the first-order rate equation and
inhibition constant (K;) values were calculated from the plot of Kyapp.)
vs [inhibitor] using the non-linear regression program GRAFIT [57] and
an explicit weighting. Ex vivo kinetics were also performed in human
HepG2 hepatocarcinoma cells as described in section 4.4.

4.3. X-ray crystallography

Ligand complex was produced by soaking preformed rmGPb crystals
[56] in a solution of 7.5 mM baicalein in the crystallization media
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supplemented with 30% (v/v) DMSO for 5 days at 16 °C. X-ray
diffraction data were collected on a Microstar Bruker rotating anode (2.7
kW/A = 1.5414 A) using a Mar345 image plate at room temperature.
Crystal orientation, integration of reflections, inter-frame scaling, par-
tial reflection summation, and data reduction was performed by the
program iMosflm [58] while scaling and merging of intensities, was
performed by Aimless [59]. Crystallographic refinement of the complex
was performed by maximum-likelihood methods using REFMAC [60]
and the structure of the free T state rmGPb (pdb entry 7P7D) [61] as a
starting model. Crystallographic statistics are presented in Table 3.

4.4. Glycogenolysis experiments

Human hepatocarcinoma HepG2 cells was used for the assessment of
the efficacy of baicalein to suppress endogenous GP activity in an ex vivo
cell culture system. Human HepG2 hepatocarcinoma cells were pro-
vided by the American Type Cell Collection (ATTC). Cells were cultured
in Dulbecco’s modified Eagle medium (DMEM), supplemented with 25
mM glucose 10% Foetal Bovine Serum (FBS), 2 mM glutamine, and 50
units/ml penicillin/streptomycin (DMEM complete medium), at 37 °C in
humidified atmosphere containing 5% CO,. Evaluation of the inhibitory
activity of baicalein was performed as previously described. [23] Briefly,
HepG2 cells were seeded in 60 mm culture dishes at a density of 1.0 x
10% and cultured in DMEM complete medium. After cell attachment
(16-18 h), the medium was replaced by serum-free DMEM medium
containing 10 nM dexamethasone, 25 mM glucose, and 100 nM insulin,
and cells were further incubated for 16-18 h to replete glycogen stores.
Cells were then incubated in the absence (1:200 DMSO, vehicle control)
or presence of baicalein, at a concentration range of 50-500 pM, in
serum-, phenol red-, and glucose-free DMEM medium supplemented
with 100 nM glucagon for 3 h. Subsequently, cells were washed in
DMEM medium without phenol red, harvested, and centrifuged at
800xg for 5 min. Cell pellets were resuspended in 20 mM HEPES/NaOH
PH 7.1, 1 mM NaF, 1 mM PMSF and 0.05% v/v Triton X-100. Then, cell
lysates were sonicated followed by centrifugation at 12000xg at 4 °C for
15 min. GP activity was assessed in the supernatant as described above
in the presence of 0.0008% (v/v) DMSO. The ICs value of baicalein was
calculated using the nonlinear regression program GRAFIT. [57]

Table 3
Summary of the diffraction data processing and refinement statistics for the GPb
- baicalein complex. Values in parentheses are for the outermost shell.

Data Processing and collection statistics

Resolution (A)
Reflections measured

2.25 (2.32-2.25)
174071 (13390)

Unique reflections

45448 (3980)

Rinerge 0.132 (0.573)
Completeness (%) 97.5 (94.7)

< I/o() > 6.3 (2.3)
Multiplicity 3.8 (3.4)
ccl? 0.984 (0.669)
B Wilson (A?) 32.5

No of water molecules 196

No of ligand atoms 20

R (%) 15.1 (23.1)
Rfree (%) 20.3 (28.8)
r.m.s.d. in bond lengths (A) 0.012
r.m.s.d. in bond angles (°) 1.81

Ramachandran plot statistics
Ramachandran Z-score

0.12% outliers, 96.89 favored
—1.49 + 0.26

Molprobity score 1.68
Average B (A>)

Protein atoms 32.2
Water molecules 40.3
Ligand atoms 46.2
PDB entry 8BZS
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4.5. Glioblastoma cell viability assays

Four independent cell viability experiments were performed on three
GBM cells lines (U-87 MG, T98-G, and U-251 MG). U-251 MG cells were
obtained from University of Wolverhampton and the remaining cell lines
were from American Type Cell Collection. All cell lines were maintained
in Eagles Minimum Essential Media (EMEM), supplemented with 1-
glutamine (2 mM), 1% Non-Essential Amino Acids (NEAA), 10% FBS,
1% penicillin/streptomycin. and sodium pyruvate (1 mM). Medium and
additives were from Gibco. Cells were grown at 37 °C in humidified
atmosphere containing 5% CO». Cells were seeded at a density of 1 x
102 cells/well in 96-well plates and cultured for 24 h prior to treatment
with baicalein (10, 15, 20, 30, 50 and 100 pM). The concentration of
DMSO in the assay did not exceed 0.4% and was not cytotoxic to cells.
Cell viability was measured at 24-, 48-, and 72-h post-treatment using
resazurin (Alfa Aesar) at an excitation/emission of 535/612 nm.
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