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The ADP-ribosylation factor (Arf) GTPases and their regu-
latory proteins are implicated in cancer progression. NAV-2729
was previously identified as a specific inhibitor of Arf6 that
reduced progression of uveal melanoma in an orthotopic
xenograft. Here, our goal was to assess the inhibitory effects of
NAV-2729 on the proliferation of additional cell types. We
found NAV-2729 inhibited proliferation of multiple cell lines,
but Arf6 expression did not correlate with NAV-2729 sensi-
tivity, and knockdown of Arf6 affected neither cell viability nor
sensitivity to NAV-2729. Furthermore, binding to native Arf6
was not detected; however, we determined that NAV-2729
inhibited both Arf exchange factors and Arf GTPase-
activating proteins. ASAP1, a GTPase-activating protein
linked to cancer progression, was further investigated. We
demonstrated that NAV-2729 bound to the PH domain of
ASAP1 and changed ASAP1 cellular distribution. However,
ASAP1 knockdown did not fully recapitulate the cytoskeletal
effects of NAV-2729 nor affect cell proliferation. Finally, our
screens identified 48 other possible targets of NAV-2729. These
results illustrate the complexities of defining targets of small
molecules and identify NAV-2729 as a model PH domain–
binding inhibitor.

Arfs are part of the Arf family of GTPases. There are five
Arfs in humans (1, 2). With slow spontaneous exchange and
no detectable intrinsic GTPase activity (3), Arf function de-
pends on guanine nucleotide exchange factors (GEFs), enco-
ded by 15 genes in human, and GTPase-activating proteins
(GAPs), encoded by 28 genes (2). Arf�GTP binds an eclectic
array of effectors to regulate membrane traffic and actin
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cytoskeleton remodeling. Effects on proliferation, differentia-
tion, and cell survival signaling have also been identified.
Dysregulation of the pathways affected by Arfs are being
investigated in cancer progression (4–6).

One of the first reports suggesting the Arf pathway con-
tributes to cancer progression was the finding that amplifica-
tion of the gene ASAP1, which encodes an Arf GAP, correlated
with metastasis in uveal melanoma (7). Subsequently, ASAP1
amplification and/or expression was found to correlate with
poor prognosis and metastasis in several carcinomas (8–10).
Other elements of the Arf pathway have also been implicated
in cancer. For instance, Arf exchange factor Brag2/GEP100/
IqSec1 expression correlated with invasiveness and metastasis
in breast and prostate cancer (11, 12). High levels of Arf6
expression are associated with poor prognosis in uveal mela-
noma; the finding motivated the screen for small molecules
that bind directly to Arf6 and prevent its activation, leading
to the identification of NAV-2729 (3-(4-chlorophenyl)-5-
(4-nitrophenyl)-2-(phenylmethyl)-pyrazolo[1,5-a]pyrimidin-7)
4H)-one, Figure 1A) (13).

NAV-2729 was reported to reduce proliferation of uveal
melanoma cells in vitro and reduced progression of tumors in
an orthotopic xenograft model of uveal melanoma in mice
(13). The precise mechanism of action is still being discovered.
Initial work indicated that NAV-2729 bound specifically to
Arf6, blocking spontaneous exchange and exchange catalyzed
by Brag2 and ARNO (13). Subsequent studies indicated that it
inhibited Brag2 exchange on Arf1 (14). These latter results
raise the possibility that NAV-2729 might bind to multiple Arf
isoforms, affecting their interaction with GEFs. Furthermore, if
NAV-2729 functions by binding to Arfs, a plausible hypothesis
is that it affects Arf interaction with other Arf targets.

Here, we set out to determine whether NAV-2729 might
affect proliferation of pediatric sarcomas, some of which
have amplifications of Arf pathway genes. After finding that
NAV-2729 affected proliferation of a variety of cell types with
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Figure 1. NAV-2729 reduces proliferation of sarcomas, carcinomas, and nontransformed cells with similar potency and efficiency. A, the structure of
the small molecule NAV-2729. B, proteins and constructs used in this paper. Domains of each protein are shown (schematics are not to scale). Bolded text
indicates proteins or constructs that were recombinantly purified. N-terminal helices are shown for myrArf1, myrArf6, and [L8K]Arf1; the former are
myristoylated (shown as lines), whereas [L8K]Arf1 (mutation point shown as red star) is not. When present, His tags used for purification are shown on the
proteins’ N- or C-termini; His tags on full-length proteins are shown in parentheses to indicate that they are not normally present in the natural protein
sequence. C, effect of Arf GEF inhibitors on proliferation. The effect of NAV-2729, Brefeldin A, Bragsin, SecinH3, or Bragsin2 on relative cell mass was
determined using Cell Titer Glo reagent (Promega). Summaries of three (2 for Bragsin2) experiments are shown. Arf, ADP-ribosylation factor; GEF, guanine
nucleotide exchange factor.
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NAV-2729 has multiple targets including Arf regulators
similar potency that did not correlate with levels of Arf6, nor
did Arf6 knockdown affect cell proliferation or NAV-2729
sensitivity, we examined other potential mechanisms of ac-
tion. We found that NAV-2729 directly bound to and inhibited
both Arf GEFs and Arf GAPs, including the Arf GAP ASAP1
(Fig. 1B shows proteins studied here). Although some of the
effects of NAV-2729 on cell morphology could be attributed to
the inhibition of ASAP1, additional targets of NAV-2729 likely
account for effects on other morphological changes and cell
viability. Our preliminary screens also identified potential
targets outside of the Arf pathway.

Results

NAV-2729 decreases proliferation of unrelated cell lines with
similar potency

We determined the effect of Arf exchange factor inhibitors,
including NAV-2729, on proliferation of two pediatric osteo-
sarcomas cell lines (U2OS and OSA), two fusion negative
rhabdomyosarcoma cell lines (RD and SMS-CTR), HeLa cer-
vical carcinoma cells, a breast epithelium cell line (MCF 10A),
a mouse myoblast cell line (C2C12), and a mouse fibroblast
cell line (NIH 3T3) (Fig. 1C). NAV-2729 was toxic with similar
potency for all cells examined with EC50s in the range of 8 to
11 μM (Table 1). In contrast, Bragsin, an inhibitor of Brag2
(15), had no effect on the sarcomas but a small effect on NIH
3T3 fibroblasts and C2C12 myoblasts. We tested the effect of a
more stable Bragsin analog, Bragsin2 (15), on the osteosar-
coma cell lines and similarly observed little or no toxicity.
SecinH3, an inhibitor of Cytohesins (16), had no effect on
OSA, U2OS, or SMS-CTR cells but had a small effect at the
highest concentration tested on NIH 3T3 fibroblasts, C2C12
Table 1
Relative protein expression and effect of inhibitors on cell lines and re

Cell line or
recombinant

protein

Arf6 expression
(relative to
U2OS)

Brag2 expression
(relative to
NIH3T3)

ASAP1 expression
(relative to
NIH3T3)

OSA 0.17 0.20 0.03
U2OS 1.00 0.51 0.37
RD 0.11 0.44 0.20
SMS-CTR 0.71 0.77 0.14
HeLa 0.30 0.49 0.02
MCF 10A 0.58 0.89 0.05
NIH3T3 0.71 1.00 1.00
C2C12 0.43 0.43 0.95

Brag2Sec7-PH with LUV 7
ARNOSec7-PH with LUV
AGAP1 with LUV 2
ARAP1PPZA with LUV
ArfGAP1 with LUV
ASAP1PZA with LUV 4
ASAP3PZA with LUV 9
ASAP1PZA with diC8-
PIP2, L8K

2

ASAP1 with LUV 12
ASAP1PZA with LUV
(2.5% PIP2), L8K

13

Top. $$, different than human cells, p < 0.01. ANOVA with Tukey post hoc multiple co
GAPDH or vinculin and is expressed as a fraction of the maximum signal observed. Twen
recombinant protein are means ± SDs. *, different than NAV-2729 for inhibition of Brag2, p
ARNO data with Tukey post hoc multiple comparison test. #, greater than ASAP1 with LU
with LUV, p < 0.01, determined by one way ANOVA followed by a Tukey multi compari
with LUV.
myoblasts, and RD cells. As previously described, Brefeldin A,
which inhibits the Arf1 exchange factors GBF1 and BIG1/2
(17, 18), was toxic to all cells examined with 10-fold greater
potency for the human than mouse cells examined (Fig. 1C
and Table 1). Thus, the effect of NAV-2729 was distinct from
other Arf exchange factor inhibitors (Fig. 1C and Table 1).

NAV-2729 affects the actin cytoskeleton and cell morphology

NAV-2729, by binding to Arfs, might affect Arf-dependent
structures in cells, including the Golgi apparatus and the
actin cytoskeleton. We tested the predictions in two cell lines,
U2OS and RD cells (Fig. 2). The Golgi apparatus was visualized
by immunofluorescence of GM130 and β-COP (19, 20).
Treatment of RD cells with Brefeldin A caused the compact
perinuclear GM130 signal to disperse in numerous puncta
through the cell and the β-COP signal to be cytoplasmic
(Fig. 2A), with a decrease in Golgi surface area and volume
(Fig. 2B). In contrast, GM130 and β-COP were unaffected by
NAV-2729 (Fig. 2, A and B). NAV-2729 caused a reduction of
cell surface area of U2OS cells—see below—limiting quanti-
fication of effects on the Golgi apparatus. To further examine
the possibility that NAV-2729 interfered with Arf function, we
determined whether NAV-2729 affected Arf binding to the
coat protein GGA3, an Arf effector (21). Arf1�GTP binding to
GGA3 can be measured using a pull-down assay (21). Fifty
micromolar NAV-2729 had no effect, with the signal indis-
tinguishable from the control (Fig. 2C). At least in this case,
NAV-2729 does not block Arf interaction with an effector,
further supporting the idea that NAV-2729 does not directly
interfere with Arf regulation of membrane trafficking proteins
(Fig. 2C).
combinant Arf GEFs and Arf GAPs used in this study

EC50 for cell killing (μM)

NAV-2729 Brefeldin A Bragsin Bragsin2 SecinH3

9 ± 2 (n = 3) 0.026 ± 0.004 >50 >50 >50
9 ± 1 (n = 3) 0.024 ± 0.002 >50 >50 >50
8 ± 4 (n = 3) 0.006 ± 0.002 >50 >50

11 ± 5 (n = 3) 0.016 ± 0.002 >50 >50
9 ± 2 (n = 3) 0.04 ± 0.01 >50 >50

10 ± 4 (n = 3) 0.11 ± 0.04 >50 >50
11 ± 3 (n = 3) 0.44 ± 0.14$$ >50 >50
11 ± 2 (n = 3) 0.46 ± 0.07$$ >50 >50

IC50 for protein inhibition (μM)

.1 ± 2.5 (n = 3) 31 ± 12 (n = 3)* 25 ± 10 (n = 4)
37 ± 11 (n = 4)**
.7 ± 1.4 (n = 5)

>50 (n = 3)
>50 (n = 3)

.6 ± 0.9 (n = 4)

.1 ± 3.2 (n = 4)#,&&

9 ± 6.7 (n = 6)####

.2 ± 1.4 (n = 4)

.4 ± 2.3 (n = 4)

mparison test. Proteins were detected by immunoblotting. Signal was normalized to
ty micrograms protein of the total cell lysate were loaded on the gels. Bottom. IC50s for
< 0.05; **, different than inhibition of Brag2, p < 0.01 by ANOVA analysis of Brag2 and
V, p < 0.05, ####, greater than ASAP1 with LUV, p < 0.0001, &&, greater than AGAP1
son test for AGAP1 with LUV, ASAP1 with LUV, ASAP1 with diC8-PIP2, and ASAP3

J. Biol. Chem. (2023) 299(3) 102992 3



Figure 2. NAV-2729 does not affect the Golgi apparatus but does affect the actin cytoskeleton. A, effect of NAV-2729 and Brefeldin A on RD and U2OS
cells. Cells were treated with DMSO, NAV-2729, or Brefeldin A, then stained using DAPI and immunostained for GM130 and β-COP. Scale bars are 25 μm. B,
NAV-2729 does not affect the Golgi in RD cells. Surface area and volume of the Golgi in the cells treated as described in (A) were determined using GM130
as a marker. C, NAV-2729 does not affect Arf1�GTP binding to GGA3. myrArf1�GTP binding to the VHS-GAT tandem from GGA3 fused to GST in the presence
or absence of 50 μM NAV-2729 was determined. GST was the negative control. Representative experiment of 3 is shown. D, NAV-2729 and Bragsin effects
on the actin cytoskeleton. RD and U2OS cells were plated on fibronectin-coated coverslips and treated with either DMSO, NAV-2729, or Bragsin. Cells were
immunostained for paxillin and for filamentous actin. Scale bars are 25 μm for all images except the far right images, which are an approximately 2.7-
factor zoom of the images for paxillin within the white boxes. The scale bars are 10 μm in length for the zoomed images. Arrows point to example
focal adhesions. E, quantification of actin stress fibers (RD and U2OS), focal adhesions (U2OS), and surface area (U2OS) of the cells shown in (D). *p < 0.05;
**p < 0.01; ****p <0.0001. Arf, ADP-ribosylation factor.

NAV-2729 has multiple targets including Arf regulators
Arf pathways also regulate actin stress fibers and integrin
adhesions, including focal adhesions. Knockdown of Brag2, a
putative target of NAV-2729 (13, 14), increases the number of
large focal adhesions in HeLa cells (22). To determine whether
NAV-2729 affected actin cytoskeleton structures, RD and
U2OS cells were plated on fibronectin-coated coverslips in
either complete (RD) or serum-free (U2OS) medium in the
4 J. Biol. Chem. (2023) 299(3) 102992
presence or the absence of 25 μM NAV-2729 or Bragsin. After
2 h, the cells were fixed and stained for paxillin and actin fil-
aments. Untreated RD cells did not form robust focal adhe-
sions, so measuring an effect of NAV-2729 was inconclusive.
However, NAV-2729 reduced actin stress fibers (Fig. 2, D and
E). U2OS cells formed robust focal adhesions and actin stress
fibers; we found that NAV-2729 reduced focal adhesions and



NAV-2729 has multiple targets including Arf regulators
actin stress fibers (Fig. 2, D and E). In contrast, Bragsin, an
inhibitor of Brag2, increased the number of large focal adhe-
sions and did not affect actin stress fibers (Fig. 2, D and E).
NAV-2729 and Bragsin also had different effects on the surface
area of U2OS cells: NAV-2729 decreased the surface area
while Bragsin had no effect (Fig. 2E). We conclude that
although NAV-2729 might bind to Arfs, it disrupts only a
subset of Arf-dependent cellular structures.
Arf6 is not the primary NAV-2729 target in the cell lines
examined

With similar sensitivity to NAV-2729, the cell lines we
examined might be expected to have similar levels of the pu-
tative target of NAV-2729, Arf6. Arf6 expression was quanti-
fied by immunoblotting and levels plotted against EC50s for
inhibition of cell proliferation (Figs. 1C and 3A and Table 1).
Arf6 expression varied among the cell lines with no correlation
with EC50s (r2 = 0.21, p = 0.24; Fig. 3A and Table 1). We
determined the effect of reduced expression of Arf6 on cell
proliferation in RD and U2OS. Arf6 knockdown, accomplished
by transfection with three dicer substrate RNA (diRNA), was
efficient for both cell lines but had no detectable effect on
proliferation (Fig. 3B). If Arf6 was a target of NAV-2729, then
knockdown of Arf6 might affect NAV-2729 sensitivity. Con-
trary to the prediction, there was no change in sensitivity in
either cell line (Fig. 3B). Furthermore, in contrast to NAV-
2729 treatment, which reduced actin stress fibers and focal
adhesions (Fig. 2, D and E), reduced Arf6 expression affected
neither (Fig. 3, C and D). Similarly, cell surface area was
reduced by NAV-2729 (Fig. 2E) but was not affected by
decreased Arf6 expression (Fig. 3D). We conclude that
although Arf6 might be a target, it is not the primary target
responsible for the effect of NAV-2729 on proliferation of
these cells.
Full-length Arf1 and Arf6 do not bind to NAV-2729

As described in Supplemental Materials under “Determi-
nation of optical and physical properties of NAV-2729” and in
Figs. S1–S3, NAV-2729 forms supramolecular assemblies in
aqueous solution and partitions into phospholipid membranes.
While previous biochemical analysis has been performed un-
der conditions in which NAV-2729 forms supramolecular as-
semblies (13, 14), NAV-2729 likely partitions efficiently into
the cellular membrane (Fig. S3). We performed binding studies
using both supramolecular assemblies and NAV-2729 inte-
grated into large unilamellar vesicles (LUVs). We first exam-
ined the effect of NAV-2729 on thermal stability of the Arfs.
Ligand binding can increase the thermal stability of proteins
and, therefore, might be detected as an increase in the tem-
perature required to denature a protein (23). We determined
the extent of denaturation by measuring protein remaining in
solution after heating.§ Fifty micromolar NAV-2729 had no
§ We were not able to use the thermal shift assay that detects protein
unfolding as an increase in fluorescence from SYPRO Orange (24)
because NAV-2729 interfered with the signal (Data not shown).
effect on either myrArf6, the native form of the protein
(myristoylated, full-length protein), or [Δ13]Arf6 (Fig. 4A). By
contrast, NAV-2729 caused a shift of approximately 3 degrees
for myrArf1, greater than 9 degrees for [Δ17]Arf1, and 12 to 15
degrees for [Δ17]Arf5 (Fig. 4A). We also tested an Arf mutant,
[L8K]Arf1, which retains N-terminal residues but is not myr-
istoylated (25, 26). NAV-2729 did not affect the thermal sta-
bility of [L8K]Arf1 (Fig. 4A). Binding to [L8K]Arf1, myrArf6,
and [Δ13]Arf6 could not be excluded, as a thermal shift re-
quires a change in heat capacity upon ligand binding, which
does not necessarily occur (27). Nevertheless, the data support
the conclusion that NAV-2729 might bind to at least some Arf
proteins.

Arf binding to NAV-2729 supramolecular assemblies was
also determined by isolating supramolecular assemblies by
centrifugation (Fig. S2C). Associated protein was fractionated
by SDS-PAGE, visualized with Coomassie blue stain, and
quantified (Fig. 4B). The truncated mutants of Arfs which
bound NAV-2729 as assessed by thermal shift did not asso-
ciate with NAV-2729 supramolecular assemblies (Fig. 4B).
MyrArf1�GDP, which bound to NAV-2729 in thermal shift
assays, did not cosediment with supramolecular assemblies
(Fig. 4B). Although binding to NAV-2729 was not detected in
thermal shift analysis, [Δ13]Arf6 cosedimented with NAV-
2729 supramolecular assemblies (Fig. 4B).

We measured the association of Arf with LUVs into which
NAV-2729 was partitioned (Fig. 4C). Arf proteins were incu-
bated with LUVs containing up to 50 μM NAV-2729. The
vesicles were separated from bulk solution by centrifugation,
after which associated proteins were fractionated by SDS-
PAGE, visualized with Coomassie blue stain, and quantified.
None of the Arfs and Arf mutants bound to NAV-2729 in
LUVs (Fig. 4C). Based on these results, we conclude Arfs have
Kds >50 μM for NAV-2729 in a lipid bilayer.

NAV-2729 inhibits the Arf GEFs Brag2 and ARNO

We reexamined the effect of NAV-2729 on the Arf ex-
change factors Brag2 and ARNO. NAV-2729 has been re-
ported to inhibit Brag2 and ARNO (13, 14), in assays with
truncated Arfs and no phospholipids. We incubated myrArf1
with Brag2Sec7-PH or ARNOSec7-PH, [35S]GTPγS, and the
indicated concentration of NAV-2729 in a reaction mixture
containing LUVs. Arf1�[35S]GTPγS complex was trapped on
nitrocellulose and quantified by scintillation counting.
Brag2Sec7-PH-catalyzed exchange was inhibited with greater
potency than ARNOSec7-PH-catalyzed exchange (Fig. 5A and
Table 1). Bragsin and Bragsin2, included as positive controls,
also inhibited Brag2Sec7-PH-induced nucleotide exchange on
Arf1 (Fig. 5A and Table 1). We did not test SecinH3 because of
its poor solubility (14).

NAV-2729 binds to Brag2

Given that Arf proteins did not bind to LUVs containing
NAV-2729 (Fig. 4C), we considered that the inhibitory effect of
NAV-2729 could be due to binding to Brag2Sec7-PH. We
measured the association of Brag2Sec7-PH to both NAV-2729
J. Biol. Chem. (2023) 299(3) 102992 5



Figure 3. Arf6 might not be the primary target of NAV-2729. A, expression of Arf6 and sensitivity to NAV-2729 do not correlate. Relative expression
levels were plotted against EC50 values for inhibition of cell proliferation (Fig. 1C and Table 1). B, knockdown of Arf6 affected neither proliferation nor NAV-
2729 sensitivity of RD and U2OS cells. Three different diRNA targeting Arf6 were used to knockdown Arf6 for proliferation assays and two to test NAV-2729
sensitivity. Relative cells mass was determined as in Figure 1C. Figures show summarized results from two experiments. C, knockdown of Arf6 does not
affect actin stress fibers or focal adhesions. U2OS cells treated with three different diRNA targeting Arf6 were plated and immunostained as described in
Figure 2D. Scale bars are 11 μms in length. D, quantification of the surface area, actin stress fibers, and focal adhesions in U2OS cells shown in (C). Arf, ADP-
ribosylation factor.

NAV-2729 has multiple targets including Arf regulators
supramolecular assemblies and LUVs containing NAV-2729
(Fig. 5, B and C). In thermal shift assays, NAV-2729
increased the fraction of soluble protein at higher tempera-
tures (Fig. 5B). Brag2 cosedimented with NAV-2729 supra-
molecular assemblies and with LUVs dependent on NAV-2729
concentration (Fig. 5C).
Brag2 is not the primary target of NAV-2729

Several lines of evidence indicate that although Brag2 is
inhibited by NAV-2729, it might not be the primary target
mediating the cellular effects. First, cells treated with Bragsin,
6 J. Biol. Chem. (2023) 299(3) 102992
a bona fide inhibitor of Brag2, had more large focal adhesions
than untreated cells, while NAV-2729-treated had fewer focal
adhesions (Fig. 2, D and E). Second, Bragsin and Bragsin2
were not toxic to cells that were sensitive to NAV-2729
(Fig. 1C and Table 1). Third, Brag2 expression in cells did
not correlate with NAV-2729 sensitivity (r2 = 0.076, p = 0.51)
(Figs. 1C and 5D and Table 1). Fourth, Brag2 knockdown did
not affect cell proliferation (Fig. 5E). Fifth, a reduction in
Brag2 expression only had a small effect on NAV-2729
sensitivity in U2OS cells. The RD cells were not affected,
but the knockdown of Brag2 was not efficient in these cells
(Fig. 5E). We conclude that although Brag2 is not likely to be



Figure 4. NAV-2729 binds to Arf1, Arf5, and Arf6 in different contexts. A, thermal shift assays. The effect of NAV-2729 on thermal stability of the
indicated proteins was determined and described in Experimental procedures. Representative gels and summaries of three experiments are shown. B,
cosedimentation of Arfs with NAV-2729 supramolecular assemblies. NAV-2729 supramolecular assemblies were incubated with protein, then pelleted in an
ultracentrifuge. Protein in the pellet was analyzed by SDS-PAGE. Representative gels and summary of two experiments, three experiments for [Δ13]Arf6, are
shown. C, cosedimentation of Arfs with LUVs containing NAV-2729. Proteins associating with NAV-2729 containing LUVs were analyzed as described for
supramolecular assemblies in (B). Representative gels and summary of two experiments with myrArf1, myrArf6, and [L8K]Arf1 and three with truncated Arfs
are shown. Arf, ADP-ribosylation factor; LUV, large unilamellar vesicle.

NAV-2729 has multiple targets including Arf regulators
the only target of NAV-2729, it might be one target necessary
for effects on cell proliferation.
NAV-2729 binds to and inhibits Arf GAPs including ASAP1

Several Arf GAPs also affect focal adhesions and actin stress
fibers (28–34). We examined five Arf GAPs representing four
subtypes: ArfGAP1, AGAP1, ARAP1, ASAP1, and ASAP3
(Fig. 1B). Full-length ArfGAP1 and AGAP1 and recombinant
proteins composed of the active fragment of ARAP1 (ARA-
P1PPZA), ASAP1 (ASAP1PZA), and ASAP3 (ASAP3PZA)
(Fig. 1B) were used. GAP activity was determined using myr-
Arf1 and LUVs, the latter necessary to stabilize myrArf1�GTP
and to present phosphatidylinositol 4,5-bisphosphate (PIP2)
J. Biol. Chem. (2023) 299(3) 102992 7



Figure 5. NAV-2729 binds to and inhibits Brag2. A, inhibition of Brag2 and ARNO. GEF activity was measured as described in Experimental procedures.
Bragsin and Bragsin2 were used as positive controls. IC50 values are reported in Table 1. A representative experiment of three is shown for Brag2 and four
for ARNO. B, thermal shift to determine binding to Brag2. The steps for the reaction are the same as described in Figure 4A. Representative gels and
summary of two experiments are shown. C, cosedimentation with NAV-2729 supramolecular assemblies and with LUVs containing NAV-2729. The steps for
the reaction are the same as described in Figure 4, B and C. Representative gels and summary of three experiments for each condition are shown. D,
expression of Brag2 does not correlate with sensitivity to NAV-2729. The indicated cell lines were probed for their expression of Brag2 using immuno-
blotting, and the relative expression levels were plotted against EC50 values for cell killing (Fig. 1C and Table 1). E, effect of reduced expression of Brag2 on
proliferation and NAV-2729 sensitivity in RD and U2OS cells. Three different diRNA targeting Brag2 were used to knockdown Brag2 for proliferation assays
and two to test NAV-2729 sensitivity. Relative cells mass was determined as in Figure 1C. Results shown are the summary of two experiments. GEF, guanine
nucleotide exchange factor; LUV, large unilamellar vesicle.

NAV-2729 has multiple targets including Arf regulators
and phosphatidylinositol 3,4,5-trisphosphate (PIP3), activating
ligands for some of the Arf GAPs we examined (26, 35–39).
NAV-2729 inhibited ASAP1PZA, ASAP3PZA, and AGAP1
(Fig. 6A and Table 1). ArfGAP1 and ARAP1PPZA were not
inhibited (Fig. 6A and Table 1). NAV-2729 also inhibited full-
length ASAP1 (Fig. S4A and Table 1).

We considered that NAV-2729 might disrupt the structure
of LUVs such that the GAP could not bind; three results
excluded this mechanism. First, 50 μM NAV-2729 did not
prevent ASAP1PZA binding to sucrose-loaded PIP2-containing
8 J. Biol. Chem. (2023) 299(3) 102992
LUVs (Fig. S4B). Second, NAV-2729 inhibited ASAP1PZA
when assayed in the absence of LUVs (Fig. 6B). Using [L8K]
Arf1, which is stable in the GTP bound form while in solution
(25, 26), and a soluble PIP2 analog, dioctanoyl PIP2 (diC8-
PIP2) for measuring GAP activity (26), NAV-2729 inhibited
ASAP1PZA activity, although less potently than with LUVs and
myrArf1. (Fig. 6B and Table 1). The difference in potency
could be due to differences in availability and orientation of
NAV-2729 in supramolecular assemblies and in LUVs.
ASAP1PZA activity using [L8K]Arf1 as a substrate and



Figure 6. NAV-2729 binds to and inhibits specific Arf GAPs. A, effect on GAP activity. NAV-2729 was titrated into reactions containing the indicated Arf
GAPs, myrArf1�GTP, and LUVs as described in Experimental procedures. A representative experiment of 4 with ASAP1 and ASAP3, and 5 with AGAP1, are
shown. B, NAV-2729 inhibits ASAP1 in the absence of a membrane. GAP activity was determined using ASAP1 as the GAP, [L8K]Arf1�GTP as the substrate
and diC8-PIP2 as the activating ligand. Results are representative of six experiments. C, ASAP1 binds to NAV-2729 and diC8-PIP2. Thermal shift assays were
conducted as described in Figure 4A. Representative gels and the summary of six experiments are shown. D, ASAP1 binds NAV-2729 supramolecular
assemblies. ASAP1 was tested for binding as described in Figure 4B. Representative gel and summary of four experiments are shown. E, ASAP1 and ASAP3,
but not ARAP1, bind to LUVs containing NAV-2729. These assays were the same as described in Figure 4C. In addition to the 0% PIP2 condition, ASAP1 was
tested with LUVs containing 1% PIP2. Summaries of ≥3 experiments are shown. F, the PH domain, but not Arf GAP or ankyrin repeats (ZA construct) of
ASAP1, binds to NAV-2729 supramolecular assemblies. Binding was determined as described in Figure 4B. Summary of three experiments is shown. G, the
PH domain, but not Arf GAP or ankyrin repeats (ZA construct) of ASAP1, binds to NAV-2729 in LUVs. These assays were the same as described in Figure 4C.
Three experiments are summarized. H, interaction between NAV-2729 and ASAP1PH at the membrane interface. The top of each chart shows a summary of
data collected. Black bars correspond to residues where data could be collected. Most of the missing residues come from exposed HN exchanging with the
solvent at pH 7.4 (unstructured N-terminal stretch between residues 325 and 339 and loops). Charts show chemical shift perturbation differences (△CSP)
between 1H-15N CS (Left) or 1H-13C CS (Right) for ASAP1 PH bound to nanodiscs with NAV-2729 and nanodiscs without NAV-2729. Nanodiscs with NAV-2729
contained four NAV-2729 molecules per nanodisc. I,△CSPs are mapped on the crystal structure of the ASAP1 PH domain (PDB 5C79) (43). Residues colored
in red have △CSP larger than 2σ and residues colored in orange have △CSP larger than σ, where σ is the SD calculated over all △CSPs. Arf, ADP-
ribosylation factor; CSP, chemical shift perturbation; GAP, GTPase-activating protein; LUV, large unilamellar vesicle; PH, pleckstrin homology; PIP2, phos-
phatidylinositol 4,5-bisphosphate.

NAV-2729 has multiple targets including Arf regulators
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NAV-2729 has multiple targets including Arf regulators
LUVs-containing PIP2 was inhibited with potency closer to
that using myrArf1 on LUVs (Fig. S4C and Table 1). Third,
NAV-2729 did not have a detectable effect on LUVs observed
by EM (Fig. S3, D and E).

NAV-2729 binds specific Arf GAPs

NAV-2729 binding to ASAP1PZA was detected in the three
assays we used for Arfs and BragSec7-PH. First, 50 μM NAV-
2729 caused a >6 degree shift in thermal stability (Fig. 6C).
NAV-2729 also stabilized ASAP1PZA at a fixed temperature
(51 �C) with a half-maximum effect at �25 μM (Fig. S4D). We
also included diC8-PIP2, which binds to ASAP1 and, therefore,
would be predicted to increase thermal stability. At a con-
centration of 200 μM, diC8-PIP2 alone caused a �6 degree
shift in the thermal stability of ASAP1PZA (Fig. 6C). When
mixed together, diC8-PIP2 and NAV-2729 induced a shift of
greater than 15 degrees, indicating that ASAP1PZA might bind
PIP2 and NAV-2729 simultaneously (Fig. 6C). Second,
ASAP1PZA cosedimented with NAV-2729 supramolecular as-
semblies (Fig. 6D). Third, ASAP1PZA bound to LUVs con-
taining NAV-2729 (Fig. 6E). The effect was additive with PIP2
in the LUVs (Fig. 6E). At saturating concentrations of PIP2
with maximum binding of ASAP1PZA to the LUVs observed,
NAV-2729 had no further effect (Fig. S4B). ASAP3PZA, which
is also inhibited by NAV-2729, bound to LUVs containing
NAV-2729 while ARAP1PPZA, which is not inhibited by NAV-
2729, did not (Fig. 6, A and E). Thus, NAV-2729 binding to
GAPs correlated with NAV-2729–dependent inhibition of
GAP activity.

NAV-2729 binds to the ASAP1 PH domain

The GEFs and GAPs that depend on a PIP2-binding PH
domain for activity (namely Brag2, ARNO, ASAP1, ASAP3,
and AGAP1) (26, 35, 36, 38, 40, 41) were inhibited by NAV-
2729, while the Arf GAP without a PH domain (ArfGAP1)
and one where the critical PH domain is atypical (ARAP1) (37)
were not inhibited (Figs. 1B, 5A and 6A). We considered the
possibility that NAV-2729 binds to PH domains. The isolated
PH domain of ASAP1 (ASAP1PH) bound to NAV-2729 su-
pramolecular assemblies and to LUVs containing NAV-2729
while the ASAP1 Arf GAP and ankyrin repeat tandem
(ASAP1ZA) did not (Fig. 6, F and G). NAV-2729 also affected
the PIP2 and diC8-PIP2 dependence of ASAP1PZA activity
(Fig. S4, E and F).

NMR was used to further define the binding site of NAV-
2729 on ASAP1. Since NAV-2729 partitions into lipid
bilayers, we used nanoscale lipid domains (nanodiscs) as a
well-established membrane mimetic to facilitate solution-state
NMR spectroscopy of membrane surface complexes (39, 42).
Interaction of NAV-2729 with membrane bound U2H-15N,
ILV 13C methyl labeled-ASAP1PZA, and -myrArf1�GTP was
probed by following changes in chemical shifts when proteins
were bound to NAV-2729-free or NAV-2729-containing
nanodiscs. Note that all nanodiscs, with or without NAV-
2729, contained PIP2. While chemical shift perturbations for
myrArf1�GTP were minimal, binding of ASAP1PZA to
10 J. Biol. Chem. (2023) 299(3) 102992
nanodiscs containing NAV-2729 induced statistically signifi-
cant 1H-13C chemical shift perturbations. Those perturbations
could be assigned to resonances belonging to residues of the
PH domain of ASAP1PZA and not the ZA portion. However,
superimposition of resonances from the PH domain and ZA
portion of ASAP1PZA prevented us from delineating a precise
location for the interaction (Data not shown). To go further,
we therefore repeated the experiment using the PH domain of
ASAP1 only (ASAP1PH) and monitored 1H-13C and 1H-15N
chemical shift perturbations upon addition of NAV-2729 to
the lipid bilayer. Binding of ASAP1PH to NAV-2729–con-
taining nanodiscs induced large perturbations for residues in
the β1/β2 loop (residues G352, I353, Q358) and β3/β4 loop
(residues I371, H373, A374), which are involved in the binding
of PI(4,5)P2 headgroups at the membrane (Fig. 6H). Mapping
the changes onto the PH domain structure suggested that
NAV-2729 and the phosphoinositide bind to a similar location
(Fig. 6I) (43, 44).

The Brag2 inhibitor Bragsin requires a membrane to inhibit
Arf GEF activity and the structure was previously solved in
complex with a Brag2Sec7-PH. Bragsin bound between the PH
domain of Brag2 and the lipid bilayer (15). Because NAV-2729
bound the PH domain of ASAP1, we compared the crystal
structure of Brag2Sec7-PH:Bragsin (15) with that of ASAP1PH:-
diC4-PIP2 (43) (Fig. 7). We chose to use the structure of
ASAP1PH in complex with diC4-PIP2 for our analyses, as our
data indicated that ASAP1PH might bind to both PIP2 and
NAV-2729 simultaneously (Fig. 6, C, E and H). In super-
imposed structures of Brag2PH:Bragsin and ASAP1PH:diC4-
PIP2, Bragsin and one of the diC4-PIP2 monomers bind to
Brag2PH and ASAP1PH in the same region of each PH domain
and overlap between the β2 and β3 strands (Fig. 7A). In pri-
mary sequence alignment, R654 of Brag2 and R360 of ASAP1
overlapped when comparing Brag2 residues that bind to
Bragsin or ASAP1 residues that bind to PIP2 (Fig. 7B); indeed,
examination of the crystal structures suggests that these resi-
dues bind to Bragsin/diC4-PIP2 in similar poses (Fig. 7, C and
D). When comparing Brag2 residues that bind to Bragsin to
ASAP1 residues that exhibit chemical shift perturbations upon
binding to nanodiscs containing NAV-2729, we observed that
Brag2 residues H652 and K667 overlapped with ASAP1 resi-
dues Q358 and H373 (Fig. 7, B, C and E). ASAP1 I353 was the
sole residue involved in binding to PIP2 that is also affected by
NAV-2729 (Figs. 6H and 7, B, D and E).
ASAP1 is not the primary target of NAV-2729

Three lines of evidence indicated that ASAP1 might be one
target of NAV-2729. First, NAV-2729 affected the cellular
distribution of ASAP1 in U2OS cells. In untreated U2OS cells,
some ASAP1 signal localized to the cell edge in membrane
ruffles; NAV-2729 treatment reduced the ASAP1 signal at the
edge of the cell (Fig. 8, A and B). Second, reducing ASAP1
expression increased NAV-2729 sensitivity of U2OS cells
(Fig. 8C). Third, the effect of NAV-2729 on the actin cyto-
skeleton partially overlapped that of reduced ASAP1 expres-
sion with a reduction in actin stress fibers in RD cells (Figs. 2,



Figure 7. Superposition and primary sequence alignment of Brag2PH:Bragsin and ASAP1PH:diC4-PIP2 structures. A, overall superposition of
Brag2PH:Bragsin (gray) and ASAPPH:diC4-PIP2 (pink). Bragsin is shown as gray sticks and the two diC4-PIP2 molecules are shown as pink sticks. N- and C-
termini are labeled. B, alignment of Brag2PH (6FNE_630-746) and ASAP1PH (5C79_339-437) residues based on structural superposition. Brag2PH residues that
bind to Bragsin are colored teal. ASAP1PH residues that bind to PIP2 are shown in red, while those that exhibit chemical shift perturbations upon binding to
nanodiscs containing NAV-2729 are shown in orange. The single ASAP1PH residue that binds to both PIP2 and exhibits chemical shift perturbations upon
binding NAV-2729 nanodiscs (I353) is shown in a red/orange gradient. Secondary structure elements are labeled. C, Brag2PH residues that bind to Bragsin.
R654 is labeled to indicate its positioning relative to R360 in (D). H652 and K667 are labeled to indicate their positioning relative to Q358 and H373 in (E).
Secondary structure elements are labeled. D, ASAP1PH residues that bind to diC4-PIP2. R360 is labeled to indicate its positioning relative to R654 in (C). I353
is labeled as it is the sole residue that binds diC4-PIP2 and exhibited chemical shift perturbations upon binding nanodiscs containing NAV-2729. Secondary
structure elements are labeled. E, ASAP1PH residues that exhibit chemical shift perturbations upon binding to nanodiscs containing NAV-2729. Q358 and
H373 are labeled to indicate their positioning relative to H652 and K667 in (C). All other features are labeled as described in (D). PH, pleckstrin homology;
PIP2, phosphatidylinositol 4,5-bisphosphate.

NAV-2729 has multiple targets including Arf regulators
D and E and 8D) and in U2OS cells (45). However, there are
also several lines of evidence that ASAP1 cannot be the sole or
primary target. ASAP1 expression in the cell lines tested did
not correlate with NAV-2729 EC50 for inhibition of prolifer-
ation (r2 = 0.35, p = 0.12) (Figs. 1C and 8 E and Table 1).
ASAP1 knockdown had no effect on cell proliferation in either
cell line tested nor on NAV-2729 sensitivity in RD cells, and
the effect on U2OS was minimal (Fig. 8C). Additionally,
different than NAV-2729, ASAP1 knockdown did not cause a
reduction in U2OS cell surface area (Fig. 8D).
J. Biol. Chem. (2023) 299(3) 102992 11



Figure 8. ASAP1 is a target of NAV-2729 but NAV-2729 may bind to additional proteins. A, NAV-2729 reduces ASAP1 in ruffles. U2OS cells were stained
with Alexa568-phalloidin, as described in Figure 2D, and immunostained for ASAP1. Scale bars are 25 μms in length. B, fractional occupancy of ASAP1 in the
cells shown in (A). The intensity of the ASAP1 signal at the cell edge was compared to total ASAP1. C, reduced expression of ASAP1 did not affect pro-
liferation in RD or U2OS cells. Three diRNA targeting ASAP1 were used to knockdown ASAP1 for proliferation assays, and two were used to test NAV-2729
sensitivity. Relative cells mass was determined as in Figure 1C. Figures summarize two experiments. D, quantification of the number of actin fibers in RD
cells and the cell surface area in U2OS cells plated and immunostained as described in Figure 2D. E, ASAP1 expression and NAV-2729 sensitivity are not
correlated. Relative expression of ASAP1 was plotted against the EC50 for inhibition of cell proliferation. (Fig, 1C and Table 1). F, candidate approach
identifies ROCK1, ROCK2, and Tiam1 as possible binding partners. Binding of proteins from lysates of RD cells to LUVs with and without NAV-2729 was
determined as described in Experimental procedures. Each protein was measured in ≥3 experiments performed in duplicate. All data points were plotted.
The data were analyzed by two-way ANOVA followed by Sidak’s multiple comparison test implemented in GraphPad Prism. G, validation of proteins
identified in cellular thermal shift assay screen. Experiment performed as described in (F). Each protein was measured in ≥3 experiments performed in
duplicate. A similar analysis was performed as described in (F). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. LUV, large unilamellar vesicle.

NAV-2729 has multiple targets including Arf regulators
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NAV-2729 binds to proteins outside of the Arf pathway

Given the promiscuity of NAV-2729 targeting PH domain–
containing proteins within the Arf pathway, we considered
that NAV-2729 might bind to proteins with PH domains
outside of the Arf pathway. Because NAV-2729 disrupts the
actin cytoskeleton, we examined Rho pathway proteins that
have PH domains. Rho GTPases are important regulators of
the actin cytoskeleton (46–53). Lysates of RD cells were mixed
with LUVs with or without NAV-2729. Proteins that bound to
the LUVs were analyzed by immunoblotting for ROCK1,
ROCK2, Akt1/2, VAV2, GEF-H1, Tiam1, and ASAP1. Of the
proteins examined, ROCK1, ROCK2, Tiam1, and ASAP1 were
enriched in the NAV-2729–containing LUVs (Fig. 8F).

We also used a cellular thermal shift assay followed by mass
spectrometry proteome analysis (54), to identify additional
targets. In these experiments, lysates from RD cells were mixed
with NAV-2729 (in the absence of LUVs) and subjected to a
temperature ramp as described for the purified proteins. The
treated lysates were cleared by centrifugation. The proteins
remaining in solution were analyzed by mass spectrometry.
Forty-five proteins were identified as having significant shifts
in the temperature of denaturation (Table S1). For 20 proteins,
the temperature was increased, consistent with NAV-2729
binding the proteins. For twenty-five, the temperature of
apparent denaturation was decreased. The decrease might
indicate the proteins were binding to the supramolecular as-
semblies of NAV-2729 and being removed by centrifugation
meant to remove denatured protein. The 45 proteins consid-
ered to have a significant shift included Jnk2 and multiple
transcription factors and other nucleic acid–binding proteins
(see Table S1). Of the proteins with a negative shift, 19 bound
either nucleotide or nucleic acid. We determined if a subset of
the identified proteins from RD cell lysates cosedimented with
LUVs containing NAV-2729. Jnk2, PRKAR1A, and HABP4
were enriched in the pellets when NAV-2729 was present
(Fig. 8G).

In summary, NAV-2729 was found to inhibit the Arf GEFs
Brag2 and ARNO and the Arf GAPs ASAP1, ASAP3, and
AGAP1, which are active against Arf1 and Arf5, but not Arf6.
Although Arfs interacted with NAV-2729 in aqueous solution
where NAV-2729 formed supramolecular assemblies, binding
was not detected to NAV-2729 in lipid bilayers, where NAV-
2729 efficiently partitions. The proteins in the Arf pathway
that were inhibited contain PH domains, and candidate pro-
teins from the Rho pathway with PH domains bound NAV-
2729 in lipid bilayers. Proteins without PH domains were
identified in a cellular thermal shift assay screen. We conclude
that NAV-2729 targets the Arf pathway by inhibiting PH
domain–dependent Arf GEFs and GAPs, but cannot exclude
additional cellular targets that mediate effects on cell viability
and proliferation.
Discussion

With accumulating evidence for a role of the Arf pathway in
cancer progression, a number of inhibitors have been devel-
oped (5). Recently, one promising small molecule was
discovered, NAV-2729 (13). Initial studies indicated NAV-
2729 functioned by specifically binding to Arf6 to prevent
spontaneous and GEF-catalyzed nucleotide exchange, result-
ing in selective toxicity for cancers that are dependent on Arf6
(13). We tested NAV-2729 for cytotoxic activity against a
number of nontransformed and transformed cells, including
pediatric sarcomas that have amplification of genes in the Arf
pathway. After finding that NAV-2729 blocked proliferation of
all cell lines examined with similar potency, but that other Arf
GEF inhibitors had little or no effect, we reexamined the
mechanism of action of NAV-2729. We discovered that NAV-
2729 (monodisperse in a membrane) did not bind full-length
Arfs in our hands but targeted multiple regulators of Arf
proteins, likely binding through their PH domains, and that the
Arf pathway proteins are not the sole or primary targets of
NAV-2729. Screens indicate that NAV-2729 might bind to
numerous other proteins, including proteins in the Rho
GTPase pathway. Goals of ongoing studies are the identifica-
tion of other targets and determination of the mechanism of
inhibition of Arf regulators.

Although we did not detect binding to full-length Arfs, Arf
GEFs and GAPs were inhibited by NAV-2729. We considered
that inhibition of the GEF Brag2 might mediate the cytotoxic
effects as Bragsin inhibits Brag2 and has been reported to be
active against cancer cell lines (15); however, several lines of
evidence indicated Brag2 was not the target in the cells we
examined. Because of the low potency of NAV-2729 against
ARNO, ARNO was not investigated. We also considered that
the Arf GAP ASAP1 might be the target of NAV-2729
mediating cytotoxic effects given it has been implicated in
cancer progression. Several lines of evidence supported ASAP1
being one target of NAV-2729. NAV-2729 inhibited ASAP1
GAP activity, directly bound to ASAP1, and altered the cellular
localization of ASAP1. In addition, NAV-2729 reduced the size
and number of focal adhesions and the associated actin stress
fibers similar to that observed with reduced ASAP1 expression
(30, 45). However, reduction of ASAP1 expression did not
affect proliferation (see next paragraph). ASAP1 might be just
one of multiple targets. Also interesting is that NAV-2729 was
found active against uveal melanoma, the first cancer in which
amplification of the ASAP1 gene was found to correlate with
metastasis (7). Plausibly, part of the cytotoxic effect in uveal
melanoma cell lines was due to inhibition of ASAP1.
Regardless, in the cell lines we examined, ASAP1 was not the
sole or primary target of NAV-2729.

A cumulative effect due to inhibition of multiple targets, as
suggested by Benabdi et al. (14) for the small molecules M-
COPA and NAV-2729, might be relevant for the cells we
examined. NAV-2729 inhibited three of the five Arf GAPs
examined and the Arf GEFs Brag2 and ARNO. We only
examined five of the 28 Arf GAPs and two of the 15 Arf GEFs.
We consider it likely that NAV-2729 inhibits ASAP2 in
addition to other AGAP family members. ACAPs, which have
PH domains like those in the ASAPs, might also be targets.
Forty-eight potential targets, any of which could either
contribute to a cumulative effect or might be the primary
target explaining the cytotoxic effects, were found by candidate
J. Biol. Chem. (2023) 299(3) 102992 13
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approaches and cellular thermal shift assay screens. Identifying
which are relevant is the subject of ongoing studies.

NAV-2729 is an example of a small molecule that may
inhibit an enzyme by binding to PH domain. The mechanistic
basis for NAV-2729 inhibition through binding PH domains
remains to be defined. One mechanism for a PH-binding in-
hibitor has been described for Akt. The PH domain of Akt
binds PIP3 to recruit the protein to plasma membranes where
it is activated. Triciribine, identified in screens for inhibitors of
proliferation of Akt2-transformed NIH 3T3 fibroblasts (55), is
phosphorylated to form triciribine phosphate, which binds to
the PIP3-binding site in the PH domain of Akt, displacing Akt
from membranes and preventing activation (56). P-Rex, a Rho
family exchange factor, is also inhibited by small molecules
that bind to its PH domain. The mechanism of inhibition for
P-Rex has not yet been examined, however it seems unlikely to
be displacement from the membrane as the PH domain of P-
Rex does not drive membrane recruitment. Similarly,
displacement of ASAP1 from a membrane unlikely explains
inhibition by NAV-2729. NAV-2729 partitioned into lipid bi-
layers and bound the PH domain while in the bilayers, and did
not displace ASAP1PZA from LUVs containing PIP2. In addi-
tion, NMR revealed that NAV-2729 and PIP2 bound simul-
taneously. NAV-2729 may function similarly to the small
molecule Bragsin, an interfacial inhibitor, that binds to the
Brag2 PH domain while associated with a lipid bilayer (15).
There were differences between Bragsin and NAV-2729. First,
whereas Bragsin does not disrupt Brag2 interactions with li-
posomes containing PIP2 (15), NAV-2729 promoted
ASAP1PZA binding to LUVs with or without PIP2. Second,
Bragsin did not function as an inhibitor in the absence of a
membrane (15), whereas NAV-2729 did. Third, Bragsin was a
specific inhibitor of Brag2 when compared to a subset of other
Arf GEFs (15), whereas NAV-2729 lacks specificity and in-
hibits multiple Arf GEFs and GAPs. In ongoing studies, we are
further defining the structural determinants of NAV-2729 for
binding to PH domains as well as the molecular mechanism
for NAV-2729 inhibition of ASAP1. These studies might
provide general insights into mechanisms by which PH do-
mains regulate adjacent catalytic domains, the structural fea-
tures required of PH domain inhibitors, and consequently, the
possibility of predicting which PH domains might be NAV-
2729 targets and identifying small molecules that might
more specifically bind to PH domain–containing proteins.

Our results highlight challenges in identifying cellular tar-
gets for small molecules: e.g., the physical chemistry of the
small molecule of interest might be complex. NAV-2729
formed supramolecular assemblies in solution unless a mem-
brane was present, in which case it partitioned into the lipid
bilayer. Proteins might interact differently with the supramo-
lecular assemblies than with drug monodisperse in a lipid
bilayer. Furthermore, integration into membranes might bias
binding to transmembrane and peripheral membrane proteins.
Consequently, assays of proteins in aqueous solution might
not be suitable for identifying and studying targets. Thermal
shift assays, used to screen for binding partners, might be
confounded by the chemistry of the small molecule in a couple
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ways. First, when using intact cells, if the drug partitions into
membranes, proteins that bind might be removed in the first
step of preparing samples. Second, in the case of drugs like
NAV-2729, when adding the drug to cell lysates, proteins that
bind to supramolecular assemblies might precipitate with the
denatured proteins, which would be analyzed as a reduction in
thermal stability (i.e., less soluble protein present at a given
temperature). Of the 45 proteins we detected as having a
significant shift in thermal stability, 25 had a reduction. Other
assays could similarly be affected by compound chemistry.
NAV-2729 supramolecular assemblies introduce light scatter,
which could confound assays based on optical methods, e.g.,
fluorescence. Light absorption in the UV and VIS regions
might also confound some optical-based assays. Finally, in
aqueous solution, the concentration of the active form of
NAV-2729 would be difficult to determine: one would expect
an equilibrium of monodisperse NAV-2729 and supramolec-
ular assemblies. These complexities are likely to be relevant to
other small molecules.

Our work may have led to a different conclusion from that
of previous studies for a number of reasons. First, we have used
native proteins whereas previous work was restricted to using
truncated forms of the GTPases. Although it is perfectly
reasonable to use the truncated proteins and indeed many
important advances have been made using them as a model, in
this particular instance there appears to be some differences
from native proteins that could have led to different conclu-
sions. Second, membrane mimetics could be utilized with the
assays we used. Previous work did not use membrane mi-
metics, although Benabdi et al. (14) did attempt to use them
for some assays and concluded that the kinetics were too
complex to warrant further investigation. Again, it is perfectly
reasonable to avoid membrane mimetics, as they can confound
assays. For example, they are not compatible with the nucle-
otide analog used for exchange assays by Yoo et al. (13), as
they would increase background to mask signal. However, in
this instance, the membrane mimetics were important for the
solubility of NAV-2729. Third, some of the properties of NAV-
2729, such as light scatter and absorbance, may have
confounded the fluorescence-based assays used by Yoo et al.
(13). Finally, we considered the possibility that NAV-2729
might interact with proteins other than GTPases. Previous
work restricted tests of specificity to GTPases or only a subset
of Arf GEFs (13, 14). Given that knocking down Arf6 reduced
proliferation of the cell lines being examined (13), there was no
compelling reason to look beyond Arf6. Our findings with
multiple cell lines motivated the reexamination of specificity.
Although we cannot exclude that some effects of NAV-2729
are mediated by inhibiting Arf6 as described in the first pa-
per about NAV-2729 (13), the possibility that other Arf
pathways are affected was raised by Benabdi et al. (14), in
which NAV-2729 was found to inhibit Arf1 exchange cata-
lyzed by Brag2 and not to affect spontaneous exchange on
either Arf1 or Arf6. Our expanded analysis indicates that the
Arfs themselves might not be direct targets, but rather that
their regulators are and, further, there are likely other targets
of NAV-2729.



NAV-2729 has multiple targets including Arf regulators
Identification of NAV-2729 is a step towards establishing
whether Arf pathways are therapeutic targets in cancer. To
extend the work reported here, (i) we will determine the
molecular basis for inhibition of ASAP1 by NAV-2729 and (ii)
identify other binding proteins that might be more important
for the cellular effects of NAV-2729, which might provide
insights into therapeutic targeting of cancer.

Experimental procedures

Chemicals

NAV-2729 was purchased from Tocris Bioscience and
Sigma-Aldrich. SecinH3 and Brefeldin A were from Sigma-
Aldrich. Bragsin2 was from MedChem Express. Bragsin was
a kind gift from Mahel Zeghouf and Jacqueline Cherfils.
Alexa568-phalloidin was from Thermo Fisher. MemGlow560
was from Cytoskeleton. Cell Titer Glo was from Promega.
TMT10plex Isobaric Label Reagent Set was from Thermo
Fisher. [α32P]GTP and [35S]GTPγS were from PerkinElmer.

Antibodies

A monoclonal mouse anti-ASAP1 antibody was purchased
from Abnova. A polyclonal rabbit anti-ASAP1 serum was
raised in our lab as previously described (31). Anti-paxillin and
anti-GM130 antibodies were purchased from BD Biosciences,
anti-ROCK2 antibody from BD Transduction Laboratories,
anti-HABP4 antibody from Bioss USA, anti-Akt, anti-Arf6,
anti-GEF-H1, anti-JNK2, anti-PRKAR1A (PKA RI-α/β), anti-
ROCK1, anti-SMARCA5 (SNF2H), anti-TIAM1, and anti-
VAV2 from Cell Signaling Technology, anti-β-COP antibody
from Invitrogen, IRDye680 anti-mouse IgG and IRDye800
anti-rabbit IgG were from LI-COR, and anti-Brag2 (IqSec1)
antibody was from Sigma Precision Antibodies.

Cell culture

RD, SMS-CTR, C2C12, HeLa, and NIH 3T3 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal calf serum and penicillin and streptomycin.
U2OS cells were cultured in McCoy’s 5A media with 10% fetal
calf serum and penicillin and streptomycin. OSA cells were
cultured in RPMI with 10% fetal calf serum and penicillin and
streptomycin. MC10a cells were cultured in DMEM/F12 me-
dia with 10% fetal calf serum.

Knockdown with dicer substrate RNA duplex

Dicer substrate RNA (diRNA) duplexes were obtained from
IDT (sold as Trifecta Kits). 300,000 cells/well in 6-well plates
(35 mm diameter wells) were transfected with 10 nM non-
targeting (control) diRNA or diRNA targeting Arf6, Brag2, or
ASAP1 using DharmaFECT 1 transfection reagent (Dharma-
con). The cells were harvested 3 days later for use in prolif-
eration, drug sensitivity, or immunofluorescence experiments.

Immunofluorescence

Twenty thousand cells were incubated on fibronectin-
coated 12 mm glass coverslips in McCoys 5A media without
serum (U2OS) or DMEM with 10% fetal calf serum (RD cells)
for 2 to 3 h prior to fixing with 4% paraformaldehyde and
either immunostaining for paxillin and incubating with
Alexa568-phalloidin to visualize filamentous actin or immu-
nostaining for GM130 and β-COP. Confocal microscopy was
performed on a Leica TCS SP8 confocal laser scanning mi-
croscope using system-optimized z-stack parameters with
pinhole of 1.00 Airy Unit, an HC PL APO CS 63×/1.4 oil
objective at resolution 512 × 512 pixels. Adhesions were
analyzed as previously described (32, 57). Actin fibers were
analyzed using the Ridge detector plug in ImageJ (https://
imagej.nih.gov/ij/download.html) as described (45), counting
fibers between 5 and 10 μm in length. Golgi quantification
from z-stack images were done using Fiji software (https://
imagej.nih.gov/ij/download.html) (58). Images of individual
cells were cropped out from the original z-stacks, subjected to
intensity thresholding using IsoData algorithm, converted to a
mask, and applied back to the images to determine the area
and volume (taking in step-size of z-stack) of GM130 signal
patches.

Proliferation assays

2500 to 5000 cells per well were seeded in white bottom 96-
well cell culture plates. Relative cell mass 3 days after plating
was determined using the CellTiter-Glo assay (Promega).

Immunoblotting

Proteins were fractionated by SDS-PAGE and transferred
onto nitrocellulose membranes. The nitrocellulose membranes
were incubated in LI-COR proprietary TBS blocking buffer for
1 h and subsequently incubated overnight at 4 �C with primary
antibodies diluted in the LI-COR proprietary antibody diluent
buffer. After three washes in TBS with 0.2% Tween-20, the
membranes were incubated for 1 h with IRDye-labeled (LI-
COR) secondary antibodies at room temperature, washed 3
times in TBS with 0.2% Tween-20, and visualized using a LI-
COR Odyssey scanner.

Preparation of proteins

Myristoylated Arf (59), truncated Arf proteins, [L8K]Arf1
(60), the Sec7 and PH domains (Sec7-PH construct) of Brag2
and ARNO (40), the PH, Arf GAP, and ankyrin repeats (PZA
construct) of ASAP1 and ASAP3 (35, 61), full-length ASAP1
(26), full-length ArfGAP1 and AGAP1 (62), the tandem PH
domains, Arf GAP, and ankyrin repeats of ARAP1 (63), the PH
domain of ASAP1 (36), and the Arf GAP and ankyrin repeats
(ZA construct) of ASAP1 (36) were expressed and purified as
described. MSP△H5 was expressed and purified as previously
described (64).

Preparation of labeled myrArf1, ASAP1 PZA, and ASAP1 PH
domain

Labeling was performed as previously described (65). Briefly,
for the production of [U-2H], [U-15N]-methyl specifically
labeled protein, NH4Cl is substituted by ammonium chloride
(15N ≥99%), D-glucose is replaced by D-Glucose-1,2,3,4,5,6,6-
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d7 (2H ≥97%), and 13CH3-methyl specifically labeled pre-
cursors are added as described below. For a cell culture of
500 ml, a few freshly transformed colonies of BL-21(DE3) cells
were picked to inoculate 5 ml of M9/H2O minimal media for
overnight growth at 37 �C in a shaking incubator (250 rpm).
One milliliter of the overnight culture (typical optical density
at 600 nm [A600] 1–1.2) was then used to inoculate 4 ml of
fresh M9/H2O medium to achieve a starting A600 of 0.25. At
A600 �0.5, 5 ml of M9/D2O minimal media was added and
cell growth continued until an A600 of �0.5 is reached. Cells
were diluted again by a factor of 2 and growth followed to
A600 �0.5. This cycle was repeated until a D2O/H2O ratio of
3:1 (20 ml total) is reached. Cells were then harvested by
centrifugation (3000g for 30 min) and resuspended in 25 ml of
M9/D2O, and growth was continued in a 100 ml baffled flask
until an A600 of 0.5 is reached, before an additional 25 ml of
M9/D2O was added for overnight growth at 37 �C. When the
overnight A600 was between 1.3 and 1.5, the overnight cell
suspension (50 ml) was added to 500 ml of M9/D2O and
growth followed at 37 �C, up to A600 �0.6. For selective I-
[13CH3]

δ1, L-[13CH3]
proS, V-[13CH3]

proS methyl labeling of
ASAP1 PZA and ASAP PH, the TLAM-Iδ1LVproS kit was used
(NMR-Bio). For labeling of ASAP1 PH, it was supplemented
by 3-[13C]-2-[2H]-L-Alanine for selective methyl labeling of A-
[13CH3]

β. After the addition of the precursor according to the
manufacturer’s protocol, cell growth continued until an A600
of approximately 0.7 at 25 �C is reached, at which time protein
expression was induced with the addition of 1 mM IPTG. Note
that for Arf1, instead of kits, two 13C-labeled keto acid pre-
cursors for Ile, Leu/Val (Sigma-Aldrich) were added to the cell
culture 30 min before induction. Cultures were then grown
overnight at 25 �C after induction.

Preparation of nanodiscs

All lipids in chloroform solutions were air-dried with ni-
trogen flow and resolubilized with cholate in aqueous buffer
(20 mM Tris–HCl pH 7.4, 150 mM NaCl, and 75 mM sodium
cholate). Nanodiscs were assembled by mixing MSP△H5 with
solubilized lipids at a ratio of 1:50, followed by the removal of
sodium cholate from the mixture with Bio-Beads SM2 resin
(Bio-Rad), under overnight rocking at 22 �C. Assembled
nanodiscs were then purified via a Superdex-200 size-exclu-
sion column (GE Healthcare) and concentrated on a centrif-
ugal concentrator (10 kDa molecular weight cutoff, Thermo
Fisher Scientific). The concentration of nanodiscs was deter-
mined by UV spectroscopy (ε280 = 18,450 M−1 cm−1).

Preparation of LUVs

LUVs were prepared by extrusion. Briefly, 1 μmol lipids
(molar ratio, 40% PC, 25% PE, 15% PS, 10% cholesterol, and
10% total phosphoinositide) dissolved in chloroform, in a
siliconized glass tube were dried under a nitrogen stream for
30 min to 1 h, followed by lyophilization for at least 1 h. The
dried lipids were resuspended in 200 μl of either PBS (for GEF
and GAP assays) or in a sucrose solution (20 mM Hepes pH
7.4, 20 mM KCl, 0.2 M sucrose, 0.01% sodium azide) for
16 J. Biol. Chem. (2023) 299(3) 102992
cosedimentation assays, for a final concentration of 5 mM. The
solution was vortexed, subjected to five rounds of freeze/thaw,
and extruded using a lipid extruder (Avanti Polar Lipids)
through a Whatman Nuclepore Track-Etched membrane with
1 μM pores. The LUVs were stored at 4 �C and were used
within a week for activity assays and within 3 days for LUV
cosedimentation assays.

GGA pull-down assay

The binding of myrArf1�GTP with GGA3 was performed as
previously described (21). MyrArf1�GDP was incubated in
20 mM Hepes, pH 7.4, 100 mM NaCl, 1 mM DTT, 0.5 mM
MgCl2, 1 mM EDTA, and 100 μM GTP. Purified GST or GST-
VHSGAT-GGA3 at 1 μM was mixed with 0.5 μM of myr-
Arf1�GTP, 1 mM DTT, 5% DMSO, or 50 μM NAV-2729 in
50 μl and incubated at room temperature for 5 min. Fifteen
microliters of 50% glutathione sepharose 4B slurry (Cytiva) in
PBS were added. The tubes were incubated with gentle agita-
tion at room temperature for 30 min, chilled on ice, and spun at
2300 rpm for 1 min. The supernatants were removed, and the
glutathione beads were washed two times with 100 μl of ice-
cold PBS. The proteins bound to the glutathione beads were
eluted with Laemmli SDS-PAGE sample buffer. The samples
were heated to 95 �C for 5 min and separated by SDS-PAGE.

Thermal shift assays

The thermal stability assay was performed as described (45)
with minor modifications. Purified proteins (10 μM in 25 μl
volume) with 0.5% DMSO or 50 μM NAV-2729/0.5% DMSO
were distributed into thin-walled PCR tubes in duplicates. In
the case of ASAP1 PZA, the conditions also included with or
without 200 μM diC8-PIP2. The tubes were heated in a
thermocycler at a temperature gradient with 3 �C increments,
with a 3 min hold at each temperature. Samples were cooled to
room temperature and centrifuged to sediment precipitated
protein. Fifteen microliters of supernatant were transferred
into microcentrifuge tubes, mixed with 5 μl of 4× sample
buffer, and separated on 4 to 20% SDS-PAGE gel. Densito-
metric quantification was performed using ImageJ (NIH).

GEF activity assays

GEF activity assays were performed as described previously
(40). Reaction mixtures contained 25 mM Hepes, pH 7.4,
100 mM NaCl, 1 mM DTT, 2 mM MgCl2, 1 mM EDTA, 5 μM
GTPγS, and [35S]GTPγS (specific activity of 10,000 cpm/
pmol), 0.5 mM LUVs, 0.5 μM Arf�GDP ,and either 1 nM of
Brag2 or 30 nM of ARNO. The reactions were incubated at 30
�C for 3 min and terminated with 2 ml of ice-cold 20 mM Tris,
pH 8.0, 100 mM NaCl, 10 mM MgCl2, and 1 mM DTT.
Protein-bound nucleotide was trapped on nitrocellulose, and
the bound radioactivity was quantified by liquid scintillation
counting.

GAP activity assays

GAP-induced conversion ofmyrArf1�GTP tomyrArf1�GDP
(or [L8K]Arf1�GTP to [L8K]Arf1�GDP) was determined as



NAV-2729 has multiple targets including Arf regulators
described previously (26, 43). The concentration of GAPs
required to hydrolyze 50 to 70% of the Arf-bound GTP in 3 min
was included in the reaction. The LUVs were included in the
myrArf1 GTP-loading reaction.

NAV-2729 supramolecular assembly binding assay

5, 12.5, and 25 mM NAV-2729 in DMSO were prepared as
500× stocks. The stocks (or pure DMSO) were diluted 1:450 by
addition of 1× PBS supplemented with 0.334% DMSO. Forty
five microliters were added to polypropylene ultracentrifuge
tubes (8 × 34 mm, Beckman Coulter). Five microliters of
10 μM proteins of interest in PBS were added in duplicate. The
mixture was incubated at 10 min at RT and then centrifuged in
a pre-chilled S100-AT3 rotor (Thermo Fisher Scientific) for
15 min at 75,000 rpm. The supernatant was removed, and the
pellet was resuspended in 20 μl of 2× sample buffer supple-
mented with β-mercaptoethanol. A standard curve was
included on each gel. Densitometry analysis was performed
using ImageJ (NIH).

LUV cosedimentation-binding assay

5, 12.5, and 25 mM NAV-2729 in DMSO or pure DMSO
was diluted 1:400 by addition of 1× PBS supplemented with
0.376% DMSO. Forty microliters of the stocks were mixed
with 5 μl LUV (5 mM stock in buffer with sucrose) in
polypropylene ultracentrifuge tubes (8 × 34 mm, Beckman
Coulter) and incubated at room temperature for 5 min. Five
microliters of 10 μM protein of interest in PBS were added
and the mixture incubated for 10 min at RT. Control re-
actions lacking LUVs were run to ensure that the proteins
were not aggregating. The mixtures were centrifuged in a
prechilled S100-AT3 rotor (Thermo Fisher Scientific) for
15 min at 75,000 rpm, the supernatant was removed, and
the pellet was resuspended in 20 μl of 2× sample buffer.
Analysis was performed as described for the supramolecular
assembly binding.

A similar protocol was used for identifying binding pro-
teins in cell lysates. RD cells cultured in 15 cm plates were
harvested with trypsin/EDTA. Cells were collected by
centrifugation, washed with PBS, and resuspended at 1 to
2 × 107 cells/ml in PBS with a protease inhibitor cocktail
(Cytoskeleton). The cells were rapidly frozen and thawed 5
times, then passed through a 27 gauge needle three times.
The lysate was clarified by centrifugation at 14,000g for
20 min at 4 �C followed by a centrifugation at 250,000g for
15 min at 4 �C. Either DMSO or NAV-2729 in DMSO was
added to LUVs for a final DMSO concentration of 0.2% and
a final NAV-2729 concentration of 250 μM. Hundred mi-
croliters of LUVs with or without NAV-2729 were added to
400 μl of cell lysate. The mixture was incubated for 30 min
at room temperature, chilled to 4 �C, and centrifuged at
250,000g for 15 min at 4 �C. Supernatants were aspirated.
The pellet was resuspended in 140 μl of Laemmli sample
buffer. Proteins were fractionated on a 4 to 20% gradient
polyacrylamide gel and transferred to nitrocellulose for
blotting with the indicated antibodies.
NMR measurements and analysis

NMR experiments were collected at 25 �C or 40 �C on
Bruker Avance III 800 or 850 MHz spectrometers that were
equipped with TCI triple resonance cryoprobes. All spectra
were processed and analyzed using TopSpin 3.6 and NMRpipe
(66). 1H -15N TROSY HSQC (67) and 1H-13C HMQC (68)
experiments were carried out with selective 1H excitation
pulses to improve water suppression (69). The experiments
were typically carried out with 2-s recycle delay, 128 scans, 256
complex points in the 15N (or 13C) dimension (36 [20] parts
per million [ppm]), and 2048 complex points in the 1H
dimension (14 ppm).

Chemical shift perturbations were calculated using:

CSPH−X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔv 1HÞ2þðA � ΔvXÞ2

q

where Δv 1H and ΔvX are changes in the observed 1H or
heteroatom chemical shift, respectively. A is a scale factor
equal to 0.17 (0.185) when X is 15N (13C).

Nanodiscs were composed of 14:0-14:0-PC and 18:1-18:1-
PI(4,5)P2 lipids (95:5 mol: mol). DMSO fraction in buffer
was 0.4 % v:v. 1H-13C and 1H-15N chemical shift perturbations
were measured at 25 �C and 40 �C. ASAP1 PH and nanodisc
concentrations were 10 and 50 μM to ensure full binding. The
higher temperature used to record amide resonances was
necessary to reduce the rotational correlation time of the
�120 kDa complex (39, 44), while concentration of proteins
and nanodiscs were chosen to minimize DMSO concentration
while maximizing NAV-2729 to protein ratio.
Mass spectrometry

Thermal stability assay was performed with 80 μg protein of
RD cell lysate with either 0.5% DMSO or 50 μM NAV-2729/
0.5% DMSO in 90 μl. The tubes were heated to 45, 50, 55,
60, and 65 �C, with a 3 min hold. The samples were centri-
fuged, and the supernatants were snap frozen and later
analyzed by mass spectrometry. Before sample processing,
protein concentrations in thermally treated cell lysates were
measured. Proteins were then captured in S-Trap micro spin
columns (PROTIFI) and digested with trypsin following the
manufacturer’s protocol. Briefly, 50 ml of each cell lysate
containing �100 mg (37 �C) or lower amounts (higher tem-
peratures) was denatured with 5% SDS, reduced with 20 mM
tris(2-carboxylethyl)phosphine, and alkylated with 20 mM
iodoacetamide. The proteins were then loaded on the S-trap
and digested overnight with trypsin. Peptides were then
extracted by separate washes with 50 mM TEAB, 0.2% formic
acid, and 50% acetonitrile and lyophilized. Dried peptides were
labeled with one each of the 10-plex tandem mass tag (TMT)
reagents (Thermo Fisher Scientific) for quantitation; reactions
were performed using the manufacturer’s protocol. TMT-
labeled lyophilized pooled peptides were dissolved in 0.1%
TFA and fractionated using high pH reversed-phase peptide
fractionation columns (Thermo Fisher Scientific) by batch
elution method using the manufacturer’s protocol. The eluted
J. Biol. Chem. (2023) 299(3) 102992 17
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fractions containing the less-complex peptide mix were
quickly frozen and lyophilized before identification by LC-MS.

Fractionated peptides were separated on an UltiMate 3000
RSLCnano HPLC coupled to an Exploris 480 Orbitrap mass
spectrometer (both Thermo Fisher Scientific). Samples were
loaded onto a PepMap 100, 2 cm × 75 μm trap column
(Thermo Fisher Scientific) at a flow rate of 3 μl/min using
0.1% formic acid as mobile phase, which was switched in-
line with the PepMap 100250 mm × 75 μm analytical col-
umn (Thermo Fisher Scientific) after 10 min. Peptides were
eluted at a flow rate of 300 nl/min across a 120 min
gradient from 4% B to 35% B (A: 0.1% formic acid in water,
B: 0.1% formic acid in acetonitrile). The mass spectrometer
was operated in a data-dependent mode, with parent full-
scan m/z range 350-1800 and nominal resolution of
120,000. MS/MS spectra were acquired following HCD
fragmentation using 30% normalized collision energy and
resolution of 45,000. Proteome Discoverer 2.4 (Thermo
Fisher Scientific) was used to search the data against human
proteins from the UniProt database using SequestHT. The
search was limited to tryptic peptides, with maximally two
missed cleavages allowed. Cysteine carbamidomethylation
and TMT modification were set as fixed modifications;
methionine oxidation was set as a variable modification. The
precursor mass tolerance was 10 ppm; the fragment mass
tolerance was 0.02 Da. The Percolator node was used to
score and rank peptide matches using a 1% false discovery
rate. Quantitation of TMT reporter ions was performed
using the Minora node in Proteome Discoverer and cor-
rected for lot-specific isotope impurities. Data normalization,
calculation of melting curves, and significance testing was
performed using the TPP package (version 3.24.0) (70) in R,
as described previously (71).
Comparison of Brag2PH:Bragsin and ASAP1PH:diC4-PIP2
structures

The crystal structures of human Brag2Sec7-PH in complex
with Bragsin (PDB: 6FNE) (15) as well as murine ASAP1PH
in complex with two diC4-PIP2 molecules (PDB: 5C79) (43)
were visualized in PyMOL (72). Specifically, residues
628–757 of chain A and Bragsin in 6FNE were aligned with
residues 334–436 of chain B and the two diC4-PIP2
monomers in 5C79 using the “super” command. Note that
amino acid positions are from UniProt (73) entries
Q6DN90-2 and Q9QWY8 for Brag2 and ASAP1. Due to
low sequence similarity between Brag2 and ASAP1, the
primary sequences of each protein were aligned based on
structural superposition using the Pairwise Structure Align-
ment analysis tool hosted by the PDB (https://www.rcsb.org/
alignment) (74). Chain A of each structure (6FNE and 5C79)
were selected for the pairwise structure alignment using the
jFATCAT method (75, 76). The resulting alignment of
residues 630–746 of Brag2 and residues 339–437 of ASAP1
was manually examined, and residues P710 and G711
(which are missing in 6FNE chain A) were reintroduced.
Residues of Brag2 that bind to Bragsin and residues of
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ASAP1 that bind to PIP2 are based on previous studies (15,
43). Residues of ASAP1 that are affected by binding to
nanodiscs containing NAV-2729 are from this work (see
Fig. 6H).

Statistics

Most results were confirmed in n ≥2 independent experi-
ments with replicates as indicated in the figure legends. The
EM and cellular thermal shift assay experiments were per-
formed once. Details of statistical analyses are indicated in the
figure legends and relevant Experimental procedures sections.

Data availability

All data are available in the main text or the supporting
information.

Supporting information—This article contains supporting informa-
tion (77, 78).
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