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Regulator of G Protein Signaling (RGS) 17 is an overexpressed promoter of cancer survival in 

lung and prostate tumors, the knockdown of which results in decreased tumor cell proliferation in 

vitro. Identification of drug-like molecules inhibiting this protein could ameliorate the RGS17’s 

pro-tumorigenic effect. Using high-throughput screening, a chemical library containing natural 

products was interrogated for inhibition of the RGS17–Gαo interaction. Initial hits were verified in 

control and counter screens. Leads were characterized via biochemical, mass spectrometric, 

Western blot, microscopic, and cytotoxicity measures. Four known compounds (1–4) were 

identified with IC50 values ranging from high nanomolar to low micromolar. Three compounds 

were extensively characterized biologically, demonstrating cellular activity determined by 

confocal microscopy, and two compounds were assessed via ITC exhibiting high nanomolar to low 

micromolar dissociation constants. The compounds were found to have a cysteine-dependent 

mechanism of binding, verified through site-directed mutagenesis and cysteine reactivity 

assessment. Two compounds, sanguinarine (1) and celastrol (2), were found to be cytostatic 

against lung and prostate cancer cell lines and cytotoxic against prostate cancer cell lines in vitro, 

although the dependence of RGS17 on these phenomena remains elusive, a result that is perhaps 

not surprising given the multimodal cytostatic and cytotoxic activities of many natural products.

Graphical abstract

Regulator of G protein signaling (RGS) proteins temporally regulate the heterotrimeric G 

protein signaling cascades elicited by G protein-coupled receptor (GPCR) activation. 

Agonist binding to GPCRs promotes the exchange of GDP for GTP at the Gα active site, 

causing dissociation of the heterotrimer Gαβγ into Gα and Gβγ, resulting in initiation of 

multiple signaling cascades.1,2 RGS proteins, as GTPase accelerating proteins (GAPs), bind 

the GTP-bound Gα subunit of Gαi/o and Gαq G proteins, stabilizing the transition state and 

accelerating GTP hydrolysis, returning Gα to its GDP-bound inactive state, promoting 

association of the heterotrimer and terminating the G protein signaling cascade.3
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Normal expression levels of RGS proteins provide critical control of cell signaling events, 

and dysregulation of RGS expression has been reported in a number of disease 

pathogeneses.4,5 RGS17 is one such RGS, with transcript and protein enrichment reported 

for lung and prostate carcinoma and more recently for breast cancer and hepatocellular 

carcinoma.6–11 For lung and prostate cancer, RGS17 overexpression results in dysregulation 

of the balance between Gαs and Gαi/o signaling. These two G proteins regulate intercellular 

cAMP levels through the stimulation or inhibition of adenylyl cyclases. Overexpression of 

RGS17 shifts the balance due to its function as a negative regulator of Gαi/o, promoting 

increased levels of cAMP, increased activation of protein kinase A (PKA), and increased 

activation of CRE response element binding protein (CREB),6 a mechanism that is likely 

present in breast cancer and hepatocellular carcinoma.7,8 Most importantly, RGS17 

knockdown results in decreased cell proliferation in culture for all of these cancer types, and 

injection of RGS17-depleted H1299 cells into nude mice resulted in decreased tumor load 

and volume.6–8 These results have established RGS17 as a promising therapeutic target for 

these malignancies and suggest that identification of a small-molecule inhibitor of RGS17 

may act to restore proper cell signaling and inhibit the RGS17-dependent proliferation of 

these cancers. Importantly, since RGS17 is expressed primarily in the brain,12 a selective 

RGS17 inhibitor that remains blood brain barrier impermeable would function as an 

inhibitor of tumor growth while exhibiting minimal off-target side effects, making RGS17 a 

very attractive anticancer target.

Therefore, a screen interrogating a library of 2320 compounds comprising known drugs, 

drug-like molecules, and natural products against the RGS17–Gαo protein–protein 

interaction was performed, the results of which are presented herein. This led to the 

identification of four natural products (1–4) that inhibit the RGS17–Gα interaction and 

inhibit the functional activity of the RGS. The mechanism of action for inhibition of the 

protein–protein interaction was investigated, with characterization focused on potential 

cysteine reactivity and covalent modification, a mechanism observed with previously 

reported RGS4 inhibitors.13–16 Additionally, it was established that the lead compounds are 

capable of disrupting the RGS–G protein interaction in cells. Finally, the cytostatic and 

cytotoxic potential of the compounds against lung and prostate cancers in cell culture was 

assessed.
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RESULTS AND DISCUSSION

Identification of RGS17 Natural Product Inhibitors

Our previously published HTS paradigm17 was successfully miniaturized from 384- to a 

1536-well format with a calculated Z-factor of 0.65,18 and the 2320-compound MicroSource 

SPECTRUM Diversity library (Discovery Systems, Inc., Gaylordsville, CT, USA) was 

screened for inhibitors of the RGS17–Gαo interaction (Figure S1A,B, Supporting 

Information, Table 1). A cutoff of 50% inhibition or greater was established to consider a 

compound as an initial hit. Initial hits were assessed in a variety of follow-up assays 

including single-point counter screens, filtration of putative problematic substructures by 

computational Pan Assay Interference Structure analysis,19–21 and dose–response analysis 

against the RGS17–G protein interaction as well as a biotinylated-GST counterscreen to 

identify compounds that directly interfere with the assay. Hits were triaged at each stage, 

resulting in a reduction from 99 initial hits to four compounds (1–4) considered putative lead 

molecules, all of which are natural products (Table 1). Compound 1 is the quaternary 

benzo[c]-phenthridine alkaloid sanguinarine, which can be isolated from several plant 

sources including the seed oil of Argemone mexicana.22 Compound 2 is the pentacyclic 

triterpenoid celastrol from Tripterygium wilfordii.23 Compound 3 is the xanthonoid (−)-

gambogic acid from Garcinia hanburyi.24 Finally, compound 4 is the hexahydroxy flavonoid 

irigenol, which has been synthesized from the isolated products of Morus tinctoria.25 Each 

of these four molecules was subjected to additional characterization to determine the 

mechanism of RGS inhibition as described below.

Compounds 1–4 Inhibit RGS17 GAP Activity

The ability of the lead compounds to inhibit the functional activity of RGS17 was examined 

using a previously described malachite green assay.26 In this assay, compounds 1–4 were 

determined to inhibit RGS17’s GAP activity with IC50 values of 12, 6, 10, and 35 µM, 

respectively (Figure S2A, Supporting Information). These were comparable to the IC50 

values determined in initial follow-up assessment of hits using the AlphaScreen platform 

(data not shown). To verify that the compounds bind to the RGS protein rather than the G 

protein, differential scanning fluorimetry (DSF) was utilized. Treatment with 1, 2, and 4 led 

to only minor melting temperature (Tm) shifts for RGS17 that were statistically insignificant. 

However, compound 3 resulted in a drastic negative shift in Tm for the G protein (data not 

shown). This indicates that 3 is likely binding to Gα protein and would therefore be 

undesirable toward the goal of this work. A small molecule that inhibits the function of 

RGS17 would act to restore proper G protein signaling regulation, while an inhibitor of Gα 
would serve to cause further dysregulation of the system. Therefore, compound 3 was 

excluded from further evaluation.

Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry was utilized to further characterize the binding of the lead 

compounds to RGS17. Two compounds, 1 and 4, were amenable to ITC and exhibited 

affinity for RGS17 with Kd’s of 1 µM and 710 nM, respectively (Figure S2B,C, Supporting 

Information). Compound 2 was not soluble in aqueous buffer at the high concentration 
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needed to conduct the ITC experiment. Compound 1 exhibited a protein:ligand binding 

stoichiometry of 0.82, while compound 4 exhibited a stoichiometry of 0.33, suggesting 4 
may have multiple binding sites. ΔG binding values were −8168 and −8389 cal/mol for 1 
and 4, respectively. Decomposing the binding thermodynamics revealed that these two 

compounds have favorable binding enthalpies. While 1 exhibited a lower change in enthalpy 

(ΔH = −148 cal/mol) compared to 4, the larger entropic change (TΔS = 8020.2 cal/mol) 

during the binding reaction of this compound fully compensated for the lower change in 

enthalpy. Compound 4 was determined to have a significantly higher change in enthalpy (ΔH 
= −2158 cal/mol) as well as a lower change in entropy (TΔS = 6231.3 cal/mol) compared to 

1. This indicates that these two compounds are binding RGS17 through distinct 

mechanisms. However, the contribution of entropy and enthalpy to hydrophobic, hydrogen 

bonding, and electrostatic interactions is complex, and it would be inappropriate to draw 

conclusions on how the compounds are binding RGS17 (i.e., through electrostatic or 

hydrophobic interactions). Nonetheless, these compounds do bind RGS17 with high 

nanomolar to low micromolar affinity.

The Newly Identified Inhibitors Exhibit a Dependence on Cysteine Residues

For ease of purification and with the future goal of identifying inhibitor binding sites by 

protein crystallization and/or NMR, an RGS17 construct that differs slightly from the 

screening construct was utilized. This construct (Asn72 to Ser206) was used previously to 

determine the crystal structure of RGS17 by others (PDB 1ZV4)27 and differs from the 

screening construct (Met61 to Ser210) in that it lacks 11 amino acids on the N-terminus. 

Using this alternative construct, the compounds were retested to determine if the change in 

construct affected the compound activity. All three compounds still showed a dose-

dependent inhibition of the protein–protein interaction via AlphaScreen (Figure 1A), 

although the potencies of 1 and 4 were found to be reduced compared to the screening 

construct assessed using the malachite green assay. This indicates that both these compounds 

may have binding sites that contribute to inhibition within the 11 residues at the N-terminus. 

Interestingly, this region contains an additional cysteine residue, and a characteristic of many 

previously identified small-molecule inhibitors of RGS proteins is the covalent modification 

of cysteine residues.13–16 With this in mind, the dependence of cysteine for compound 

activity was assessed using a cysteine-null mutant of the truncated construct RGS17 

(C117A). Introduction of this mutation had no effect on the GAP activity of RGS17 in vitro 

(Figure 1B), which indicated there were no gross structural abnormalities caused by the 

mutation. The C117A mutant was then assessed in the screening paradigm. All three 

compounds lost inhibitory activity against the mutant, indicating that the mechanism of 

inhibition is dependent on this cysteine residue, with 1 and 2 demonstrating the most 

dramatic reduction in activity (Figure 1C), suggesting that either all three compounds 

covalently modify the cysteine residue to impart inhibition or they require cysteine for 

binding coordination.

Mass Spectrometry Revealed Compound 2 to Form Covalent Adducts with RGS17

Having determined that 1, 2, and 4 require the presence of the cysteine residue for inhibition, 

it was next investigated as to whether the compounds covalently modify cysteine residues or 
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if the interaction is noncovalent. First, Ellman’s reagent, 5,5′-dithiobis(2-nitrobenzoic acid) 

(DTNB), was used to determine the thiol reactivity of the test compounds following 

published protocols.28–30 Using a 4 h incubation and 1:1 molar ratio of test compound to N-

acetylcysteine, both 1 and 4 demonstrated reactivity with N-acetylcysteine, while 2 did not 

(Figure 2). Next, the ability of the test compounds to covalently modify RGS17 at longer 

time periods (i.e., 72 h) was assessed via ESITOFMS. At a ratio of 5:1 test compound to 

RGS17 and an incubation period of 72 h, for 1 (Figure S3B, Supporting Information) and 4 
(Figure S3D, Supporting Information) the test-compound-adducted RGS17 could not be 

detected, while incubation with 2 (Figure S3C, Supporting Information) led to the 

identification of both singly and doubly adducted species (Table 2). These data demonstrate 

the thiol reactivity for 1 and 4 at a shorter time (4 h) and that a longer incubation (72 h) may 

be required for 2 to modify cysteines. It was also assessed whether the binding of the 

compounds could be detected via NMR spectroscopy; however, no chemical shift 

perturbations were observed (data not shown). This is likely due to the high concentration of 

RGS17 needed for these experiments and the corresponding high concentration of 

compound required. Indeed, the ratio of compound to RGS17 was roughly 3:1 due to 

solubility limits of the test compounds, and therefore it is likely the fold molar excess of 

compound to protein was not sufficient for chemical shifts to be observed.

For 2, the variation between DTNB and MS results may simply be the difference in molar 

excess compound and incubation time between the assays (1:1 and 4 h for thiol reactivity, 

5:1 and 72 h for MS). However, due to the solubility of 2 and due to increased assay noise 

when using a reduced concentration of N-acetylcysteine, a greater molar ratio of 2:N-

acetylcysteine in the DTNB assay could not be utilized. However, previous reports have 

demonstrated that 2 is capable of modifying thiols, which supports the data obtained via 

MS.31,32 Compound 4 contains a pyrogallol functionality, which is known to be sensitive to 

oxygen and therefore oxidation.33,34 Thus, the biochemical thiol reactivity may be a 

function of assay interference whereby the compound is promoting the oxidation of N-

acetylcysteine and the formation of N-acetylcysteine–N-acetylcysteine disulfide bonds, 

which then prevents the dimerized N-acetylcysteine from reacting with DTNB. This may 

also be true for 1, as sanguinarine has been reported as a protein thiol oxidizing agent.35 

Nonetheless, the MS data indicate that 1 and 4 may not necessarily form covalent adducts 

with RGS17.

The presence of multiple adducts is intriguing for 2, since the RGS17 construct employed 

contains only one cysteine (C117). This implies that 2 is capable of covalently modifying 

additional amino acids, most likely lysine or histidine. However, since the compound lost all 

activity against the C117A mutant, this secondary adduct likely does not contribute to 

RGS17–Gα interaction inhibition.

In summary, all three compounds rely on the presence of C117 to inhibit RGS17, as these 

compounds lacked activity against the C117A mutant. Compound 2 is capable of forming 

covalent adducts at two sites as determined via MS, whereas employing a DTNB assay 

showed that 1 and 4 are capable of either reaction with sulfhydryl groups or promoting a 

redox mechanism. Although cysteine reactivity may implicate increased promiscuity of 

these compounds, this does not necessarily exclude the compounds or future analogues from 
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therapeutic tractability. Indeed, the RGS4 small-molecule inhibitor CCG-50014 and close 

analogue CCG-203769 are cysteine-reactive molecules that have reported functional activity 

in vivo in mouse models of neuropathic pain and Parkinson’s disease.36–38 Therefore, 

further validation of these molecules was pursued via evaluation of compound activity in a 

variety of cell-based systems.

The Lead Compounds Disrupt RGS17 Expression at the Membrane

Previous reports have shown that RGS17 has an affinity for Gαo in a biological system,39 

and so it was therefore hypothesized that RGS17 is suitable for subcellular localization 

experiments similar to those employed by Blazer et al. in the assessment of RGS4 lead 

molecules.14 Indeed, transfection of an N-terminal Green Fluorescent Protein (GFP) full-

length RGS17 fusion construct alone exhibited a diffuse expression pattern, while 

cotransfection with unlabeled Gαo resulted in an enrichment of expression at the cell 

membrane of HEK293T cells (Figure 3A,B).

It was next assessed whether this localization pattern might be disrupted by treatment with 

the lead compounds. After treatment with 100 µM 1 for 10 min, RGS17 remained at the 

membrane (Figure 3C,D). It was hypothesized that palmitoylation of RGS17’s N-terminal 

cysteine rich domain40 resulted in RGS17 being anchored in the cell membrane once 

trafficked to the membrane upon cotransfection with Gαo, making it unable to diffuse to the 

cytoplasm upon treatment with compound, even if its interaction with Gαo was disrupted. 

Therefore, a truncated RGS17 construct, RGS17ΔN (missing RGS17 residues 1–60), was 

constructed and utilized. Like the ful-llength construct, RGS17ΔN is diffusely expressed in 

the cytoplasm in the absence of Gαo, yet upon cotransfection with Gαo RGS17ΔN is 

recruited to the cell membrane (Figure 3E,F).

It was next assessed whether treatment with the test compounds promoted delocalization of 

RGS17ΔN from the cell membrane, using the paradigm outlined via the control conditions 

in Figure 3E and F. Upon treatment with 100 µM of the lead compounds, RGS17ΔN diffused 

to the cytoplasm, indicating that these compounds disrupt the RGS17–Gα protein–protein 

interaction (Figure 4). Treatment with 10 µM of each compound also promoted disruption of 

the interaction, although a longer time course was required (Figure S4, Supporting 

Information). As a control, a known RGS4 inhibitor (CCG-50014) was tested against 

RGS17ΔN, which did not result in RGS17ΔN delocalization from the membrane (Figure 4J–

L).14 Treatment of cells with vehicle also did not alter RGS localization (data not shown). 

As a control, pAcGFP vector was cotransfected with hGαo and the expression pattern 

assessed. GFP was observed as diffuse throughout the cytoplasm, indicating that the 

localization observed previously was due to the RGS17ΔN–Gαo protein–protein interaction 

(data not shown). The delocalization observed at 100 and 10 µM compound was quantified 

using the NIH ImageJ tool. (Figure 4, Figure S4, Supporting Information). For 100 µM lead 

compound treatment, there was a statistically significant enrichment of GFP signal at the 

membrane at T = 0, which was then lost when assessed at T = final. Compounds 1 and 2 
exhibited this same trend at 10 µM compound treatment, demonstrating a statistically 

significant enrichment of GFP signal at the membrane at T = 0 and a loss of this enrichment 

at T = final (Figure S4, Supporting Information). Compound 4 demonstrated the same trend 
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at 10 µM compound treatment; however the membrane enrichment at T = 0 fails to reach 

statistical significance. Additionally, the control condition of CCG-50014 exhibited no 

significant change of signal in either the membrane or cytosolic portions.

For 1, 2, and 4, the time course and lack of gross morphological changes that are indicative 

of cytotoxicity (cell shrinkage, plasma membrane blebbing, etc.) for the 100 µM compound 

treatments indicate that the observed diffusion from the membrane is indeed a consequence 

of interruption of the protein–protein interaction and not a consequence of loss of cellular 

integrity. Additionally, the control compound CCG-50014 demonstrated significant cell 

shrinkage over 30 min, yet the localization of RGS17 at the membrane remained intact. This 

is evidence that the diffusion of RGS17 into the cytoplasm for the 10 µM compound 

conditions is due to compound disruption of the protein–protein interaction and not due to a 

cytotoxic response despite several imaged cells displaying phenotypes consistent with those 

listed above indicating cytotoxicity over the longer imaging time course.

Compounds 1 and 2 Cause Growth Arrest of Lung and Prostate Cancer Cells in Vitro

Having demonstrated that the natural product lead compounds could disrupt the RGS17–G-

protein interaction in cells, it was investigated whether or not these compounds can inhibit 

the growth of lung and prostate tumor cell lines. A549 cells were used as the lung tumor cell 

line, in which the expression of RGS17 has been detected.41,42 Both 1 and 2 demonstrated 

sub-micromolar inhibition of A549 cell growth compared to DMSO-treated controls, while 4 
did not demonstrate any level of growth inhibition up to 1 µM compound (Figure 5). These 

results correlate with the fluorescence localization described above, as 4 demonstrated a 

much slower delocalization response, which may be a function of permeability of these 

compounds. An examination of the physical properties of the lead compounds shows that 1 
and 2 have few hydrogen bond donors (0 and 2, respectively), few hydrogen bond acceptors 

(4 and 4, respectively), and low topical polar surface area (TPSA) values (40.8 and 74.6 Å2, 

respectively). For reference, compounds that can cross the blood brain barrier tend to have a 

total number of hydrogen bond donors and acceptors of 5 or less and a TPSA of less than 90 

Å2.43 Compounds that have greater hydrogen-bonding potential and a greater TPSA are less 

blood brain barrier penetrant and by extension are less cell membrane permeable. 

Compound 4 has six H-bond donors, eight H-bond acceptors, and a TPSA of 148 Å2, which 

indicated that this substance may be less cell permeable than the other two lead compounds.

Compounds 1 and 2 were also tested for their ability to inhibit prostate tumor cell growth 

(Figure S6A,B, Supporting Information). Cell lines PC3E (PC3 cell line enriched for E-

cadherin expression), TEM4-18 (PC3 subpopulation selected for mesenchymal 

phenotype),44 and RWPE-1 (immortalized epithelial, normal) were utilized for this 

assessment. RGS17 is detected in all three cell lines (Figure S5, Supporting 

Information)41,42 with TEM4-18 cells demonstrating an enrichment of expression of roughly 

8-fold compared to PC3E cells. Both compounds inhibited the growth the PC3E and 

TEM4-18 tumor cell lines in a dose-dependent manner. However, both compounds also 

caused growth arrest of RWPE-1 cells at similar potencies. Additionally, overexpression of 

RGS17 in PC3E cells via transient transfection did not result in a sensitization of these cells 

to either 1 or 2 (data not shown). These data suggest that 1 and 2 may be affecting tumor cell 
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growth by mechanisms in addition to the inhibition of RGS17 or perhaps in an RGS17-

independent manner.

Investigation of Test Compound Mechanism of Action in Cancer Cells

Given that 1 and 2 inhibited lung and prostate cancer cell growth, it was assessed whether 

these compounds cause growth inhibition of lung and prostate tumors via the proposed 

mechanism, i.e., modulation of cAMP levels by restoring the negative regulation of adenylyl 

cyclase by Gαi/o. Previous reports have shown that knockdown of RGS17 in lung cancer cell 

lines results in a decrease of cAMP generation and CREB phosphorylation upon stimulation 

with forskolin compared to unaltered controls.6 Therefore, the ability of the compounds to 

modulate the phosphorylation of CREB upon stimulation with forskolin was assessed. 

Despite several attempts, a statistically significant reduction of CREB phosphorylation upon 

compound treatment could not be detected compared to DMSO-treated controls (data not 

shown). Compounds 1 and 4 trended toward the proposed mechanism, but a high degree of 

variability between trials prevents significant conclusions from being drawn.

The high degree of variability observed may in fact be a function of compound promiscuity 

and the compounds’ influence on additional signaling systems. Both 1 and 2 have published 

cytostatic and cytotoxic activity in other carcinomas targeting separate signaling cascades. 

Compound 1 (sanguinarine) has been reported to inhibit the growth of several gastric cancer 

cell lines in culture45 and to be cytotoxic to melanoma cells in culture46 and has reported 

activity against pancreatic cancer and neuroblastoma cell lines in culture.47,48 Compound 2 
(celastrol) has been reported to have activity against osteosarcoma, head and neck cancer, 

and glioblastoma.49–51 Additionally, both compounds 1 and 2 have been reported to have 

activity against lung and prostate cancer cell lines through a variety of mechanisms. 

Compound 1 was reported to inhibit A549 and PC3 cell growth through glutathione 

depletion mechanisms,52,53 while 2 inhibited A549 cells through activation of mitochondrial 

and Fas/FasL (Fas receptor/Fas ligand) apoptotic pathways and to have activity against 

DU145 prostate cancer cells via an hERG-dependent mechanism.54,55 These reports show 

that these compounds are quite promiscuous. Given that these compounds were identified as 

inhibitors of RGS17 and that these compounds have reported activities in lung, prostate, 

hepatocellular carcinoma, and breast cancer, the pathologies in which RGS17 has been 

reported to play a role, it is possible that inhibition of RGS17 may be one of the many 

mechanisms by which these compounds alter cancer cell growth.56–58 Extensive pathway 

analysis is required to determine exactly what signaling events are being altered in the lung 

and prostate cell lines used here to determine the primary mechanism of action of these 

compounds.

In conclusion, several natural products were identified that inhibit the activity of RGS17. 

While these natural products may indeed be promiscuous in the targeting of cancer cells, the 

information gleaned for the mechanism of RGS17 inhibition will provide the foundation for 

future discovery and design efforts. The normal expression pattern of RGS17 suggests that a 

selective RGS17 inhibitor that is incapable of crossing the blood brain barrier would present 

minimal off-target effects while inhibiting cancer cell growth. This makes RGS17 a very 

attractive anticancer target, and further investigation of these compounds as well as 
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identification of novel scaffolds through larger screening efforts is essential for the 

development of selective RGS17 pretherapeutic leads.

EXPERIMENTAL SECTION

General Experimental Procedures

Methods for protein expression and purification, chemical biotinylation on Gαo, Z factor 

calculation in 1536-well format, malachite green protocol, ITC, quantitative PCR, and 

prostate cell line dose–response can be found in the Supporting Information, Experimental 

Section.

Screening of Chemical Library

Altogether, 2320 compounds from the MicroSource SPECTRUM chemical library were 

screened at a final concentration of 40 µM. RGS17–anti-GST and Gαo–biotin–streptavidin 

bead conjugations and reagent addition to respective wells were performed as described in 

the Supporting Information Experimental Section “Z factor calculation in 1536-well 

format”, with the exception of all Gαo prepared, which was +AMF.

AlphaScreen Dose–Response Analysis

Experiments were carried out similarly to the high-throughput AlphaScreen assay using 

Corning 384-well white flat-bottomed plates (Corning, NY, USA). Compounds were 

assessed in a half-log dilution series from 100 µM to 1 nM final. RGS17 (WT or mutant) 

conjugated to the appropriate bead was added to wells already containing compound at a 

final protein concentration of 10 nM. After a 30 min incubation, Gαo conjugated to the 

appropriate bead in the presence of AMF and GDP was added for a final G protein 

concentration of 10 nM. Negative controls were determined in the absence of AMF.

AlphaScreen Biotinlyated GST Counterscreen

Compounds that exhibited inhibition of the protein–protein interaction in a dose-dependent 

manner were counterscreened in a biotinylated GST control assay in Corning 384-well white 

plates. Compounds were assessed in a half-log dilution manner as above. Biotinylated GST 

(600 pM) was first incubated with anti-GST acceptor beads for 30 min. Streptavidin donor 

beads were then added and incubated for an additional 30 min. The protein bead mixture 

was then added to wells already containing compound and incubated for 1 h at RT prior to 

read. Final protein and bead concentrations were 300 pM protein and 6.25 ng/µL for each 

bead, respectively. Plates were read on an Envision plate reader (PerkinElmer, Waltham, 

MA, USA), and data were analyzed using GraphPad Prism 6.

Interrogation of Potential Covalent Interaction by ESI-TOFMS

RGS17ΔN (1ZV4 construct) (20 µM) in 25 mM HEPES, 100 mM NaCl, and 5% DMSO, pH 

8, was incubated at 4 °C in either the presence or absence of 100 µM compound for 72 h, 

prior to dialysis against 25 mM NH4HCO3 and 100 µM NaCl at 4 °C for 24 h to remove 

noncovalently bound compound and change to MS-compatible buffer. ESITOFMS was 

conducted using a Waters Q-Tof Premier mass spectrometer using direct infusion and 
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positive ESI ionization. MassLynx was used for data acquisition, while MaxEnt was used for 

spectra deconvolution. For samples containing 1 and 4 further reduction of NaCl content was 

required for resolution purposes. These samples were dialyzed in two iterations, resulting in 

a sub-nanomolar salt concentration. Post dialysis, samples were analyzed identically as 

above.

Thiol Reactivity

The thiol reactivity was determined for the test compounds using Ellman’s reagent {5,5′
[dithiobis(2-nitrobenzoic acid)} following a protocol adapted from the literature.28–30 N-

Acetylcysteine at 100 µM was incubated with compound (100 µM) for 4 h at 37 °C. 

Following incubation, DTNB (1 mM) was added, and absorbance measured at 412 nm using 

a Molecular Devices SpectraMax plate reader. Data were analyzed using GraphPad Prism 7.

Plasmid Construction and Purification

GFP fusion constructs were cloned using pAcGFP In-Fusion Ready vector (Clontech catalog 

no. 632500, Mountain View, CA, USA). RGS17 full-length (RGS17FL) and the truncated 

RGS17 construct (RGS17ΔN) were cloned using the In-Fusion HD cloning system 

(Clontech, catalog no. 638909). Proper plasmid construction was confirmed by Sanger 

Sequencing (Iowa Institute of Human Genetics, University of Iowa).

RGS Localization by Confocal Microscopy

HEK293T cells were plated in 96-well tissue culture treated glass-bottom poly-D-lysine-

coated view plates (PerkinElmer, Waltham, MA, USA) at a density of 25 000 cells per well 

and incubated at 37 °C, 5% CO2 overnight. The next day, cells were transfected with hGαo 

in pcDNA 3.1(+), pAcGFPRGS17 FL, pAcGFPRGS17ΔN, or empty pAcGFP, either singly 

or in the appropriate combinations using Lipofectamine 2000 (Life Technologies, Carlsbad, 

CA, USA) according to the manufacturer’s protocols. Then, 24 h post-transfection, the 

medium was aspirated and replaced with 100 µL of serum-free, phenol-red-free Dulbecco’s 

modified Eagle’s medium (DMEM, Life Technologies). For compound treatment, 100 µL of 

DMSO solution was added to wells for final DMSO concentrations ranging from 0.05% to 

2%. Compounds were prepared at 2× final desired concentrations in serum-free, phenol-red-

free DMEM. Next, 100 µL of compound was added to wells (1× final, 0.07–0.8% DMSO). 

Cells were imaged using a Zeiss LSM510 confocal microscope (University of Iowa Central 

Microscopy Core). Images were analyzed using the NIH ImageJ software to perform cross-

sectional fluorescence intensity analysis and GraphPad Prism 6. For each analysis, the T = 0 

and T = final image pair was normalized to the highest intensity signal in the T = 0 image.

Test Compound Dose–Response in Lung Tumor Cells

Subconfluent A549 lung tumor cells were harvested by trypsinization, counted on a 

Countess cell counter (Life Technologies), and plated at 1000 cells per well in a 24-well 

tissue culture plate. After overnight attachment, cells were treated in triplicate with indicated 

concentrations of test compound or DMSO control in equal concentration, not exceeding 

0.2% DMSO final concentration. Cells were placed in an Incucyte FLR live cell imaging 

system (Essen Bioscience, Ann Arbor, MI, USA) to measure confluence every 2 h over 6 

Bodle et al. Page 11

J Nat Prod. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



days in culture. Cell images were monitored to exclude morphology differences as a 

confounding factor affecting confluence measurement. Change in confluence over 6 days 

relative to DMSO controls was plotted versus drug concentration. IC50 values were 

calculated using the linear regression equation for each curve using 0.5 relative growth as 

the value for x and solving for y.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Lead compounds inhibit RGS17 in a cysteine-dependent manner. (A) Lead compound dose–

response curves against WT RGS17–Gα interaction via AlphaScreen. IC50 values of 72.8, 

10.5, and 47.2 µM for compounds 1, 2, and 4, respectively. (B) Malachite Green GAP 

activity results of WT and C117A RGS17. (C) Lead compound dose–response curves 

against RGS17 C117A–Gα interaction via AlphaScreen. IC50 values were >100 µM for both 

1 and 2 and 81.8 µM for 4. All data are n = 3 in at least duplicate means ± SD.
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Figure 2. 
Thiol reactivity of the lead compounds was assessed using DTNB. Compounds 1, 4, and 

control N-ethylmaleimide all reduced the absorbance at 412 nm compared to the control N-

acetylcysteine (p values, * <0.05, **** <0.0001). Data are n = 3 ± SD.
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Figure 3. 
Localization pattern of RGS17 in HEK293T cells. pAcGFPRGS17FL transfected into 

HEK293T in the absence (A) and presence (B) of hGαo. Treatment with 1 using 

pAcGFPRGS17FL and Gαo at 0 and 10 min (C and D, respectively). pAcGFPRGS17ΔN 

transfected into HEK293T in the absence (E) and presence (F) of Gαo. Scale bars represent 

10 µm.
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Figure 4. 
Lead compounds disrupt RGS17–Gα interaction in cells. HEK293T cells cotransfected with 

GFPRGS17ΔN and hGαo were treated with 100 µM 1 (A), 2 (D) and 4 (G) or 100 µM 

RGS4 inhibitor CCG-50014 (J), and fluorescent protein cellular localization was monitored 

by inspection. T = 0 and T = final images were quantified with cross-sectional fluorescence 

intensity analysis (B, E, H, K). Representative intensity analysis is shown. Quantification of 

intensity analysis from all trials is shown at right (C, F, I, L). Compounds 1, 2, and 4 were 

performed with n = 3; CCG-50014 was performed with n = 2. Representative images are 

shown. Scale bars represent 10 µm. * = p ≤ 0.05; ** = p ≤ 0.01.
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Figure 5. 
Cytostatic activity of lead compounds against lung tumor cells. Growth response of A549 

lung tumor cells with up to 1 µM 1 (A), 2 (B), or 4 (C) over 6 days in culture. Growth is 

expressed relative to the DMSO control, which is indicated at x = 0, for each compound. 

Data are n = 3. Error bars represent one standard deviation.
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Table 1

Summary of Screening Results

spectrum library
2320
compounds hit rate

initial AlphaScreen hits 99 compounds 4.26%

single point biotin-GST control counterscreenfilter 41 compounds 1.76%

favorable IC50’s and structures filter 7 compounds 0.30%

dose−response curves IC50’s PPI vs biotin-GSTfilter 4 compounds 0.17%

RGS17 specific differential scanning fluorimetry 3 compounds 0.13%
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Table 2

Deconvoluted Mass Values of Samples in Figure 4

sample

theoretical
sample MW
(Da)

theoretical
single

adduct MW
(Da)

theoretical
dual adduct

MW (Da)
observed MW
(Da)

RGS17 apo 16 235 16 232

RGS17 + 1 332 (compound alone) 16 567 16 899 16 234

RGS17 + 2 451 (compound alone) 16 686 17 137 16 233; 16 685 (452); 17 135 (902)

RGS17 + 4 318 (compound alone) 16 553 16 871 16 235
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