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Supplemental Materials and Methods  
Multiplex Screening Procedures and Dose Response Assays–Methods using 4 µm glutathione (GSH) 
conjugated beads for multiplex screening assays and dose response measurements are as given in main text.  

In Vitro Nucleotide Binding Assays on Individual GTPases–Superdex GSH conjugated beads, 13 µm in 
diameter, were prepared and loaded with GST-GTPase as previously described [1]. At a maximal 
concentration of bound protein we estimate ~5x106 GST-GTPase molecules are bound to each bead, 
representing a concentration of ~2 nM bead-bound protein [2]. For individual dose-response measurements 
the nucleotide concentrations were fixed at the determined dissociation constants of Rac1 and Cdc42 for 
BODIPY-GTP (Kd ≈ 300 nM). Assays were performed in HEPES buffer (30 mM HEPES, pH 7.5, 20 mM NaCl, 
100 mM KCl, 1 mM EDTA, 1 mM DTT, 0.01% (v/v) NP40, 0.1%BSA).  For each measurement, GTPase loaded 
GSH beads (2 ×103 total beads) were pre-incubated with DMSO or increasing concentration of the compound 
for 15 min followed by incubation with BODIPY-GTP for 1 h at 4°C. For measurement, samples were diluted at 
least 10-fold and analyzed using a BD FACScan flow cytometer.  

Cytotoxicity, Cell Viability and Proliferation Assays–For cytotoxicity tests, OvCa433 cells were plated in 96-well 
plates (8,000 cells/well) and cultured for 24 h in complete medium.  Cells were treated with increasing doses 
(0-300µM) of R-naproxen or S-naproxen for 48 h in MEM containing 0.1% BSA. Cytotoxicity was measured 
using a LDH release assay (Cytotoxicity Detection KitPLUS, Roche Diagnostics GmbH, Germany) as compared 
to a detergent permeabilized positive control and formazan formation was measured at 490 nm using an 
ELISA plate reader.  

For cell viability, OvCa433 cells were seeded into 96-well plates at a density of 30,000 cells/mL in 10% 
FBS/MEM media. Effects on cell viability were measured in 0.1% BSA/MEM after 24-48 h treatment with (0-
300 µM) R-naproxen or S-naproxen in 96 well plates using an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carbo
xymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay, which monitors metabolically active mitochondria.  

Effects on ovarian cancer cell (OvCa429 and OvCa433) proliferation were measured using a BrdU assay 
(Millipore #2752, Billerica, MA). Cells were plated at 0.5 x 103 cells per well in 96-well plates (Corning #3596, 
Corning, NY) and allowed to adhere for 24h before treatment with varying concentrations of R-naproxen, S-
naproxen, 6-methoxynaphthalenic Acid, and NSC23766. Media with or without treatments was replaced every 
two days. After a 5-day incubation period, cells were treated overnight with the BrdU reagent and fixed 
according the vendor’s protocol. Each treatment was performed in triplicate and the assay was performed 
three times.  

GEF Assays–Cdc42 and Rac1 guanine exchange factor (GEF) activity assays were carried out according to 
the protocol outlined in the RhoGEF exchange assay kit, BK100 (Cytoskeleton, Denver, CO, USA). Human 
Dbs GEF was from Cytoskeleton, Inc.  HeLa cells were transfected with a myc-Tiam1 plasmid (kind gift of Dr. 
Channing Der, University of North Carolina, Chapel Hill) using LipofectamineTM 2000. Cell lysates were 
prepared and myc-Tiam1 was immunoprecipitated according to procedures stipulated in the c-myc tag IP/co-IP 
kit (Thermo Scientific, Pierce Biotechnology, Rockford USA). Phosphatidylinositol 4,5-bisphosphate (PIP2) is 
an important Tiam1 GEF activator based on its binding to the lipid homology domains of Tiam1 [3].  

Phosphatidylinositol 4,5-bisphosphate (PIP2) lipid in CHCl3: MeOH:H2O mixture was dried under vacuum and 
then redispersed in immunoprecipitation elution buffer (50 µl) using intermittent bath sonication and vortexing. 
The equivalent of 10 µM PIP2 lipid (final) was incubated with 1 µM solution myc-Tiam1 (full length) for 5 min at 
room temperature as reported earlier [3] and then put on ice. His-tagged Rac1 (45 µM final) reconstituted in 
sterile water was mixed with nucleotide exchange buffer (20 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM MgCl2, 
5% BSA and 0.75 µM mant-GTP) in a 100 µl volume (final) in a light sensitive 96 well plate. 1% DMSO (final), 
100 µM R-naproxen in 1% DMSO (final) and 100 µM 6-MNA in 1% DMSO (final) were then added accordingly. 
The mixture was briefly shaken on a bench top shaker for 30 s before further incubation for 5 min at room 
temperature. Initial fluorescence measurements were recorded for 5 min on a 1420 Multichannel plate reader 
(PerkinElmer) by exciting mant-GTP at 360 nm and recording emitted fluorescence at 440 nm. PIP2 lipid 
bound Myc-Tiam1 (10 µM final) was then added to stimulate GEF-mediated Rac1 nucleotide exchanged and 
increases in fluorescence intensity monitored as a measure of mant-GTP binding. Control wells consisted of 
Rac1 in buffer only or with 1% DMSO.  

GLISA Assays–Assay method as detailed in main text.  



 

 

 
Figure A. NSAIDs without effect on guanine nucleotide binding. Dose response assays were 
conducted on six Ras-related GTPases simultaneously using a multiplex format. Rac1 wt and Rac1Q62L 
were measured in single-plex assays in buffer with EDTA and magnesium.  



 

Figure B. R-naproxen selectively inhibits BODIPY-GTP binding by Rac1 and Cdc42 in vitro. R-naproxen 
in contrast to S-naproxen and 6-methoxy naphthalene acid (6MNA) inhibited BODIPY-GTP binding to GSH 
bead immobilized GST-Rac1 and GST-Cdc42 GTPases in a dose-dependent manner. BODIPY-GTP 
concentration was held constant at 300 nM for these experiments and drug concentrations varied from 10 nM 
to 100 µM. Bead-associated fluorescence intensity was quantified by flow cytometry and used to monitor drug 
treatment induced changes in nucleotide binding. The inhibition curves were fitted to the sigmoidal dose-
response equation using GraphPad Prism5. The EC50 of R-naproxen was 18 µM for both Rac1 and Cdc42, 
and an efficacy of 32% and 38%, respectively. The EC50 of S-naproxen was >200 µM for Rac1 and 4.2 µM for 
Cdc42 and the efficacy was 0% and 23%, respectively. 6MNA was inactive. N=2.  



 

 Figure C. R-naproxen is not cytotoxic or anti-proliferative. (A-B) Ovarian cancer cells (OvCa433) 
were incubated for 48 h with R-naproxen or S-naproxen (0-300 µM) and lactate dehydrogenase (LDH) 
release into the media was determined by reduction of the tetrazolium salt INT into formazan relative to a 
positive control where membranes were permeabilized. (C-D) Effects on cell viability were measured by 
plating ovarian cancer cells (OvCa433) in 96-well plates in 10% FBS/MEM media and treating with R-
naproxen or S-naproxen (0-300 µM) for 24-72 h. Viable cells were quantified using an MTS assay. (E) 
Proliferation of ovarian cancer cells (OvCa429 or OvCa433) treated with 0-300 µM each of R-naproxen, 
S-naproxen, 6 MNA or the Rac1 inhibitor, NSC23766 for a total of 6 days was measured using a BrdU 
assay. The results are from 3 independent experiments conducted in triplicate. One-way ANOVA was 
conducted with Dunnett’s multiple comparison post-test versus untreated controls. *P<0.05, **P<0.01 



  

 

Figure D. R-naproxen selectively causes the time dependent dissociation of Rac1 from the plasma 
membrane. Ovarian cancer cells (OvCa433) were left untreated or treated with 300 µM R-naproxen, S-
naproxen or 6MNA for 1 h or 24 h prior to paraformaldehyde fixation.  Samples were labeled for actin using 
rhodamine phalloidin and immunostained for Rac1 (mAb from BD Transduction Labs 610650 see main text 
for details). Rac1 staining was lost from the cell borders and seen accumulated in the perinuclear region at 
24 h in R-naproxen treated samples, but not in S-naproxen, 6 MNA or control samples.  Images were 
acquired on a Zeiss Axioskop outfitted with a digital camera.   



 
  

 

Figure E. R-naproxen does not inhibit in vitro GEF activity. (A) Real time measurement of mant-GTP 
binding in solution using purified Cdc42 and Dbs GEF domain with (blue squares) or without (black circles) 
150 µM R-naproxen added. Plotted are data with control Cdc42 only values subtracted.  Arrow denotes 
addition of hDBS GEF. (B) Real time measurement of mant-GTP binding in solution using purified Rac1 and 
PIP2/Tiam1 GEF. Plotted are fluorescence intensity measurements with DMSO or Rac1 only control values 
subtracted and then normalized to maximum fluorescence intensity. Curve fitting was performed using 
GraphPad Prism one site binding function. No differences in GEF-stimulated mant-GTP binding were 
observed in the presence of R-naproxen or 6-MNA relative to controls without drugs added.  



 

Figure F. R-naproxen reduces growth factor dependent cell morphologic changes necessary 
for cell migration and adhesion. (A) OvCa433 cells were plated on FITC- fibronectin and 
either left unstimulated or were stimulated for up to 72 h. Cells were visualized by staining for 
Rac and actin (phalloidin) as detailed in main text. Three different morphologies were 
identified: a) resting cells spread and adherent (“Resting”, yellow arrow); b) extended had a 
stellate fibroblast-like appearance (“Extended” green arrow); c) round showed limited 
substrate adherence as a prelude to complete detachment (“Round” blue arrow). (B) 
Quantification of three representative fields with 40-60 cells/field for control and R-naproxen 
treated samples are shown, with the same color convention used in A. Data show changes 
seen over time (24-48 h) post-EGF stimulation. 72 h samples were not quantified due to the 
large numbers of cells that had detached in the control sample by this time point. N=3 
 



  

 

Figure G. R-Naproxen exhibits enantio-selective inhibition of Rac1 in human ovarian cancer cells.  
Human ovarian cancer (OvCa433) cells were serum starved (24 h in MEM containing 0.1% BSA) and left 
untreated or pretreated for 1 h with 300 µM R-Naproxen, S-Naproxen or 6-MNA prior to stimulation with 
10 ng/ml EGF for 2 min. (Time course studies of Rac1 activation in OvCa433 cells measured by GLISA in 
response to EGF stimulation evidenced a 3-fold increase in activity above baseline with 2 min of treatment 
that was sustained 2-fold above baseline for up to 30 min of EGF treatment.) Rac1 activation by EGF in 
human ovarian cancer (OvCa433) cells was significantly inhibited (one-way ANOVA and Tukey’s multiple 
comparison test, ***p<0.001) by 300 µM R-naproxen in the presence of EGF as compared to the EGF 
stimulated control, and was not significantly different from unstimulated control (-EGF) with or without R-
naproxen.  In contrast, S-naproxen (ns, non-significant) and 6-MNA (*p<0.05) had no or limited effect on 
blocking Rac1 activation by EGF stimulation. Pairwise comparisons of baseline values –EGF, +/- drug 
treatment showed no significant differences. 



 
 

 

Figure H. Virtual Screen for Drugs with alpha-methyl carboxylate identifies racemic ketorolac for 
further testing. Differential activities in cell based studies of the chemically related structural series 
encompassing R-naproxen, S-naproxen and 6-MNA prompted focus on the α-methyl carboxylate as a critical 
structural determinant. With R-naproxen as query and focusing on α-methyl carboxylates, we evaluated all 
approved NSAIDs and several α-Me-COOH drugs (“rotational barrier” hypothesis). In total 39 NSAIDs and 
fifteen α-Me-COOH launched drugs were evaluated; ketorolac (separated enantiomers) was on the list, and 
the racemic is suggested as “compromise”. Heatmap shows the less-than-perfect overlap of the two queries, 
R-naproxen and R-ketorolac. 



Table A. Summary Results of Primary Screen of Prestwick Library Tested at Single Dose against 8 GTPases 

Compound 
Identifying 

# 

Structure Compound Name (Prestwick Library 2007, 888 total compounds) Primary 
Screen Hit* 

754 

 

Fenoprofen calcium salt dihydrate CC(C(O)=O)C1=CC(OC2=CC=CC=C2)=CC=C1  Active 

219 

 

Ketoprofen CC(C(O)=O)C1=CC(=CC=C1)C(=O)C1=CC=CC=C1  Active 

45 

 

R-Naproxen C[C@@H](c1ccc2cc(ccc2c1)OC)C(=O)O Active 

N/A 

 

S-(+)-Ibuprofen  
CC(C)CC1=CC=C(C=C1)[C@H](C)C(O)=O 
 

Active 

868 

 

Acetaminophen CC(=O)NC1=CC=C(O)C=C1  Inactive 

98 

 

Acetylsalicylsalicylic acid  
CC(=O)OC1=C(C=CC=C1)C(=O)OC1=C(C=CC=C1)C(O)=O 
 

Inactive 

594 

 

Diclofenac sodium OC(=O)CC1=C(NC2=C(Cl)C=CC=C2Cl)C=CC=C1 Inactive 

39 

 

Diflunisal OC(=O)C1=C(O)C=CC(=C1)C1=C(F)C=C(F)C=C1 Inactive 



231 

 

Etodolac CCC1=CC=CC2=C1NC1=C2CCOC1(CC)CC(O)=O Inactive 

218 

 

Fenbufen OC(=O)CCC(=O)C1=CC=C(C=C1)C1=CC=CC=C1  Inactive 

203 

 

Flufenamic acid OC(=O)C1=C(NC2=CC(=CC=C2)C(F)(F)F)C=CC=C1  Inactive 

272 

 

Indomethacin COC1=CC2=C(C=C1)N(C(=O)C1=CC=C(Cl)C=C1)C(C)=C2CC(O)=O  Inactive 

206 

 

Meclofenamic acid sodium salt monohydrate 
CC1=C(Cl)C(NC2=C(C=CC=C2)C(O)=O)=C(Cl)C=C1  

Inactive 

54 

 

Mefenamic acid CC1=CC=CC(NC2=C(C=CC=C2)C(O)=O)=C1C  Inactive 

194 

 

Nimesulide CS(=O)(=O)NC1=C(OC2=CC=CC=C2)C=C(C=C1)[N+]([O-])=O  Inactive 

533 

 

Phenacetin CCOC1=CC=C(NC(C)=O)C=C1  Inactive 



211 

 

Piroxicam CN1C(C(=O)NC2=NC=CC=C2)=C(O)C2=C(C=CC=C2)S1(=O)=O  Inactive 

520 

 

Sulfasalazine OC(=O)C1=CC(=CC=C1O)\N=N\C1=CC=C(C=C1)S(=O)(=O)NC1=CC=CC=N1 
 

 

73 

 

Sulindac  Inactive 

816 

 

Suprofen CC(C(O)=O)C1=CC=C(C=C1)C(=O)C1=CC=CS1  Inactive 

527 

 

Tenoxicam CN1C(C(=O)NC2=NC=CC=C2)=C(O)C2=C(C=CS2)S1(=O)=O  Inactive 

496 

 

Tiaprofenic acid CC(C(O)=O)C1=CC=C(S1)C(=O)C1=CC=CC=C1  Inactive 

205 

 

Tolfenamic acid CC1=C(Cl)C=CC=C1NC1=C(C=CC=C1)C(O)=O  Inactive 

856 

 

Tolmetin sodium salt dihydrate CN1C(CC(O)=O)=CC=C1C(=O)C1=CC=C(C)C=C1  Inactive 

*Active: >20% change in BODIPY-GTP binding on any one GTPase at 10 µM concentration. Inactive: <20% change in BODIPY-GTP binding on any 
one GTPase at 10 µM concentration.  



Table A Legend. The 2007 Prestwick Chemical Library was tested in multiplex format against Ras-related GTPases. All compounds were tested at 
a single dose against 888 compounds.  Only four compounds, all NSAIDs, were found active. Twenty-three NSAIDs were tested in total as part of 
the library.  
  



Table B. Summary of NSAID Primary and Confirmatory Screening Outcomes. 

Compound 
Name/SMILES 

Rac1 wt 
(act) 

EC50, Mb 

Cdc42 wt 
(act) 

EC50, Mb 

H-Ras wt 
(act) 

EC50, Mb 

Rab2 

EC50, Mb 

Rab7 

EC50, Mb 

GLISA 
Rac1c 

GLISA 
Cdc42 c 

Rac 
protein 
expression 

d 

Rac PM 
Localiz.e 

Tiam1 GEF 
PM localiz.e 

ACTIVES 

 
6-methoxy naphthalene 
acetic acid 

inactive 
(inactive) 

inactive 
(1.23E-05) 

inactive 
(inactive) 

inactive inactive  0% 
inhibition 
at 300 
µM 

0% 
inhibition 
at 300 
µM 

No change  98% 73% 

 
S-(+)-Ibuprofen* 

inactive 
(inactive) 

inactive 

(6.41E-06) 
inactive 
(inactive) 

inactive inactive     78%**  

 
R-Naproxen* 

2.50E-06 
(2.32E-06 ) 

2.82E-06 
(2.61E-06 ) 

inactive 

(inactive)  
inactive  inactive  100% 

inhibition 
at 300 
µM 

100% 
inhibition 
at 150 
µM 

No change  34% 32% 

 
S-Naproxen 

1.17E-05 
(inactive) 

1.05E-05 
(inactive) 

inactive 
(inactive) 

inactive inactive  

  

No change  87% 65% 

 
Sulindac sulfide 

5.4E-05 
(5.3E-05) 

2.0E-04 
(4.86E-05) 

inactive 
(inactive) 

inactive inactive       

 
CID2950007/ML141 

inactive 
(inactive) 

2.6E-06 
(5.4E-06) 

inactive 
(inactive) 

inactive inactive       

INACTIVES 



 
Acetylsalicylic acid 
(Aspirin) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive inactive       

 
Celecoxib (celebrex) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive inactive       

 
Fenoprofen* 

Inactive 
(inactive) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive inactive       

 
Ketoprofen* 

inactive 
(inactive) 

inactive 
(inactive) 

inactive inactive  inactive     45%**  

 
Sulindac 

inactive 
(inactive) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive inactive       

 
Valdecoxib (bextra) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive 
(inactive) 

inactive inactive       

 

Table B Legend. Dose response assays of all actives and select chemically related NSAIDs were conducted in multiplex format against eight 
GTPases. EC50 values are as indicated and only R-naproxen exhibited µM activity against Rac and Cdc42. 
 

aPrimary screen was performed on 2007 Prestwick Chemical Library® containing 888 compounds of which 18 are classified as NSAIDs (see Table S1 for details). Compounds are 
categorized as active if they changed BODIPY-GTP-binding (activators-increase binding; inhibitors-decrease binding) on one of eight GTPases in primary or secondary multiplex 
assay by greater than 20% at concentrations less than or equal to 1x10-4 M; GTPases tested were Cdc42 wild-type (wt), Cdc42 activated mutant (act), Rab2, Rab7, Rac wt, Rac 
act, Ras wt, Ras act. *NSAIDs identified in the primary screen.  



bConfirmatory screens entailed dose response assays conducted in a multiplex format with eight GTPases tested as for primary screen. BODIPY-GTP-binding activity was 
measured in the presence of 10 nM to 100 µM of each of 11 test compounds (4 primary screen hits and 7 additional NSAIDs considered to have chemical similarity to GTPase 
active compounds). GST-GFP coated beads served as a control to detect non-specific dissociation or denaturation caused by compound addition–none of the tested NSAIDs had 
any effect on bead-GST-protein binding. EC50 values were determined using Prism to determine dose response fits as shown in Figure 1 of main text; fits have R2 > 0.9. Active 
compounds based on same definition used as in primary screena. 
cGLISA measures the cellular activation status of Rac1 and Cdc42 based on Pak effector protein binding. 
dProtein expression levels were measured by immunoblot analysis. 
eChanges in localization were monitored by immunofluorescence and quantified using ImageJ, **assays performed with 0.1% DMSO 

ND not determined. 
‡A well-characterized selective Cdc42 inhibitor served as a positive control.  

  



Table C. Enantiomer Selectivity of Cyclooxygenase Enzymes towards NSAIDS  

Compound   

COX-1 

IC50 (µM) 

COX-2 

IC50 (µM) 

COX-1 

IC50 (µM) 

COX-2 

IC50 (µM) 

 CEREP Previously Published 

 
R-Naproxen*  7.20 4.20 

R>S3 

>254 
 

>254 

 
S-Naproxen .059 .07 

>254 

0.345 

0.66 

4.87 
72.48 

48.39 

0.94 

0.185 

2.06 

28.47 
30.78 

79.59 

 
6-methoxy naphthalene acetic acid 28.0 >1001 

647 

14910 

27811 

2.2912 

1.313 

4214 

93.57 

23010 

18711 

~512 

 
14614 

 
CID2950007/ML141 1.80 0.58 

NA NA 

 
R-Ketorolac 0.99 >1002 

>10015 
>10016 

Not sig17 
36.418 

>10015 
>10016 

Not sig17  
Not sig18 

 <0.01 0.085 0.115 0.7915 



 
S-Ketorolac   

0.4616 
0.117 

0.01718 
 
 

1.4616 
2.717 
3.318 

 

 

Table C Legend. R-Naproxen, S-Naproxen, 6MNA, R-ketorolac, and S-ketorolac were comparatively evaluated for inhibitory activities against 
cyclooxygenase enzymes via in vitro assays. Table provides comparisons with published literature where available. 
 

1> concentration: IC50 value above the highest test concentration.  Concentration-response curve shows less 50% effect at the highest tested concentration.  
2< concentration: IC50 value below the lowest test concentration.  Concentration-response curve shows more 50% effect at the lowest tested concentration.  
3IC50 values were not calculated. COX-1 inhibition was estimated by production of thromboxane B2 from collagen-stimulated human platelets [4].  
4IC50  values were obtained for purified ovine COX-1 and expressed, recombinant murine COX-2 using saturating concentration of substrate [5].   
5IC50  values were obtained for purified ovine COX-1 and expressed, recombinant murine COX-2 using sub-saturating concentration of substrate [5]. 
6IC50  values were measured using recombinant COX-1 and COX-2 produced in the bacculovirus system [6]. 
7IC50  values were measured using microsomal membranes prepared from sham-transfected cos-1 cells or cells expressing human COX-1 or COX-2 [7]. 
8IC50  values were obtained for the inhibition of prostaglandin E2 (PGE2) and thromboxane B2 (TXB2) by naproxen in vitro using rat blood [8]. 
9IC50  values were obtained for the inhibition of prostaglandin E2 (PGE2) and thromboxane B2 (TXB2) by naproxen in vitro using human blood [8]. 
10IC50  values  were measured in human peripheral monocytes stimulated with or without lipopolysaccharide for determine COX-2 and COX-1 activity, respectively 

[9]. 
11IC50  values were measured in cells isolated from  human whole blood. Platelets were used for COX-1 and LPS-induced monocytes were used for COX-2 [10].  
12IC50  values  measured using enzyme purified from CHO cells stably transfected with human COX-1 and COX-2. COX-2 titrations did not achieve complete 

inhibition [11].  
13IC50  value was obtained using U937 microsomes [11]. 
14IC50  values were obtained from human whole blood followed by measurement of COX-1 and COX-2 activity [12].  
15IC50  values were measured using rat COX-1 and COX-2 expressed in a baculovirus system [13].  
16IC50  values were measured using human COX-1 and COX-2 expressed in a baculovirus system [13]. 
17IC50  values were measured using purified ovine COX-1 and COX-2 from seminal vesicles and placenta [14]. 
18IC50  values for COX activity were measured from enzyme purified from ovine seminal vesicles or calcium ionophore stimulated human whole blood [15]. 
  



Table D. Results of the NSAID-focused Virtual Screen using R-naproxen as Query.  
 
Drug Name PCL1 2D Tan Shape 

Tan 
Scaled 

Color 
LBVS 
Score 

6-MNA N 0.85 0.97 0.85 0.91 
nabumetone N 0.67 0.91 0.53 0.78 
fenoprofen Y 0.76 0.80 0.71 0.77 
suprofen Y 0.68 0.82 0.71 0.75 
flurbiprofen N 0.6 0.86 0.71 0.74 
ibuprofen N 0.66 0.79 0.71 0.73 
alclofenac N 0.59 0.84 0.57 0.71 
tiaprofenic acid Y 0.62 0.71 0.71 0.67 
pirprofen N 0.44 0.82 0.71 0.65 
ketoprofen Y 0.68 0.60 0.71 0.64 
indobufen N 0.45 0.76 0.59 0.62 
fenbufen Y 0.5 0.70 0.53 0.60 
phenacetin Y 0.43 0.78 0.28 0.59 
tolfenamic acid Y 0.42 0.72 0.52 0.58 
tolmetin Y 0.39 0.72 0.56 0.57 
indomethacin Y 0.42 0.68 0.56 0.56 
mefenamic acid Y 0.43 0.67 0.56 0.56 
acetaminophen Y 0.38 0.76 0.29 0.56 
meclofenamic acid Y 0.41 0.64 0.57 0.54 
diclofenac N 0.38 0.65 0.51 0.53 
ketorolac N 0.37 0.66 0.48 0.53 
tenoxicam Y 0.27 0.78 0.27 0.53 
flufenamic acid Y 0.4 0.61 0.56 0.52 
oxaprozin N 0.35 0.64 0.58 0.52 
rofecoxib N 0.38 0.63 0.51 0.52 
phenazopyridine Y 0.12 0.87 0.28 0.51 
piroxicam Y 0.28 0.75 0.26 0.51 
flutamide Y 0.28 0.65 0.38 0.48 
sulindac Y 0.47 0.45 0.57 0.47 
valdecoxib N 0.26 0.62 0.53 0.47 
nepafenac N 0.26 0.65 0.39 0.47 
meloxicam N 0.27 0.61 0.46 0.46 
nimesulide Y 0.3 0.57 0.49 0.45 
etoricoxib N 0.27 0.58 0.50 0.45 
oxyphenbutazone N 0.27 0.58 0.43 0.44 
proquazone N 0.33 0.52 0.43 0.43 
celecoxib N 0.22 0.60 0.42 0.43 
phenylbutazone N 0.25 0.56 0.29 0.41 
1The Prestwick Chemical Library (PCL) column indicates presence or absence in the 2007 collection. 
  



Table E. Results of the LBVS Counter-screen [16].  
 

Name Type Priority R-ketorolac S-ketorolac R-naproxen S-naproxen 

R-ketorolac α-­‐Me	
   high	
   1.000	
   0.857	
   0.540	
   0.547	
  
S-ketorolac α-­‐Me	
   high	
   0.856	
   1.000	
   0.547	
   0.540	
  
S-ketoprofen α-­‐Me	
   high	
   0.679	
   0.695	
   0.711	
   0.642 
R-ketoprofen α-­‐Me	
   high	
   0.639	
   0.671	
   0.641	
   0.718 
cilomilast di-­‐Me(*)	
   medium	
   0.583	
   0.564	
   0.515	
   0.510 
R-flunoxaprofen α-­‐Me	
   medium	
   0.572	
   0.563	
   0.705	
   0.667 
tiagabine di-­‐Me(*)	
   medium	
   0.552	
   0.558	
   0.440	
   0.446 
levocabastine di-­‐Me(*)	
   medium	
   0.548	
   0.511	
   0.395	
   0.371 
methallenestril di-­‐Me	
   medium	
   0.546	
   0.526	
   0.763	
   0.693 
mitiglinide di-­‐Me(*)	
   medium	
   0.541	
   0.537	
   0.446	
   0.487	
  
cicloxilic_acid di-­‐Me(*)	
   medium	
   0.536	
   0.508	
   0.582	
   0.576	
  
ecabet di-­‐Me(*)	
   medium	
   0.529	
   0.512	
   0.545	
   0.518 
S-ibuprofen α-­‐Me	
   medium	
   0.527	
   0.508	
   0.722	
   0.771 
R-naproxen α-­‐Me	
   high	
   0.516	
   0.508	
   1.000	
   0.939 
R-ibuprofen α-­‐Me	
   medium	
   0.510	
   0.528	
   0.771	
   0.718 
S-naproxen α-­‐Me	
   medium	
   0.508	
   0.517	
   0.939	
   1.000 
exatecan acid di-­‐Me(*)	
   low	
   0.507	
   0.518	
   0.473	
   0.479 
S-flunoxaprofen α-­‐Me	
   low	
   0.498	
   0.577	
   0.668	
   0.705 
gemfibrozil di-­‐Me	
   low	
   0.480	
   0.520	
   0.643	
   0.657 
cinalukast di-­‐Me(*)	
   low	
   0.470	
   0.448	
   0.377	
   0.401 
fexofenadine di-­‐Me	
   low	
   0.460	
   0.452	
   0.376	
   0.393 
tanomastat di-­‐Me(*)	
   low	
   0.423	
   0.427	
   0.509	
   0.549	
  

 
Table E Legend. Each of the queried compounds contains an alpha-methyl or a di-methyl carboxylate, 
respectively. The asterisk (*) indicates the presence of additional substituents to one, or both of the methyl 
groups linked to the carboxylate. Using low scores for both R-enantiomer queries, the LBVS counter-screen 
ruled out exatecan acid, S-flunoxaprofen, gemfibrozil, cinalukast, fexofenadine, and tanomastat. Compounds 
that remain of potential interest because their scores were above either R-naproxen or R-ketorolac and include 
cilomilast, R-flunoxaprofen, tiagabine, levocabastine, methallenestril, mitiglinide, cicloxilic acid, ecabet, S-
ibuprofen, R-ibuprofen and S-naproxen.  
 
 



Table F. Serum Concentrations and Effective Doses of Drugs and Drug-Like Molecules on GTPase Targets. 

 
Drug R-Naproxen S-

Naproxen 
6-MNA (R,S)-

Ketorolac 
R-Ketorolac S-Ketorolac NSC23766 CID2950007/ML141 

Target Rac1/Cdc42>COX COX 1/2 > COX 1/2 COX1>COX2 Rac1/Cdc42  COX1>COX2 Rac1 Cdc42 
Serum Cmax N/A 97.4 µg/ml 

(413 ± 74 
µM)3 

41.2 
µg/ml  
(58 µM) 

6.4 ± 1.8 µM N/A N/A N/A N/A 

Serum Cave 
 

N/A 130-391 µM 172-231 
µM 

8.3 ± 2.3 µM N/A N/A N/A N/A 

IC50 Rac1 2.50 µM >10 µM inactive ---------- 0.574 >100 ~50 µM ND 
IC50 Cdc42 2.82 µM >10 µM inactive ---------- 1.07 >100 ND 2.1-2.6 µM 
IC50 
migration 
Rac1/Cdc42 
dependent 
(est) 

~100 µM ≥300 µM >300 µM 34 µM 7 µM >100 µM <30 µM ~10 µM 

 
Table F Legend. Serum concentrations (maximum (Cmax) and steady state (Cave)) were based on typical oral dosing (S-Naproxen 500 mg; R,S-
ketorolac 30 mg; 6-MNA 750-20000 mg of nabumetone and derived from Roche Investigator’s brochure and primary literature (S-Naproxen, [17-19]; 
ketorolac [13, 14, 20-22]; 6-MNA [9, 10, 21, 23]. An IV dose of 30 mg ketorolac achieves a Cmax of 13.7 µM [22, 24]. IC50  

values for COX1/2 in 
human cells were obtained from the literature (R and S-naproxen, [4, 8, 25, 26]; R and S-Ketorolac, [13-15, 20, 22, 24];  6-MNA, [9, 10, 21], 
NSC23766, [27]. IC50 of ketorolac isoforms determined via effector binding assay this manuscript. Migration IC50 

values for NSAIDs were estimated 
from limited dose response data (this manuscript) or calculated by GraphPad Prism5 (ketorolac); data for CID2950007/ML141 are from [28]. N/A-
not applicable, no human dosing. ND=not detected.  
 



 

Table G NSAID Docking Scores and Analyses 

 

Table G Legend. Docking studies were performed as detailed in main text and illustrated in Fig 9-10. The 
Generalized-Born Volume Integral/Weighted Surface area (GBVI/WSA dG) scoring function was implemented 
in the Molecular Operating Environment (MOE) software and used to estimate the free energy of binding of 
each ligand from a given pose, with lower scores corresponding to more favorable poses. [29, 30]. Amide 
derivatives were used as a control. Distances of Mg2+ from the carboxylate moiety of each docked compound 
are measured in Angstroms.  Interaction distances were shortest for the R-carboxylate derivatives relative to 
the corresponding S-enantiomers and amide derivatives, affirming a preference for the R-carboxyl derivatives. 
 
 

 

 Rac1 Cdc42 
 Free Energy of 

Ligand Binding 
(GBVI/WSA dG) 

Kcal/Mol 

NSAID 
carboxylate-Mg2+ 

dist (Å) 

Free Energy of 
Ligand Binding 

(GBVI/WSA dG) 
Kcal/Mol 

NSAID 
carboxylate-Mg2+ 

dist (Å) 

6-MNA -2.24 2.28 -1.33 2.38 
R-ketorolac -2.53 2.17 -2.19 2.18 
S-ketorolac -2.40 2.34 -1.98 2.70 
R-naproxen -2.54 2.25 -1.46 2.34 
S-naproxen -2.27 2.26 -1.33 2.37 

6-MNA amide -2.07 2.31 -2.47 2.46 
R-ketorolac amide -2.81 2.36 -2.48 2.39 
S-ketorolac amide -2.34 2.44 -2.46 2.34 
R-naproxen amide -2.65 2.38 -2.47 2.46 
S-naproxen amide -2.31 2.34 -2.33 2.40 
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