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A B S T R A C T   

Mitochondria has been identified as a target for tumor therapy. Agents preferentially concentrated in mito
chondria may exert more potent antitumor effects by interfering with the normal function of mitochondria. 
Glutathione reductase (GR) in mitochondria is a crucial antioxidant enzyme to maintain mitochondrial function, 
and has been recognized as an important target for the development of anticancer drugs. Herein, we present a 
triphenylphosphonium-modified anticancer agent, MT-1, which can preferentially accumulate in mitochondria 
and bind to GR by covalent binding manner. 

As a result, morphology and function of mitochondria were severely damaged, as well as cellular energy 
supply was severely impeded due to the simultaneously inhibition against mitochondrial respiration and 
glycolysis. Moreover, MT-1 was found to bind to a completely new site of GR (C278) that has never considered as 
binding site of inhibitors before. This new binding mode led to the change of GR structure, which affected the 
stability of the transition state of the catalytic process, and finally led to the inhibition of GR activity. Thus, 
current study provided a potentially novel tumor therapeutic strategy by targeting novel sites of GR in 
mitochondrion.   

1. Introduction 

Mitochondria are considered as a powerhouse in eukaryotic cells, 
meanwhile, play critical roles in regulating cellular signaling pathways, 
cellular metabolism, and cell death [1]. Mitochondrial defects and 
dysfunctions are closely related to onset of many diseases, especially 
cancer [2]. Mitochondria show indispensable roles in tumor cellular 
survival, progression and metastasis, thus interrupting the metabolism 
of mitochondria can directly affect tumorigenesis and tumor progression 
[3]. Additionally, tumor cells show more negative mitochondrial 
membrane potentials (MMP) than normal cells (Δψm ≈ − 220 mV VS 
-140 mV), which makes mitochondria to be an ideal target for the 

development of novel antitumor agents [4–6]. Some drugs have been 
reported to exert anti-cancer activity through targeting mitochondria 
and damage the production of mitochondrial intermediate metabolites 
that provided indeed building blocks for tumor anabolism (e.g., CPI-613 
in phase III and CB-839 in phase II) [7,8]. In addition, electrons leaking 
from mitochondria respiratory chain could be directly transferred to 
oxygen to generate reactive oxygen species (ROS), thus making mito
chondria be one of the most significant sources of ROS, and may produce 
up to 90% of cellular ROS [9,10]. Levels of ROS is tightly associated with 
intracellular redox homeostasis that is the key for virtually all facets of 
tumor progression. Many agents targeting mitochondria have shown 
potent antitumor effects by affecting ROS levels and thus disrupting 
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redox homeostasis [11]. Considering mitochondria are major sites for 
ROS production, antioxidant enzymes in mitochondria, such as gluta
thione reductase (GR) and thioredoxin reductase (TrxR), are considered 
to be the first barrier against ROS [12,13]. Inhibition of these enzymes 
can disrupt the cellular defenses system against ROS, result in oxidative 
stress, affect mitochondrial function and further lead to cell death [14, 
15]. Therefore, targeting these antioxidant enzymes in mitochondria is 
considered to be an effective strategy for restraining cancer cells. Some 
metal complexes, such as those of Au, Ag, or Ru, have been found to 
show anticancer potency by inhibiting TrxR [16]. The development of 
antitumor drugs by targeting mitochondrial GR is still poorly reported. 

Glutathione reductase (GR) is crucial in maintaining the intracellular 
redox homeostasis, and has become an attractive target for the devel
opment of anticancer drugs [17]. GR has also been shown to be over
expressed in human tumor tissues, and a high activity of the enzyme may 
be associated with tumor growth and resistance mechanisms against 
anticancer drugs [18]. Moreover, over a third of GR is localized in 
mitochondria [19,20]. Considering that mitochondria are an important 
source of ROS and target of oxidative damage, mitochondrial GR may 
play a more critical role in the cellular defense against oxidative dam
age. Many GR inhibitors have been found to possess anticancer potency, 
for example, FDA approved N, N-bis(2-chloroethyl)-nitrosourea (BCNU) 
showed strong GR inhibit activity, which has been proposed to 
contribute to both the therapeutic and toxic effects [21,22]. In addition, 
some chalcone analogues have demonstrated to target GR to exert 
anticancer activity, and the up-regulating of intracellular ROS is one of 
the characterized anticancer mechanisms [23–25]. However, these re
ported pharmacological activities are generally weak and ordinarily 
results in minor effectiveness. Accumulation of chalcones into mito
chondria may result in stronger antitumor effect by inhibiting mito
chondrial GR and upregulating ROS. However, so far, there are no 
reports on the use of chalcone analogues with mitochondrial targeting 
characteristics in antitumor research. Another focus is the effects of 
mitochondria and cell fate by mitochondrial GR inhibitors are largely 
unknown. Moreover, all of existing GR inhibitors bind in catalytic site, 
or a cavity located at the dimer interface, whether there are other 
effective binding sites remains unclear. 

Herein we constructed a mitochondrion-targeted anticancer drug, 
MT-1, by decorating a novel chalcone with triphenylphosphine (TPP) 
unit. TPP has been widely used in the design of mitochondrion-targeted 

anticancer drugs for perturbing mitochondrial metabolism and redox 
homeostasis [16,26]. TPP modification greatly enhanced the inhibition 
activity against several tumor cells. The novel anticancer drug, MT-1, 
disturbed cellular redox homeostasis, caused tremendous damages to 
mitochondria, and induced mitophagy. In addition, MT-1 impeded 
cellular energy supply through simultaneously inhibiting mitochondrial 
respiration and glycolysis. Thus, MT-1 inhibited cancer cells via a 
multipronged manner (Fig. 1). Interestingly, MT-1 bound to a 
completely new site (C278) of GR that has never been reported before, 
by a covalent binding manner. This new binding mode led to the change 
of GR structure, which affected the stability of the transition state of the 
catalytic process, and finally led to the inhibition of GR activity. 

2. Results and discussion 

2.1. Design and screening of MT-1 

We first synthesized 14 novel chalcone analogues (CHD-1–14), and 
evaluated their cytotoxicity against a panel of human cancer cell lines, 
including HepG2, HeLa, A549, HCT116 and MCF-7 (Structures in 
Fig. 2A and Fig. S1, Synthetic route in Scheme S1, cytotoxicity in Fig. 2C 
and Table S1). Most of the compounds showed weak cytotoxicity against 
the five tumor cell lines. Considering the following two facts that up- 
regulating the generation of intracellular ROS was one of the charac
terized anticancer mechanisms of chalcones [23], meanwhile mito
chondria was one of the most important sources of ROS [10], four 
TPP-modified chalcone analogues (MT-1–4) were synthesized with the 
aim of improving cytotoxicity by targeting mitochondria, disturbing 
mitochondria and further enhancing ROS. TPP modification signifi
cantly enhanced the cytotoxicity of chalcone analogues (CHD-1 vs MT-1, 
CHD-10 vs MT-2, CHD-3 vs MT-3, and CHD-8 vs MT-4), especially 
against HepG2 and HeLa cells (Fig. 2C and Table S1). Among these 
compounds, MT-1 showed the optimal cytotoxicity against HeLa cells 
(Fig. 2C and S2). Thus, MT-1 was selected as the target compound for 
the further study. Mitochondrial aggregation effect of MT-1 was inves
tigated by HPLC (Fig. S3). The result indicated that TPP modification 
caused more drug molecules to accumulate in mitochondria: drug 
molecules content in mitochondria of the MT-1 treated cells was 2.75 
times higher than that in the CHD-1 treated cells (Fig. 2B). In addition, 
ROS production was visualized using 2′,7′-dichlorofluorescin diacetate 

Fig. 1. Schematic illustration of MT-1 inhibits cancer cells via a multipronged manner.  
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(DCFDA), a cell permeable fluorescent dye that was rapidly oxidized to a 
fluorescent molecule 2′,7′-dichlorodihydrofluorescein by intracellular 
ROS [27]. MT-1 treatment increased cellular ROS production, implied a 
clear interference in redox homeostasis (Fig. S4). These results prelim
inarily confirmed the rationality of the compound design. Next, the ef
fects of MT-1 on HeLa cells were investigated in detail. 

2.2. MT-1 damaged mitochondrial morphology 

Mitochondria are indispensable subcellular organelles, and changes 
of mitochondrial morphology can affect the fate of cells [28]. The effect 
of MT-1 on mitochondrial morphology in HeLa cells was investigated by 
transmission electron microscopy (TEM). Normal mitochondria showed 
clear cristae. While preincubation with MT-1 at IC50 value for 48 h 
induced mitochondria to form multilayered vesicles, and treatment with 
10 μM of MT-1 led to the disappearance of cristae and the formation of 
vacuolar mitochondria (Fig. 3A), thus indicating that mitochondria were 
severely damaged. Immunofluorescence confirmed that MT-1 induced 
increased expression of Mitofilin (IMMT), which was defined as a 
mitochondria-shaping protein in controlling and maintaining mito
chondrial cristae structure (Fig. 3B) [29]. Thus, it provided a mechanism 
that MT-1 damaged mitochondrial morphology. 

2.3. MT-1 impaired mitochondrial membrane potential 

MMP is a key parameter for evaluating mitochondrial function, 
which can reflect the damage of mitochondria [30]. The MMP of MT-1 
treated HeLa cells was detected using lipophilic cationic probe 5,5′,6, 
6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide 

(JC-1), and the uncoupler carbonyl cyanide 3-chlorophenyl hydrazone 
(CCCP) was used as reference. [31] JC-1 can aggregate to emit red 
fluorescence when MMP in normal level, while remains as monomers 
that emit green fluorescence when MMP is dissipated. MT-1 treated 
HeLa cells emitted green fluorescence, indicating the dissipation of MMP 
(Fig. 4A). Flow cytometric analysis was also performed to identify 
quantitatively the MMP in HeLa cells, with CCCP as reference. The 
contour plots show that the fluorescence in Q1 for high MMP was shifted 
to Q4 for low MMP (Fig. 4B). The centers of contour plots moved from 
Q1 to Q4 in concentration dependent manner after treatment of MT-1, 
thus suggesting that MT-1 has a strong ability to dissipate the MMP. The 
results also suggest that the mitochondrial membrane was impaired by 
MT-1. 

2.4. MT-1 induced mitophagy 

The increase of ROS level and mitochondrial damage may induce 
autophagy or mitophagy [32]. TEM image upon treatment with MT-1 in 
HeLa clearly displayed the formation of vacuoles of autophagosomes 
that was a marker of autophagy (Fig. S5). In addition, changes in the 
expression of autophagy-related proteins also provided direct evidence 
for autophagy [32]. Treatment with MT-1 down-regulated expression of 
p62, and increased the ratio of lipidated LC3B-II to normal LC3B–I in a 
concentration dependent manner (Fig. 5A). Together, they confirmed 
the autophagic process induced by MT-1. Mitophagy was evaluated 
using confocal laser scanning microscopy (CLSM) and TEM. The 
encapsulation of mitochondria in lysosomes is an indicator of mitophagy 
[32]. The confocal images clearly displayed the colocalization of mito
chondria and lysosomes in MT-1 treated Caov3 cells, whereas no overlap 

Fig. 2. (A) Structures of CHD-1 and MT-1. (B) Distribution of drug molecules in mitochondria after treating HeLa cells with CHD-1 or MT-1 for 6 h. (C) IC50 values 
(μM) of CHD-1 and MT-1 for different cancer cell lines at 48 h. Data are shown as mean: standard deviation (S.D.; n = 3). 

Fig. 3. (A) TEM images indicating the alterations of mitochondrial morphology in MT-1 treated HeLa cells. (B) Confocal fluorescent images of IMMT in HeLa cells 
after incubation with MT-1, and staining with DAPI. 
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was observed for the control (Fig. 5B). In addition, TEM showed that 
mitochondria were capped in the vacuoles, thus indicating that they 
were removed from cells through autophagosomes (Fig. 5C). These re
sults indicate that MT-1 could induce mitophagy. 

2.5. RNA-seq analysis 

To determine the in-depth cytotoxic mechanisms of MT-1, whole 
genome RNA-seq was performed on HeLa cells treated with MT-1, with 
CHD-1 as a reference. The transcription of 17553 genes were examined. 
Among those genes, 309 genes were exclusively transcribed in the cells 
treated with CHD-1; 879 genes were exclusively transcribed in the MT-1 
treated cells (Fig. 6A). Compared with the control group, 783 genes were 
upregulated (red dots) and 790 genes were downregulated (green dots) 
in the CHD-1 group (Fig. 6B); however, 2484 genes were upregulated 
and 1744 genes were downregulated in the MT-1 group (Fig. 6C). 

Compared with CHD-1 treated cells, 2454 genes were upregulated and 
1758 genes were downregulated in MT-1 treated cells (Fig. 6D). Spe
cifically, autophagy-related genes such as MAP1LC3B [33], WIPI1 [34], 
and GADD45A [35] were found upregulated (Fig. 6E and F), which was 
consistent with previous studies. The protein-protein interaction was 
further depicted in Fig. S6, and autophagy-related genes were marked 
separately. Overall, RNA-seq analysis provided a comprehensive un
derstanding of the changes in transcriptome and the alterations in 
autophagy pathways. 

2.6. Metabolic analysis: mitochondrial respiration and glycolysis 

The cellular ROS level, mitochondrial morphology, and MMP were 
closely related to mitochondrial respiration [12]. After confirming that 
MT-1 can affect cellular redox balance, disrupt mitochondrial 
morphology and dissipate MMP, the oxygen consumption rate (OCR) 

Fig. 4. Fluorescence microscopy images (A) and flow cytometry quantification (B) of JC-1-labeled HeLa cells treated with MT-1 or CDDP for 24 h.  

Fig. 5. (A) Immunoblotting of LC3 and p62 in HeLa cells treated with MT-1 for 24 h and corresponding quantification of the p62 expression and LC3-II to LC3-I ratio. 
*P < 0.05, ***P < 0.001. (B) Confocal fluorescent images showed colocalization of lysosomes and mitochondria in HeLa cells. HeLa cells were stained with 
LysoTracker® Red and MitoTracker® Green. (C) Representative TEM images of HeLa cells treated with MT-1 for 48 h, emphasizing the region of mitophagy. 
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indicated mitochondrial respiration in MT-1 treated HeLa cells was 
evaluated by a Seahorse XF bioenergetic system (Fig. 7). The OCR of 
mitochondria significantly decreased after treatment with MT-1, which 
indicated that MT-1 can inhibit the mitochondrial respiration (Fig. 7A). 
Furthermore, the key energetic parameters reflecting the mitochondrial 
respiration functions were quantitatively assessed, including basal 
respiration, ATP production, and proton leak respectively (Fig. 7B). The 
result indicated that MT-1 significantly repressed both basal respiration 
and ATP production capacity. In addition, proton leakage across the 
mitochondrial inner membrane can reduce the MMP, thus slightly 
increased proton leakage further confirmed the dissipation of MMP in 

MT-1 treated HeLa cells, which was consistent with the result showed in 
Fig. 3. Similar results for OCR were also found in the HepG2 cells 
(Fig. S7A). 

Metabolically flexible cancer cells can obtain ATP through switching 
path from mitochondrial respiration to aerobic glycolysis [3]. Simulta
neous inhibition of both mitochondrial respiration and glycolysis can 
limit cell energy acquisition in a maximum extent. Therefore, we 
determined the effect of MT-1 on aerobic glycolysis through testing the 
extracellular acidification rate (ECAR) in HeLa cells. As shown in 
Fig. 7C, basal ECAR was dramatically decreased by MT-1, indicating 
that MT-1 can inhibit the glycolysis. Similar results were also found in 

Fig. 6. Transcription analysis of HeLa cells treated with MT-1 and CHD-1 by RNA-seq. (A) A Venn Diagram revealed the number of genes transcribed in each 
treatment group. (B–D) Volcano plots displayed the differentially expressed genes. (E) A heat map showing the transcription of genes of interest. (F) Quantitative 
analysis of the mRNA expression levels of autophagy-related genes. ***P < 0.001. 

Fig. 7. (A) Kinetic profiles of OCR in HeLa cells after treatment with 2.0 μM MT-1 for 24 h, with CHD-1 (2.0 μM) as reference. (B) Quantification of basal respiration, 
ATP production, and spare respiratory capacity from the kinetic profiles of OCR. n.s. not significant, *P < 0.05, ***P < 0.001. (C) HeLa cells were measured by the 
mitochondrial stress kit to determine ECAR (MT-1: 2.0 μM; CHD-1: 2.0 μM). (D) Indices of metabolism as calculated from the OCR and ECAR profiles of HeLa cells. 
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the HepG2 cells (Fig. S7B), which further confirmed the suppression of 
glycolytic capacity by MT-1. The OCR versus ECAR profile indicated the 
contribution of two major pathways to energy production, and provided 
a more comprehensive understanding of bioenergetics [36]. As shown in 
Fig. 7D and S7C, MT-1 induced dramatic decreases in both OCR and 
ECAR, thus indicating that mitochondria respiration and glycolysis were 
reduced simultaneously to give a hypometabolic state. Blocking of 
flexible metabolic adaption suggested that MT-1 has the characteristics 
of inhibiting the metabolic heterogeneity of tumors, thus representing a 
more attractive strategy for chemotherapy. 

2.7. Target identification of MT-1 

The increase of cellular ROS levels was usually accompanied by a 
decrease in reduced glutathione, whereas MT-1 significantly increased 
the ROS (Fig. S4) but did not cause the decrease of GSH levels in HeLa 
cells, which was demonstrated by GSH determination using a commer
cially available kit (Fig. S8A) and confocal imaging using a thiol-tracker, 
Thiol-tracker™ Violet (Fig. 8A and B). However, it was worth noted that 
a 2- to 10-fold increase of oxidized glutathione (GSSG) was observed in 
MT-1 treated cells depending on the concentrations (Fig. S8B). Thus, 
intracellular GSH/GSSG ratio was significantly decreased to be in the 
range of 192/1–19/1 depending on concentration (Fig. 8C). Previous 
studies have shown that inhibition of GR can cause accumulation of 
GSSG and decrease the GSH/GSSG ratio [37,38]. GR was a key intra
cellular enzyme system for maintaining redox homeostasis, and its in
hibition usually leads to increase of ROS levels, which was consistent 
with our previous experimental results (Fig. S4). Therefore, we evalu
ated the effects of MT-1 on the purified GR activity. The activity of 
purified GR was dramatically inhibited by MT-1 (IC50 = 0.59 μM), which 
was more potent than positive control BCNU, a commonly used GR in
hibitor in research (Fig. 9A) [39]. In addition, CHD-1 had no inhibitory 
effect on purified GR. Furthermore, the effects of MT-1 on total cellular 
and mitochondrial GR were also evaluated in HeLa cells. As shown in 
Fig. 9B, MT-1 significantly reduced the activity of mitochondrial and 
cellular GR by 50% and 20%, respectively. Moreover, the expression of 
GR in HeLa cells was knocked out in order to investigate the influence of 
GR on the MT-1-mediated inhibition of cell viability. Western blot 
showed that the expression of GR was significantly down-regulated 

through CRISPR/Cas9-mediated genome editing (Fig. S9A). Then HeLa 
cells with GR knockout were treated with MT-1 for 48 h, and the cell 
viability was assayed. Results indicate that HeLa cells with GR knockout 
was less sensitive to the inhibitory effect of MT-1 with significant dif
ference at 10 μM (Fig. S9B), implying the effect of MT-1 on HeLa cell 
viability was mainly dependent on GR. 

Mass spectrometric was used to understand the mechanism of action 
of GR and MT-1 [40]. The results indicated that MT-1 covalently bind to 
Cys278 (C278) which was located in a completely new cavity, distinct 
from the known binding sites (the catalytic site and a cavity at the dimer 
interface) of the previously reported inhibitors (Fig. 9C) [41]. On the 
contrary, no covalent binding of CHD-1 to GR was detected (data not 
shown), which was consistent with our previous experimental results 
(Fig. 9A). C278 was located in a cavity far from (more than 20 Å) the 
catalytic site (containing C102 and C107), thus how MT-1 binding to 
C278 to exert its inhibitory activity was worth exploring (Fig. S10). The 
catalytic mechanism of GR has been investigated for many decades, 
which involved electron transference between NADPH, FAD and the 
cysteine residue (C102 and C107) located in catalytic site [17]. Tyr241 
(Y241) was highly conserved residue directly involved in catalysis ac
tivity of GR, and also was proposed to act as a spring in forcing the 
nicotinamide into the flavin (Fig. S10) [42]. The phenol ring of Y241 can 
form π-π overlap with the nicotinamide ring of NADPH and isoalloxazine 
ring of FAD in the catalytic process (Fig. S11A), which may play a crucial 
role in stabilizing the EH2-NADPH complex, a stable equilibrium 
mixture of two electron reduced species. Even the slight movement of 
Y241 may affect the binding of NADPH and its interaction with FAD, 
thus interfering with the electron transfer among them and further 
affecting the catalytic activity of GR [42]. The binding site of MT-1 
(C278) was closer to Y241 than the catalytic site, and Y241 may be the 
bridge for MT-1 to exert its inhibitory effect. This hypothesis was sup
ported by the molecular dynamics (MD) simulation study of GR with 
MT-1. As shown in Fig. 9D, the unsaturated ketone structure of MT-1 
formed a covalent bond with C278 of GR through Michael addition re
action, as well as Y241 interacted with the benzene ring of chalcone 
structure through π-π overlap. Furthermore, results from MD simula
tions also showed that binding of MT-1 had significant impact on the 
orientation of Y241, which was different from the previously reported 
conformations (Fig. 9E). This change of Y241 orientation significant 

Fig. 8. Intracellular thiol-tracker fluorescence (A) and quantification (B) in HeLa cells incubated with required concentration of MT-1 for 6 h. (C) The changes of the 
intracellular GSH/GSSG ratios in HeLa cells treated with MT-1. ***P < 0.001. 
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disrupted the π-π overlap between Y241 and NADPH and FAD, which 
was confirmed by the following molecular docking study between MT-1 
modified GR with NADPH and FAD (Fig. S11B). Moreover, the binding 
of MT-1 directly affected the stability of GR through RMSD investigation 
(Fig. S12). Thus, the results from MD and molecular docking study 
provided a possible explanation for the inhibition of GR activity by 
MT-1. 

3. Conclusion 

Currently, mitochondria have been promising targets for the devel
opment of novel anticancer agents, and targeting key enzymes within 
mitochondria has become one of the most important antitumor strate
gies. One of the characteristic mechanisms of chalcone antitumor was 
the up-regulation of ROS, which was closely related to mitochondria. In 
this study, a series of chalcone analogues were synthesized for screening 
antitumor agents. Thereafter, to enhance antitumor activity, TPP- 
decorated chalcone analogues were synthesized for targeting mito
chondria and breaking redox homeostasis. Among these molecules, MT- 
1 with the best antitumor activity was screened out on a panel of human 
cancer cell lines. MT-1 preferentially accumulated in mitochondria and 
significantly increased intracellular ROS levels. In addition, MT-1 could 
effectively break mitochondrial morphology and MMP, and induced 
mitophagy. A genome-wide analysis via RNA-seq was employed to 

provide a comprehensive understanding of the changes in tran
scriptome, showed that the genes involved autophagy pathways were 
significantly affected by MT-1 treatment (q-value <0.05). Furthermore, 
MT-1 inhibited mitochondrial respiration and glycolysis simulta
neously, thus making cancer cells into a hypometabolic state and 
starving them to death. By measuring the level of GSH and the ratio 
change of GSH/GSSG, we inferred and further verified that GR was the 
target of MT-1. MT-1 could not only effectively inhibit purified GR, but 
also significantly reduce the cellular and mitochondrial GR activity. 
HeLa cell-based assay with knock out GR expression verified that the 
effect of MT-1 was dependent on GR expression. Mass spectrometric 
analysis showed that MT-1 covalently bound to C278 of GR. MD simu
lation and molecular docking studies indicated that MT-1 affected the 
conformation of Y241, interfered with the binding of NADPH, and broke 
the interaction between Y241, FAD and NADPH, which further dis
rupted the electron transport during GR catalysis and thus inhibited GR 
activity. This study highlighted the pleiotropic effects of a TPP- 
decorated chalcone analogue on the mitochondria and cancer cell fate 
through targeting mitochondrial GR, and proposed a novel binding site 
for GR covalent inhibitors, thereby offering a promising strategy for 
chemotherapy. 

Fig. 9. Inhibition of the activity of purified GR by MT-1 (A), and quantification of mitochondrial and total GR activity in HeLa cells treated with MT-1 (B). (C) Mass 
spectrum of peptide SFDSMISTNCTEELENAGVEVLK containing C278 of GR treated with MT-1. (D) Covalently binding mode of the MT-1 to GR (PDB: 2GH5). (E) 
Image of the conformational of Y241 in GR without NADPH binding (green, PDB: 2GH5), with NADPH binding (grey, PDB: 1GRB), and after MD simulation (orange). 
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