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Discovery of pseudolaric acid A as a new Hsp90 inhibitor uncovers its 
potential anticancer mechanism 
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A B S T R A C T   

Pseudolaric acid A (PAA), one of the main bioactive ingredients in traditional medicine Pseudolarix cortex, ex-
hibits remarkable anticancer activities. Yet its mechanism of action and molecular target have not been inves-
tigated and remain unclear. In this work, mechanistic study showed that PAA induced cell cycle arrest at G2/M 
phase and promoted cell death through caspase-8/caspase-3 pathway, demonstrating potent antiproliferation 
and anticancer activities. PAA was discovered to be a new Hsp90 inhibitor and multiple biophysical experiments 
confirmed that PAA directly bind to Hsp90. Active PAA-probe was designed, synthesized and biological evalu-
ated. It was subsequently employed to verify the cellular interaction with Hsp90 in HeLa cells through photo-
affinity labeling approach. Furthermore, NMR experiments showed that N-terminal domain of Hsp90 and 
essential groups in PAA are important for the protein-inhibitor recognition. Structure-activity relationship 
studies revealed the correlation between its Hsp90 inhibitory activity with anticancer activity. This work pro-
posed a potential mechanism involved with the anticancer activity of PAA and will improve the appreciation of 
PAA as a potential cancer therapy candidate.   

1. Introduction 

Natural products, exhibiting rich structural diversity, complexity and 
high degree of stereochemistry, have been the rich and invaluable 
compound sources for drug discovery. Particularly, they are major 
sources of innovative anticancer and antimicrobial therapeutic agents 
[1]. Molecular target identification and mechanisms of action are the 
key steps for the natural product-based drug discovery and determina-
tion of potential efficacy [2,3]. During recent decades, the molecular 
targets of several natural compounds have been successfully identified, 
such as celastrol [4], artemisinin [5], and bile acid [6]. Photoaffinity 
labeling (PAL), using a chemical probe to covalently bind to its target, is 
a powerful technique to identify unknown targets of small molecules, 
study protein-ligand interactions, and probe the location of binding sites 
in drug discovery [7,8]. The general design strategy of photoaffinity 
probe involves the incorporation of three important functionalities, 
including compound of interest, photoreactive moiety and/or affinity 
tag [9]. Structure-activity relationship (SAR) analysis is often required 
to evaluate whether the chemical probes retain the bioactivity. Click 
chemistry-based PAL is increasingly popular and described in many 

successful examples [6,10,11]. Terminal alkyne, one of the smallest and 
least perturbing “clickable” tag, can be ligated to an azide- 
functionalized moiety via copper-catalyzed azide-alkyne cycloaddition 
[12]. This ligation was successfully applied for the enrichment of 
cellular targets. 

Interest in natural products from traditional medicine is increasing as 
the technological advances [13]. Pseudolarix cortex, the processed and 
dried root and trunk barks of Pseudolarix amabilis (Nelson) Rehd. 
(Figure S1), has been employed in clinical practice for centuries and 
prescribed as antifungal agent to treat fungal skin infection since the 
17th century [14]. Pseudolaric acid A (PAA, Figure S1), a unique tri-
cyclic diterpenoid, is one of the main components and major bioactive 
ingredient of this species [15]. Bioactivity studies demonstrate that PAA 
exhibits considerable cytotoxicity towards a variety of cell lines and 
anticancer activity, indicating the potential value as an anticancer drug 
lead [16,17]. Even though Pseudolarix cortex has long been used in 
traditional medicine with PAA being one of the active components, 
mechanism responsible for PAA exerting the biological function is not 
clear. Extensive studies are needed to address the following concerns: its 
potential anti-cancer mechanism, biological targets, and the coupling of 
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activity with target engagement. 
Heat shock protein 90 (Hsp90) is a molecular chaperon essential for 

the cell viability, promoting the correct folding and assembling of its 
client proteins [18]. Hsp90 levels and functions were elevated in tumor 
cells. The expression level of Hsp90 is 2- to 10- fold higher in tumor cells 
than that in the normal cells. Cancer cells utilized the chaperon ma-
chinery to protect the mutated oncoproteins from misfolding and 
degradation [19]. >300 client proteins of Hsp90 have been reported and 
play important roles in many oncogenic processes and hallmarks of 
cancer, including Akt involved in the PI3 kinase signaling and CDK-4 
involved in the cell cycle regulation [20]. The Hsp90-dependent client 
proteins are highly involved in regulating the cell cycle, stimulating cell 
proliferation and inhibiting cell apoptosis [21]. In cancer cells, unre-
stricted proliferation and suppressed apoptosis are the two critical fac-
tors responsible for the cancer cells growing malignantly [22]. Given the 
essential roles of client proteins of Hsp90 in cancer cells, inhibition of 
Hsp90 has been an important drug discovery strategy for cancer treat-
ment [23]. Several natural products are established to be Hsp90 in-
hibitors, such as antitumor antibiotics geldanamycin [24], radicicol [25] 
and 5-aryl-3-thiophen-2-yl-1H-pyrazoles [26]. Our group previously 
reported vibsanin B derivatives as Hsp90 C-terminal inhibitors [27]. An 
array of inhibitors targeting the N-terminal ATP binding pocket of 
Hsp90 is evaluated for anticancer activities in patients. Considering the 
high degree of structural plasticity of Hsp90 and signal propagation 
between N- and C-terminal domains which may induce an allosteric 

regulation of the chaperon complex [28], widespread efforts in recent 
years have been focused on the allosteric site drug discovery and small 
molecules targeting of protein-protein interaction (PPIs) [29]. 

In this present study, PAA induced cell cycle arrest at G2/M phase 
and promoted the cell apoptosis through caspase-8/caspase-3 pathway 
in HeLa cells. We further discovered PAA as the new Hsp90 inhibitor and 
biochemically validated PAA binding to N-terminal domain (NTD) of 
Hsp90. A photoactive chemical probe was employed to verify the 
cellular interaction with Hsp90 in HeLa cells through photoaffinity la-
beling approach. The anti-cancer activity of PAA is well correlated to its 
Hsp90 inhibitory activity through structure-activity relationship 
analysis. 

2. Results and discussion 

2.1. PAA induced cell cycle arrest at G2/M phase and apoptosis 

To investigate the possible mechanism of anticancer activity of PAA, 
cell growth inhibition effect of PAA was studied. Cell cycle distribution 
and cell apoptosis analysis on HeLa cells were carried out. We treated 
HeLa cells with different concentrations of PAA, and measured the cell 
population in each phase of the cell cycle using the flow cytometry. PAA 
treatment caused an obvious reduction of cells in G0-G1 phase and the 
concomitant increase of cells in G2/M phase in the dose-dependent 
manner (Fig. 1A and 1C). ~93% (p < 0.05) of the cells are arrested in 

Fig. 1. PAA induced the G2/M phase arrest in HeLa cells in the concentration and time dependent manner. The cell cycles were evaluated by flow cytometric 
analysis. (A) HeLa cells were incubated with different concentrations of PAA for 16 h. (B) HeLa cells were treated with 0.5 μM of PAA for different time points. (C) 
Quantitative analysis of cell cycle distribution in each cell cycle phase at indicated concentration of PAA. (D) The quantified bar graph of cell population at indicated 
time points. (*p < 0.05; ** p < 0.01; *** p < 0.001) vs previous data point; ns, not significant; Data are the representative of three independent experiments). 
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the G2/M phase with 5 μM PAA. Strikingly, the percentage of cells in the 
G2/M phase increased in the time-dependent manner as well (Fig. 1B 
and 1D). These results illustrated that PAA stimulated the cell cycle 
arrest at G2/M phase and inhibited cell proliferation in HeLa cells. 

Subsequently, we investigated whether PAA treatment promoted cell 
death. Annexin V binding and propidium iodide (PI) uptake followed by 
flow cytometry is robust assay to detect and quantify apoptotic and 
necrotic cells [30]. Results showed that PAA stimulated the apoptotic 
cell death in the dose-dependent manner (Fig. 2A and 2B). ~ 48.3% of 
the cells were in the apoptotic stage and 5.22% of the cells in the 
necrotic stage after treatment of 5 μM PAA. Percentage of cells in 
apoptosis were significantly higher than that of necrotic cells in each 
PAA concentration point. The data provided evidence to support the 
concept that PAA showed the anticancer activity through suppressing 
cell proliferation and promoting cell apoptosis. 

2.2. Apoptotic mechanism studies 

To gain further insight into the PAA-caused apoptosis, we assessed 
the expression profile of apoptotic-related marker proteins. The induc-
tion of apoptosis was accompanied by two marker events: activation/ 
cleavage of caspase-3 to its large subunit at 17/19 kDa, and cleavage of 
Poly-ADP ribose polymerase (PARP) from 116 kDa to signature frag-
ment of 89 kDa. Accumulation of cleaved PARP and the decrease of 

intact caspase-3 were observed in the PAA concentration-dependent 
manner, indicating that PAA-induced apoptosis was channeled 
through caspase-3 (Fig. 2C). 

To explore the apoptosis mechanism upstream caspase-3, we exam-
ined the activation of different apoptotic markers. Mitochondria- 
mediated apoptosis pathway was characterized by up-regulated main 
pro-apoptotic protein Bax and down-regulated Bcl-2 expression [31]. 
Expression levels of Bax and anti-apoptotic regulator Bcl-2 were firstly 
assessed. Western blot analysis demonstrated that PAA administration 
induced the down-regulation of Bax and the Bcl-2 expression levels 
slightly increased (Fig. 2C), disproving the intrinsic mitochondria- 
mediated Bax/Bcl-2 apoptotic pathway. Our data suggested that PAA- 
induced apoptosis was initiated through other mechanism. This raised 
the question whether PAA triggered the extrinsic apoptotic pathway. 
Caspase-8 is the essential mediator of the extrinsic apoptotic pathway 
[32]. Cleaved caspase-8 (43 kDa) was accumulated as the increase of the 
PAA concentration, and accompanied with the decreased levels of the 
intact caspase-8 (Fig. 2C), indicating the activation of caspase-8 which 
led to the initiation of caspase-3. These results led us to hypothesize that 
PAA-induced apoptosis was channeled through caspase-8/caspase-3 
pathway. 

Fig. 2. PAA stimulates apoptosis mainly through caspase 8/caspase 3 pathway in HeLa cells. (A) PAA stimulates cell death. HeLa cells were treated with different 
concentrations of PAA and double stained with Annexin V-FITC and PI prior to flow cytometric analysis. Percentages of cells are denoted in each quadrant. The lower 
right and upper right quadrant represent early apoptotic and late apoptotic cells, respectively. The lower and upper left stands for the live and necrotic cells, 
respectively. (B) Bar graph representing the populations of HeLa cells in apoptosis and necrosis after treatment of PAA. Values of apoptotic cells are the sum of the 
lower and upper right quadrants and expressed from three independent experiments. (p value * < 0.05, **< 0.01, ***< 0.001), vs previous data point. (C) Expression 
levels of apoptosis linked molecules in HeLa cells after PAA treatment. 
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2.3. Hypothesis and identification of PAA as a new Hsp90 inhibitor 

During the mechanism study of anticancer activity, the expression 
profiles of a series of proteins involved with cell cycle distribution were 
investigated. Depletion of the Hsp90-dependent client proteins, 
including Akt kinase and CDK4, was also obvious (Fig. 3B). Interest-
ingly, PAA also induced the increase of chaperon proteins levels, 
including Hsp27 and Hsp70 (Fig. 3B). Similar patterns of cellular 
response were observed in the liver hepatocellular (HepG2) cell after 
PAA treatment (Figure S2). Compensatory induction of the cytopro-
tective chaperons Hsp70 and Hsp27, and client protein depletion, 
comprise the most reliable biomarker signature event of Hsp90 inhibi-
tion and have been acknowledged in the clinical evaluation. In this re-
gard, we speculated that PAA was possibly a new Hsp90 inhibitor. 

Next, nuclear magnetic resonance (NMR) saturation transfer differ-
ence (STD) assay and surface plasmon resonance (SPR) were used to test 
the hypothesis. NMR STD assay generally investigates whether small 
molecules can interact with specific drug target and demonstrates the 
ligand binding epitope, providing information about the relative posi-
tion of the compound with respect to the protein [33]. The collected 
NMR reference spectrum and STD difference spectrum (reflecting the 
STD effects) were overlapped and normalized with the signal H-1′, 
which exhibited the strongest STD enhancement. The zoomed in spectra 
focus on the methyl groups of PAA were shown in Fig. 3C. Protons 
closest to the protein surface showed the strongest STD effect. STD effect 
of H-1′, H-19 and H-17 (100%, 89% and 79%, respectively) suggest that 
these protons were in direct contact with Hsp90 surface. H− 12 was 
possibly not in direct contact with Hsp90. Both NMR STD and SPR 
experiment confirmed the direct interaction between PAA and Hsp90 
(Fig. 3D). 

The initial finding inspired us to conduct Hsp90-dependent refolding 

and renaturation of luciferase assay to investigate the Hsp90 inhibitory 
activity of PAA. This assay detects whether compounds can inhibit the 
chaperon activity of Hsp90 by directing binding to its N-terminal or C- 
terminal domains [34]. PAA was shown to inhibit the renaturation of the 
luciferase and confirmed to be a Hsp90 inhibitor (Fig. 4A). Taken 
together, the aforementioned biochemical data confidently support that 
PAA directly interacts with Hsp90 and is a new Hsp90 inhibitor. 

2.4. Synthesis and biological evaluation of photoaffinity-based chemical 
probe 

To further investigate whether PAA binds to cellular Hsp90, we set 
ought to design chemical probe to pull down PAA binding proteins. NMR 
STD experiment suggested that H-1′ and H-19 exhibiting the strong STD 
enhancement interacts most with the protein surface, with C-18 
carboxyl spatially far away from the interaction core (Fig. 3A). We 
speculated that modification of C-18 would not affect the Hsp90 
inhibitory activity. To test our hypothesis, we designed, synthesized C- 
18 amide derivatives (2, 3, 4) (Scheme 1A and supplementary method), 
and assayed their Hsp90 inhibitory activity through Hsp90-dependent 
firefly luciferase refolding assay. As we expected, the derivatives 2, 3 
and 4 demonstrated similar Hsp90 inhibitory activity as that of PAA 
(Fig. 4), suggesting that C-18 amide derivatives retained the Hsp90 
inhibitory activity. Consequently, we set out to design PAA-probe by 
introducing terminal alkyne and diazirine photoreactive moiety into the 
C-18 position of PAA. The PAA-probe was synthesized by following 
previously reported procedures with minor modification [35,36], with 
control-probe as a negative control (Scheme 1B). Cytotoxicity assay and 
Hsp90-dependent refolding of luciferase assay showed that PAA-probe 
exhibited similar anticancer and Hsp90 inhibitory activities (Table 1 
and Fig. 4), strongly supporting that PAA-probe exhibited similar 

Fig. 3. PAA as a Hsp90 inhibitor and its binding to Hsp90. (A) Chemical structure of PAA and its relative orientation with Hsp90 revealed by NMR STD assay. (B) 
Cellular effect of PAA. Western blot analyses of the HeLa cell lysate after PAA treatment. (C) NMR STD assay. The overlaid 1H spectra are reference spectrum (black) 
and STD difference spectrum (red), respectively, normalized with H-1′. (D) The SPR sensor gram (relative units (RU)) of PAA binding to Hsp90-immobilized chip. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

J. Liu et al.                                                                                                                                                                                                                                       



Bioorganic Chemistry 112 (2021) 104963

5

function as PAA with regard to the activity and potency. 
Next, we assessed the labeling effect of the PAA-probe with purified 

recombinant Hsp90 and conducted the competition assay. The PAA- 
probe could be further appended with the fluorescent dye (TAMRA) or 
a biotin moiety (TAMRA-Biotin-N3) through click chemistry, which 
allowed the PAA interacting targets to be visualized on the gel or be 
enriched for pull down [37]. Results showed that fluorescence intensity 
increased as the concentration of probe increased (Fig. 5A). Maximum 
labeling was achieved at the PAA-probe concentration of 10 μM. 
Furthermore, competitive assay showed that the fluorescence intensity 
became weaker upon treatment with excess free PAA compound in the 
concentration dependent manner (Fig. 5B), indicating that the labeling 
of PAA-probe with Hsp90 was attributed by the PAA parental com-
pound. Taken together, PAA-probe retained the Hsp90 binding activity. 

2.5. PAA mainly binds to Hsp90 in HeLa cells using photoaffinity labeling 
approach 

To investigate the in vitro interaction between PAA and Hsp90, the 

Fig. 4. (A) Hsp90 inhibitory activity of PAA and derivatives through Hsp90-dependent firefly luciferase renaturation assay. (B) All compounds did not inhibit native 
luciferase activity. The results are representative of three independent experiments. 

Scheme 1. (A) Chemical structures of PAA derivatives. (B) Synthetic scheme for PAA-probe and control-probe.  

Table 1 
IC50 values of PAA and its derivatives against five cancer cell lines.  

IC50 (µM) a 

Compd. HL-60 A549 SMMC- 
7721 

HeLa SW480 

PAA 0.60 ±
0.01 

2.72 ±
0.55 

1.36 ± 0.05 2.92 ±
0.09 

6.16 ± 0.59 

2 1.35 ±
0.01 

1.93 ±
0.31 

1.27 ± 0.03 2.83 ±
0.12 

10.43 ±
0.99 

3 1.66 ±
0.07 

4.05 ±
0.63 

1.28 ± 0.05 4.06 ±
0.28 

29.90 ±
1.76 

4 1.69 ±
0.08 

4.69 ±
0.11 

1.40 ± 0.10 3.89 ±
0.25 

33.25 ±
0.58 

5 0.16 ±
0.01 

4.62 ±
0.29 

0.52 ± 0.01 3.25 ±
0.11 

8.32 ± 0.20 

6 > 40 > 40 > 40 > 40 >40 
7 > 40 > 40 > 40 > 40 >40  

a IC50 values are presented as mean ± SD of three independent experiments 
(SD is standard deviation). 
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labeling of cell lysate, pull-down assay for enrichment of the cellular 
targets, and in-gel fluorescence assay were conducted using the PAA- 
probe and TAMRA-Biotin-N3. The parallel experiment was performed 
with control-probe to indicate the cross-linker binders. In-gel based 
fluorescence indicated that the dominant band was about ~90 kDa, 
which was weakened by excess amount of compound PAA (Fig. 5C). The 
main fluorescently labeled band was further identified to be Hsp90 by 
western blotting (WB) experiments (Fig. 5C), confirming that PAA 
directly binds to cellular Hsp90. 

2.6. PAA binds to the N-terminal domain of Hsp90 

To identify the regions of Hsp90 involved in the interaction with 
PAA, a series of recombinant N-terminal domain (NTD) and C-terminal 
domain (CTD) of Hsp90 were constructed. NMR chemical shift pertur-
bation assay, one of the most widely used NMR method to study protein- 
ligand interaction, was carried out to investigate the interaction with 
PAA [38]. A superimposition of the transverse relaxation optimized 
spectroscopy (TROSY) - heteronuclear single-quantum coherence 
(HSQC) spectra in the absence and presence of PAA was shown in Fig. 6 
and Figure S3. Hsp90 CTD did not show detectable chemical shift 
perturbation upon titration of PAA (Figure S3), suggesting no 

interaction between CTD and PAA. Several peaks showed considerably 
chemical shift perturbations and intensity attenuation in the 1H-15N 
HSQC spectrum of NTD upon titration of PAA, indicating that these 
residues were involved in the direct interaction. Taken together, we 
concluded that PAA bind to the N-terminal domain of Hsp90, not the 
CTD. 

Using previous assignment [39,40], Gly97 and Val148 were accu-
rately assigned and identified among the residues with obvious chemical 
shift perturbations, suggesting their involvement in the interaction. 
Meanwhile, PAA-probe labeled Hsp90 sample was subjected to high 
resolution MS/MS analysis to reveal potential binding site. Results 
indicated that peptide TLTLVDTGIGMTK (residues 88–100) bind to PAA 
with highest possibility and confidence, further confirming that residue 
Gly97 and neighboring residues are responsible for PAA binding. Mo-
lecular docking analysis illustrated the NTD-PAA binding mode and 
showed that PAA inserted deeply into the cavity on the surface of Hsp90 
NTD and directly interact with peptide TLTLVDTGIGMTK (Fig. 6B), 
which further supported the NMR titration and mass spectrometry re-
sults. Meanwhile, the model suggested that the C-19 terminal fragments 
buried inside the pocket and C-18 terminus pointed away from the 
pocket, consistent with the results of NMR STD assay. Taken these lines 
of data together, we concluded that Gly97, Val148, and residues 

Fig. 5. PAA binds to Hsp90 in HeLa cells. (A) Labeling the purified recombinant Hsp90 by PAA-probe in the concentration-dependent manner. The coomassie 
brilliant blue (CBB) staining indicated that an equal amount of protein was loaded in each lane. (B) Competition assay. Purified Hsp90 was incubated with different 
concentrations of PAA and PAA-probe. The binding of Hsp90 with PAA-probe was competitively inhibited by the free compound PAA in the dose-dependent manner. 
(C) Validation of Hsp90 as the PAA cellular targets using pull down, in-gel fluorescence analysis (upper panel), and WB analysis (lower panel). 

Fig. 6. N-terminal domain of Hsp90 is responsible for binding to PAA. A. Overlay of 15N-1H HSQC spectra of NTD in the apo form (black) and in the presence of 
compound PAA with the protein to peptide molar ratio of 1:2 (red). Black arrow in the zoom-in area indicates perturbations at selected residues. B. Molecular docking 
of PAA in complex with Hsp90 NTD. PAA is depicted in green. The peptide fragment identified by MS was colored in yellow. 
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spatially close to ATP binding pocket cavity of Hsp90 NTD were 
involved in the binding to PAA. 

2.7. Correlation between Hsp90 inhibition and anticancer activity of PAA 

Key challenge after target identification was to explore the connec-
tion between target engagement and anticancer activity of PAA. SAR 
study may shed some light. A series of C-4 and C-19 derivatives were 
synthesized and further assayed for the anticancer and Hsp90 inhibitory 
activities. C-4 deacetylated derivative 6 and C-19 carboxylic acid de-
rivative 7 totally lost the Hsp90 inhibitory activity (Fig. 4). Consistently, 
they showed no anticancer activity (IC50 > 40 μM) (Table 1). C-18 amide 
derivatives (2, 3, 4 and 5) retained similar Hsp90 inhibitory activity, 
and concomitantly reserved similar anticancer activity (Table 1). These 
lines of data strongly support that the anticancer activity of PAA is 
correlated with the Hsp90 inhibitory activity. 

A series of data including NMR STD, SAR and molecular docking 
analysis corroborate the notion that C-4 acetoxy group is essential for 
the activity and removal of the bulky group (6) abolishes Hsp90 binding 
activity and anticancer activity. C-19 allowed limited modifications. 
Derivative 8 with C-19 methylol group maintained the Hsp90 inhibitory 
activity (Figure S4). However, the bulky group such as carboxylic acid 
group (7) and methyl carboxylate group (PAB, 9) is detrimental to the 
activity. Docking analysis showed that any C-19 group larger than 
methylol group would abolish other hydrogen bond and hydrophobic 
interactions with the residues of Hsp90 (Figure S4), resulting in the 
destabilization of small molecule in the pocket and loss of activity. 
Consistency of the Hsp90 inhibitory activity and cytotoxicity 
strengthens the notion that anticancer activity of PAA is correlated to its 
Hsp90 inhibitory activity. 

PAA inhibits the function of Hsp90, leading to the degradation of 
CDK4 and Akt which are the client proteins of Hsp90 and highly 
involved in regulating the cell cycle. The PAA-induced depletion of 
CDK4 and Akt resulted in the activation of the checkpoints and the cell 
cycle blocking at G2/M phase, potentiating the cell proliferation sup-
pression and cell death. These observations provided evidences to sup-
port the concept that the cellular consequence of Hsp90 inhibitory 
activity of PAA, including cell cycle arrest and apoptosis, is one of the 
possible mechanisms responsible for the anticancer activity of PAA. 

PAA biochemically binds to the N-terminal domain of Hsp90. The N- 
terminal beta-strand and lid segments including residues 94–130 show 
high degree of mobility and large fluctuation [41,42], which is impor-
tant for PAA binding and modulation of Hsp90 functions. In addition to 
Hsp90 N-terminal inhibitors, allosteric inhibitors targeting regions 
different from the active sites, such as the middle domain, C-terminal 
domain or the interface region of Hsp90, has emerged as a comple-
mentary strategy[29,43]. Selective inhibitors targeting specific Hsp90 
PPIs without significant inhibition of all chaperon clients also provide 
new opportunities for drug development [44]. 

3. Conclusion 

In summary, mechanistic studies showed that PAA displayed potent 
anticancer activity through inducing cell cycle arrest at G2/M phase and 
apoptosis. PAA directly binds to N-terminal domain of Hsp90 and is a 
new Hsp90 inhibitor. Through introducing the photoaffinity and ter-
minal alkyne tag to parent PAA and generating the PAA-probe, which 
exhibits comparable efficacy as PAA, we confirmed the Hsp90-PAA 
interaction in HeLa cells and provided a photoactive probe for further 
exploring other potential targets. The anti-cancer activity of PAA is well 
correlated to its Hsp90 inhibitory activity and its cellular effect. Taking 
these lines of data together, we reveal one of the possible mechanisms by 
which the folk medicine achieves the anticancer activity through target 
identification strategy. 

4. Materials and methods 

4.1. Chemistry 

Synthetic procedure and characterization of PAA derivatives 
including 1H and 13C NMR spectra were presented in Supporting infor-
mation -Chemistry 

4.2. Cell cycle analysis 

Human cervical carcinoma HeLa cells (1 × 106 cells/well in 6-well 
plates) were incubated with PAA (0, 0.1, 0.5, 1, 5 and 10 μM) for 16 
h. The cells were washed, digested with EDTA-free trypsin. Harvested 
cells were resuspended in 75% ice-cold ethanol for 3 h at 4 ◦C. Fixed cells 
were resuspended in 500 μL PBS containing 10% RNase A and 11.6 µg/ 
mL propidium iodide, and then incubated in the dark for 1 h. The cells 
were passed through a 70 μm griddle to exclude clustered cells. The 
percentage of cells at each phase of the cell cycle was analyzed by the 
FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ). Data 
were processed using the software FlowJo 7.6.1. 

4.3. Apoptosis analysis 

HeLa cells were cultured as aforementioned. After incubated with 
the indicated compound (PAA (0, 1, 5, 10 μM)) for 16 h, the cells were 
harvested and stained with Annexin V-FITC/propidium iodide (PI). 
Annexin V shows a strong affinity in binding to phosphatidylserine in a 
Ca2+-dependent manner and thus it is generally used as a probe to detect 
apoptosis. The apoptotic cells were counted after staining using an 
Annexin V-FITC/ PI apoptosis assay kit following the manufacturer’s 
instructions. The collected cells were resuspended with 500 μL binding 
buffer. 5 μL Annexin V-FITC and 5 μL PI were added respectively, and 
then incubated in the dark for 15 min. The percentage of cells in 
different states was analyzed by the FACS Calibur flow cytometer (BD 
Biosciences, Franklin Lakes, NJ). Data were processed using the software 
FlowJo 7.6.1. 

4.4. Western blotting analysis of whole-cell lysate 

The HeLa cells were harvested in ice-cold lysis buffer (50 mM HEPES 
pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 0.1% Triton X-100 and complete 
protease inhibitors) after incubation with different concentrations of 
PAA (0, 1, 5 and 10 μM) for 16 h. Protein concentrations of whole-cell 
lysate were measured using the BCA protein assay kit. Equal amounts 
of cell lysates were loaded to SDS-PAGE, transferred to PVDF membrane 
(Millipore) for 1 h. The membrane was blocked with buffer containing 
5% non-fat milk, and incubated with the indicated primary antibodies at 
4 ◦C overnight. Antibodies included HER2/ErbB2, p-Akt, Akt, CDK4, 
Hsp90, Hsp70, Hsp27, Beclin, β-actin, β- tubulin, PARP, Bcl-2, Bax, 
Caspase-3 and Caspase-8 (Cell Signaling Technologies, Boston, MA). The 
binding of antibody was visualized by peroxidase-conjugated secondary 
antibodies (anti-mouse or anti-rabbit) using the enhanced chem-
iluminescence, including Goat Anti-Mouse IgG (H + L)-HRP Conjugated 
and Goat Anti-Rabbit IgG (H + L)-HRP Conjugated (Coolaber Science 
and Technology Co., Ltd). β-actin was used as the loading control. 

4.5. Protein expression and purification 

Full length and different fragments (residues 17–223, 293–554 and 
550–699, respectively) of Hsp90 were overexpressed in E. coli BL21 
(DE3). Cell cultures were induced with 0.6 mM isopropyl β-D-thio-
galactopyranoside (IPTG) at 37 ◦C for 4 h when the OD600 reached 
0.6–0.8. The harvested cells were first passed through Ni-NTA affinity 
column and further purified by size-exclusion chromatography (Super-
dex 200, GE healthcare Life Sciences). The final protein sample was 
detected by SDS-PAGE and the purity is above 95%. 
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4.6. NMR STD assay and chemical shift titration assay 

The NMR STD experiment was conducted on a Bruker Fourier 
spectrometer (800 MHz) at 298 K. The NMR sample contained 0.5 mM 
PAA in the absence or presence of the Hsp90 protein (10 μM). The NMR 
buffer is PBS buffer in 90% D2O, pH7.4, with 1 mM DTT and 2.5% 
DMSO‑d6. The experiments were collected with a carrier set at − 0.5 ppm 
for the on-resonance and − 40 ppm for the off-resonance irradiation. The 
interaction between protein and the small molecule resulted in the 
saturation transfer and the signal intensity of the 1H spectrum of the PAA 
decreased. The intensity difference was quantified using the equation 
STDeffect = (Io – Isat)/ Io, whereas Io is the off-resonance signal intensity 
(reference spectrum), and Isat is the intensity of the same signal in the on- 
resonance spectrum. 

NMR chemical shift titration experiments were performed as 
described previously [45]. N-terminal domain (NTD) and C-terminal 
domain (CTD) of Hsp90 proteins were expressed in M9 minimal medium 
supplemented with 15NH4Cl (1 g/l) and 15N-labeled proteins were ob-
tained. 2D 15N-1H HSQC of NTD or CTD protein was recorded in the apo 
form. Increasing concentrations of compound PAA was added to the 
protein sample till the ratio of protein to compound reaches 1:10. A 
series of 15N-1H HSQC spectra were recorded at different molar ratios. 
The distinctive cross-peaks with chemical shift perturbations were 
assigned and verified according to BMRB database under the accession 
number 7003 [40]. 

4.7. Cytotoxicity assay 

Five tumor cell lines, including HL-60, A549, SMMC-7721, HeLa, and 
SW480 were used to evaluate the cytotoxic activity of PAA and its an-
alogs. The growth inhibitory effect was measured by MTT assay. Briefly, 
the cells in 96-well plates were treated in triplicate with grade concen-
trations (0.064, 0.32, 1.6, 8 and 40 μM) of the compound for 48 h. MTT 
solution (5 mg/ml) was added to each well with the final concentration 
of 20%. The culture was then incubated for 4 h and measured by the 
spectrophotometry at 492 nm. The results were expressed in IC50 and 
calculated by the GraphPad Prism software (GraphPad, Inc., San Diego, 
CA). The mean IC50 was determined from the results of three indepen-
dent tests. 

4.8. Surface plasmon resonance (SPR) experiment 

Protein for SPR was dialyzed against Biacore buffer (50 mM HEPES; 
pH 7.4, 150 mM NaCl and 0.005% (w/v) polysorbate 20) and then 
immobilized on a CM5 chip. Binding analysis was performed at room 
temperature using a Biacore T200 instrument with a blank channel as a 
negative control. Compounds were prepared in running buffer and 
tested at different concentrations using a two-fold dilution series. In 
general, a series of different compound concentrations were injected on 
to the chip for a period of 10 min followed by a dissociation time of 15 
min. The signal with response unit (RU), subtracting the reference 
response from the blank cell, was proportional to the amount of com-
pound bound to the immobilized Hsp90 protein or fragment protein. A 
set of sensorgrams at different concentrations of compound were ob-
tained. Equilibrium dissociation constant (Kd) was derived by Biacore 
T200 Evaluation Software using Steady State analysis (Biacore, Uppsala, 
Sweden). 

4.9. Hsp90-dependent luciferase refolding assay 

Hsp90-dependent refolding of firefly luciferase in rabbit reticulocyte 
lysate assay to identify the Hsp90 inhibitors was carried out as previ-
ously described with minor modification [34]. Briefly, firefly luciferase 
was denatured by heating at 41 ◦C for 10mins. Compounds with diluted 
concentrations, positive control (Novobiocin), and negative control (1% 
hemoglobin and 4% bovine serum albumin, TBS/HbBSA) were added to 

the 96-well plate. Refolding mixture including the denatured luciferase 
and reticulocyte lysate was injected to each well. The renaturation 
system was incubated at room temperature for 3 h. Equal volume of 
luciferin substrate solution was added to the system and the luciferase 
activity was measured using the Perkin-Elmer EnVision plate reader. 
The concentration-dependent inhibition of luciferase refolding was used 
to measure the IC50 of PAA and its analogs. The vehicle control (2.5% 
DMSO) and negative control (TBS/HbBSA) were used as the limits for 
0% and 100% inhibition respectively. Control assay to exclude the direct 
inhibitory activity towards the native luciferase was also carried out. All 
reactions were tested in triplicate and the set of experiments were 
repeated three times. 

4.10. Labeling profile of purified Hsp90 and gel-based fluorescence 

Different concentrations of PAA-Probe were incubated with purified 
recombinant HSP90 protein (0.15 mg/ml in PBS buffer) at room tem-
perature for 30mins. After irradiated with UV (365 nm, 8 Watt) on ice 
for 20 min, the sample is added with 1% SDS, 0.25 μL each of TAMRA-N3 
(125 μM final, Lumiprobe), CuSO4 (1.25 mM final, Sigma), THPTA (Tris 
(3-hydroxypropyltriazolylmethyl) amine, 125 μM final, Sigma) and so-
dium ascorbate (1.25 mM final). Each reagent was freshly prepared. The 
reaction system was incubated for 1 h at room temperature and sub-
jected to SDS-PAGE. The readout is visualized by in-gel fluorescence 
scanning by Amersham Typhoon Biomolecular Imager at 533 nm. The 
gel was subsequently stained with coomassie brilliant blue to indicate 
that an equal amount of protein was loaded in each lane. The visualized 
bands were cut out and subjected to mass spectrometry to reveal the 
potential binding sites of Hsp90. 

4.11. Pull down and western blotting analysis 

HeLa cells were grown in DMEM (Dulbecco’s modified eagle me-
dium) supplemented with 10% FBS (Fetal Bovine Serum), 1% of peni-
cillin and streptomycin. Cells were harvested by trypsinization and 
centrifugation. The lysis buffer contained 50 mM HEPES pH 8.0, 150 
mM NaCl, 0.1 mM EDTA, 0.1% Triton X-100 and complete protease 
inhibitors, 1% NP-40 and 1 mM DTT. Protein concentration of the cell 
lysate was assessed using the BCA assay. The equivalent amount of 
protein extract was prepared for the following click chemistry reaction 
and microcentrifuge tube-based pull downs. 

4.12. Competition assay 

To further confirm endogenous Hsp90 was directly pulled down by 
PAA, we performed competition assay using the compound PAA. Briefly, 
excess amount of PAA (50 μM) was mixed with the HeLa cell lysate for 
30 min, followed by incubation with the probe PAA-Probe (5 μM) and 
the aforementioned pull down and western blot analysis. 
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