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Phosphatidylinositol (3,4,5)-trisphosphate (PIP3)-dependent
Rac exchanger 1 (P-Rex1) catalyzes the exchange of GDP for
GTP on Rac GTPases, thereby triggering changes in the actin
cytoskeleton and in transcription. Its overexpression is highly
correlated with the metastasis of certain cancers. P-Rex1
recruitment to the plasma membrane and its activity are regu-
lated via interactions with heterotrimeric Gbg subunits, PIP3,
and protein kinase A (PKA). Deletion analysis has further
shown that domains C-terminal to its catalytic Dbl homology
(DH) domain confer autoinhibition. Among these, the first dish-
evelled, Egl-10, and pleckstrin domain (DEP1) remains to be
structurally characterized. DEP1 also harbors the primary PKA
phosphorylation site, suggesting that an improved understand-
ing of this region could substantially increase our knowledge of
P-Rex1 signaling and open the door to new selective chemother-
apeutics. Here we show that the DEP1 domain alone can autoin-
hibit activity in context of the DH/PH-DEP1 fragment of P-
Rex1 and interacts with the DH/PH domains in solution. The
3.1 Å crystal structure of DEP1 features a domain swap, similar
to that observed previously in the Dvl2 DEP domain, involving
an exposed basic loop that contains the PKA site. Using purified
proteins, we show that although DEP1 phosphorylation has no
effect on the activity or solution conformation of the DH/PH-
DEP1 fragment, it inhibits binding of the DEP1 domain to lipo-
somes containing phosphatidic acid. Thus, we propose that
PKA phosphorylation of the DEP1 domain hampers P-Rex1
binding to negatively charged membranes in cells, freeing the
DEP1 domain to associate with and inhibit theDH/PHmodule.

The diffuse B cell lymphoma (Dbl) family of guanine nucleo-
tide exchange factors (GEFs) (1) has ;70 members featuring
one or more Dbl homology (DH) domains, which catalyze nu-
cleotide exchange on Rho GTPases. The DH domain is almost
always followed by a pleckstrin homology (PH) domain to form
a DH/PH module (2). The PH domains in Dbl RhoGEFs can
bind to phospholipids and help in membrane translocation, as
in Dbs, Tiam, and Lfc (3–5), or interact with other proteins, as
in TrioN and p63RhoGEF (6, 7), or directly regulate the binding
of GTPases to the adjacent DH domain as in Dbs, LARG, and

TrioC (8–10). In each RhoGEF, other domains are present that
can impose additional layers of regulation on GEF activity.
These domains are known to interact with lipids, cofactors,
other cellular/membrane proteins, or directly with the DH do-
main of the enzyme (3). For example, the Src-homology 3
(SH3) domain of ASEF interacts with both of its DH and PH
domains to obstruct binding and activation of CDC42 (11).
Phosphatidylinositol (3,4,5)-trisphosphate (PIP3)-dependent

Rac exchanger 1 (P-Rex1) is an unusually large Dbl RhoGEF
expressed in neutrophils that catalyzes nucleotide exchange on
Rac GTPases (12). Its N-terminal DH/PH domains are followed
by two DEP domains (DEP1 and DEP2), two PDZ domains
(PDZ1 and PDZ2), and a large C-terminal domain with homol-
ogy to inositol polyphosphate-4-phosphatase (IP4P) domains
(Fig. 1A) (12, 13). P-Rex1 is a downstream effector of both Gi

and Gs coupled G protein–coupled receptors (GPCRs) by vir-
tue of its synergistic activation by Gbg and PIP3 (12) and its
regulation by protein kinase A (PKA) (14–17). P-Rex1 in nor-
mal cells mediates chemotaxis (18–20), but it is overexpressed
in metastasizing cancers (21–23) and other studies show its
involvement in neurological disorders (24), inflammatory dis-
eases (25), and type 2 diabetes (26, 27). Thus, P-Rex1 represents
an important therapeutic target, and understanding its atomic
structure and mechanisms of regulation would facilitate the
drug discovery process.
In its basal state, P-Rex1 is autoinhibited and localized in the

cytoplasm (12). Deletion of domains C-terminal to the DH do-
main in the full-length enzyme, including the PH domain, gen-
erally led to increased GEF activity, thereby implying involve-
ment of these domains in autoinhibition (28). These studies
also showed that the DH/PH fragment of P-Rex1 has signifi-
cantly higher activity than P-Rex1. Thus, the PH domain does
not seem to inhibit GEF activity on its own, implying coordina-
tion among the C-terminal domains in autoinhibition.
The P-Rex1 PH domain mediates binding and activation by

PIP3, and also contains a b3-b4 polybasic loop, which might
play a role in interacting with the cell membrane through ionic
interactions (29). Our recent single particle cryo-EM structure
of P-Rex1 in complex with Gbg resolved the C-terminal por-
tion of the protein spanning from the DEP2 domain through
the C terminus (13), wherein the DEP2, PDZ1, PDZ2, and IP4P
domains coalesce to form a Gbg interaction scaffold. The DH/
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PH-DEP1 domains were disordered in the structure. Because
the DH/PH domains exhibit robust basal activity on their own,
autoinhibition would seem to be imposed by DEP1, the C-ter-
minal Gbg-binding assembly, or both. Furthermore, Ser-436 in
the DEP1 domain is phosphorylated by PKA, which blunts acti-
vation by Gbg and PIP3 (14–16). The DEP1 domain is also
reported to contribute to a binding site for mTOR, which posi-
tively regulates P-Rex1 signaling (30).
Therefore, the DEP1 domain seems poised to play a key role

in regulating the GEF activity of P-Rex1. To gain further
insight, we determined its crystal structure and compared the
activity and the solution structures of the DH/PH and DH/PH-
DEP1 fragments of P-Rex1. We also studied the effect of PKA
phosphorylation on the GEF activity and solution conforma-
tion of the DH/PH-DEP1 fragment. We further tested if PKA
phosphorylation affects the ability of the domain to bind lipo-
somes. Our results support a model in which the DEP1 domain
associates with and inhibits the DH/PH module in a phospho-

rylation-independent manner, at least in vitro. However,
because phosphorylation by PKA diminishes the ability of the
DEP1 domain to bind negatively charged phospholipids, it
implies that PKA phosphorylated P-Rex1 will lose its ability to
efficiently interact with cellular membranes, which will dimin-
ish its interactions with other membrane associated regulators
such as PIP3 and Gbg.

Results

The P-Rex1 DEP1 domain inhibits GEF activity

In a previous study (28), deletion of both DEP domains in P-
Rex1 led to an increase in basal activity. In another study, it was
shown that fragments of P-Rex1 that included the tandem DEP
and tandem PDZ domains had less activity in cells than the
DH/PH module alone (15). Because our recent structure
showed that DEP2 is intimately incorporated into the Gbg-
binding module (13), we hypothesized that the DEP1 domain

Figure 1. The P-Rex1 DEP1 domain inhibits GEF activity. A, domain architecture of full-length P-Rex1. P-Rex1 protein has a DH/PH catalytic module at its N
terminus followed by two DEP domains, two PDZ domains, and a C-terminal IP4P domain. The IP4P domain interacts with DEP2 and both PDZ domains. The
DEP1 domain (residues 409-499) has a polybasic stretch of residues in which is found a consensus PKA phosphorylation site at Ser-436. B, activities of DH/PH,
DH/PH-DEP1 and p-DH/PH-DEP1measured in a FRET-based assay bymonitoring the dissociation of mant-GDP from unprenylated Cdc42 in the absence of lip-
osomes. GEF activity was normalized to that of DH/PH. ****, p, 0.0001, **, p = 0.0018. C, GEF activity of the P-Rex1 DH/PH fragment (100 nM) was assessed af-
ter addition of increasing amounts of DEP1 or p-DEP1 (0-100 mM) in the absence of liposomes. GEF activity was normalized to that of DH/PH in the absence of
DEP1. *, p, 0.0460 for DH/PH versusDEP1, p, 0.0299 for DH/PH versus pDEP1, and p, 0.0388 for DH/PH plus 100mM pDEP1 versusDH/PH. D, GEF activity of
DH/PH-DEP1 was assayed in liposomes containing increasing concentrations of PA (0-1000 mM). Control liposomes contained 50% (w/w) mol each of POPC
and POPE. All other liposomes had an increasing mol % of PA: 10 mM (1mol %), 50 mM (5mol %), 100mM (10 mol %), 500mM (50 mol %), and 1000 mM (100mol
%). Addition of PA was compensated with decreasing POPE concentration with the exception of 1000 mM, wherein the liposomes are 100% PA. GEF activity
was normalized to that of DH/PH-DEP1 in control liposome. ***, p = 0.0004 for DH/PH-DEP1 plus control liposome with no PA versus DH/PH-DEP1 plus lipo-
some with 500mM PA, ***, p = 0.0008 for DH/PH-DEP1 plus liposome with 10 mM PA versus DH/PH-DEP1 plus liposome with 500mM PA, ***, p = 0.0005 for DH/
PH-DEP1 plus liposome with 500 mM PA versus DH/PH-DEP1 plus liposome with 1000 mM PA, **, p = 0.0022, and *, p = 0.0202. In each graph, data are from at
least three independent experiments measured in duplicate, with error bars representing themean6 S.D.
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alone could exhibit autoinhibition. Indeed, the GEF activity of
DH/PH was 4-fold higher than that of DH/PH-DEP1 (Fig. 1B).
We next tested whether DEP1 could inhibit the DH/PH do-
main in trans by adding increasing amounts of the independ-
ently purified DEP1 domain to the DH/PH module. Surpris-
ingly, instead of the expected decrease in activity of DH/PH, a
slight increase was observed (Fig. 1C). Thus, either the DEP1
domain binds but does not directly block GTPase binding to
the DH domain, or its affinity is too low when not covalently
attached to theDH/PHmodule. In support of the latter hypoth-
esis, there is no observed association of the DEP1 domain with
DH/PH by size exclusion chromatography (SEC) (data not
shown).

Structure of the P-Rex1 DEP1 domain

The human P-Rex1 DEP1 domain, encompassing residues
409-499, crystallized as a D3 hexamer wherein each protomer
undergoes two domain swaps (Fig. 2, A–C). Thus, one unique
chain of DEP1 contributes to three different DEP domains in
the hexamer. DEP1 is predominantly monomeric in solution
(Fig. S2A) but does exhibit evidence of some dimers and tet-
ramers. The domain swaps in the DEP1 structure occur at resi-
due 435, at the end of what would have been a b hairpin, and at
residue 480, before the final b strand of the domain (Fig. 2C).
Thus, the N and C termini of the DEP1 domain must exhibit a
high degree of structural dynamics in solution. Notably, the
DEP domain of human Dvl2 also forms a similar domain swap

involving the b1–b2 hairpin (31), and consequently it may rep-
resent a common occurrence in this domain-fold.
When the domain swaps are deconvoluted (Fig. 2D), DEP1

assumes the expected globular DEP-fold with a three-helix
bundle (H1–H3), an extended b hairpin formed by b1 and b2
(residues 429-440) between H1 and H2 and ending with two
more b strands (b3 and b4) (Fig. 2D). Its fold is most closely
related to that of the adjacent DEP2 domain (root mean
squared deviation of 1.1 Å for 62 Ca atoms) (Fig. 2E), with the
most variable regions being the domain-swapped loops and an
extra C-terminal helix in DEP2. The b1–b2 hairpin projects
outward from the core and is extremely basic in character (Fig.
2D), in that it contains two lysine and three arginine residues.
In other DEP domains, this loop is involved in interactions with
negatively charged membranes (32, 33). The loop also happens
to be the site of PKA phosphorylation (Ser-436) (15).

The DH/PH-DEP1 fragment adopts a compact shape in
solution

Because crystallographic analysis of DH/PH-DEP1 has not
yet been successful, we compared the small angle X-ray scatter-
ing (SAXS) profiles of the purified DH/PH and DH/PH-DEP1
proteins after SEC (SEC-SAXS) (Fig. 3, A–B). In SEC, proteins
showed monodisperse elution profiles (Fig. S3, A and B), and
Guinier analysis of the SAXS data (Fig. S4, A and B) confirmed
that the scattering profiles were monodisperse with little or no
aggregation. The Guinier fit provided the radius of gyration

Figure 2. Crystal structure of the P-Rex1 DEP1 domain. Although there is only one DEP1 chain per asymmetric unit, it crystallized as a double domain-
swapped D3 hexamer, in which each DEP1 chain contributes to three different protomers. A, top view of the DEP1 hexamer along the 3-fold symmetry axis.
The unique DEP1 chain is colored with a gradient from its N (blue) to C (red) terminus. B, the hexamer rotated 90˚ around a vertical axis relative to A so the view
is down the dihedral 2-fold axis. The unique DEP1 chain can be seen here contributing to the top left, then the bottom right, and finally the bottom left proto-
mer. C, the unique chain of DEP1 from B with the approximate positions corresponding to the two domain swaps indicated. D, cartoon representation of the
deconvoluted DEP1 structure, with domain-swapped loops indicated by dashed lines. Positively charged residues and Ser-436 in its polybasic b hairpin loop
are shown with stick models for side chains. E, cartoon representation of P-Rex1 DEP2 domain from PDB entry 6PCV, which is the most closely related DEP do-
main structure to DEP1. It contains an extra helix at the C terminus.
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(Rg) and scattering at zero angle (I(0)). DH/PH and DH/PH-
DEP1 have Rg values of 28.4 6 0.09 and 29.9 6 0.09 Å, respec-
tively. The molecular weight calculated from the Guinier fit via
the volume of correlation (34), the most appropriate method
for flexible systems, was 47 and 59 kDa, respectively, in reason-
able agreement with their expected molecular weights (43 and
54 kDa, respectively).
The dimensionless Kratky plot showed a shift in the maxi-

mum away from that of a globular protein and an extended tail
at higher qRg (Fig. 3D). This indicates some degree of flexibility
(35). Pair distribution function (P(r)) analyses of scattering data
computed the maximum intramolecular dimensions (Dmax) of
protein molecules, with values of ;105 and 104 Å, for DH/PH
and DH/PH-DEP1, respectively (Fig. S5). The maximum
interatomic vector in the structure of the DH/PH domain of P-
Rex1 (29) is on the order of 100 Å. The fact that DEP1 does not
extend this length is consistent with a relatively condensed
state for these three domains in solution.
To assess the conformational distribution in solution, we

employed ensemble optimization method (EOM) analysis (36).
The selected ensemble for DH/PH fits the data very well (Fig.
3A), x2 = 1.0, and consists of both compact and elongated con-
formations in solution (Fig. 3E, Fig. S6A). The selected ensem-
ble is quite different from the generated pool, suggesting that
although the system is flexible in solution, it is not adopting
purely random configurations. For DH/PH-DEP1, the selected
ensembles had x2 = 1.1 (Fig. 3B). The conformational distribution
of DH/PH-DEP1 shows predominantly one set of conformations,
concentrated near an Rg of 29 Å and Dmax of 90 Å (Fig. 3F and
Fig. S6B). This selected ensemble is significantly less extended

than the full generated pool, suggesting that DH/PH-DEP1,
although flexible, adopts predominantly compact states in solu-
tion. This compact state is similar in size to the DH/PH compact
state, with Rg andDmax peaking at;26 and;85Å, respectively.
The quantitative measure of flexibility of the selected ensem-

bles is given by two metrics Rflex and Rs. Rflex of a system can
vary from completely flexible (100%) to perfectly rigid (0%).
The importance of Rflex is not the absolute value, but the value
of the selected ensemble relative to the entire pool. Rs is the ra-
tio of the variance between the selected ensemble and the full
ensemble pool. As shown in Table 1, the Rflex value of DH/PH is
close to that of the ensemble pool, indicating that this protein is
very flexible. The Rflex of DH/PH-DEP1 is smaller than that of
the pool, indicating less flexibility in the system. In both cases,
the Rs is greater than 1. An Rs greater than 1 can indicate poor
quality data (36). Given the high signal to noise and good fit to
the data, as indicated by both the x2 values and the normalized
residuals (Fig. 3, A and B), this is not the case here. Rather, the
large values of Rs comes from the long tails of the DH/PH-
DEP1 and the bimodal distribution of the DH/PH ensemble
sizes (such as seen in the Rg plot in Fig. 3, E and F).

PKA phosphorylation does not affect GEF activity or SAXS
properties of the DH/PH-DEP1 fragment

We hypothesized that PKA phosphorylation might augment
the ability of the DEP1 domain to inhibit the DH/PH module,
as suggested by others previously (15), and that this could lead
to a change in their configuration detectable by SAXS. To test
these ideas, we first phosphorylated DH/PH-DEP1 (p-DH/PH-
DEP1) by incubating the protein with PKA and MgATP. After

Figure 3. SAXS analysis indicates that the DEP1 domain forms a compact assembly with the DH/PH domains. A–C, SAXS data (points) and EOM fit (line) for
DH/PH, DH/PH-DEP1, and p-DH/PH-DEP1, respectively. Normalized fit residual is shown in the bottom panel of each. D, dimensionless Kratky plot for DH/PH (orange,
square), DH/PH-DEP1 (blue, circle), and p-DH/PH-DEP1 (red, triangle). There is no significant change in shape between the DH/PH-DEP1 and p-DH/PH-DEP1 curves,
suggesting that they have the same shape. DH/PH has a different shape. All three curves are nongaussian, indicating some flexibility or extended conformations. E,
EOM results showing the pool (gray) and the selected ensemble Rg values for theDH/PHdata set. This indicates that DH/PH adopts both compact and extended con-
formations, relative to all possible conformations. F, EOM results showing the pool (gray) and the selected ensemble Rg values for the DH/PH-DEP1 (blue) and p-DH/
PH-DEP1 (red) datasets. This indicates that DH/PH-DEP1 adopts a relatively compact conformation in solution relative to all possible conformations.

DEP domain-mediated allosteric regulation of P-Rex1

12638 J. Biol. Chem. (2020) 295(36) 12635–12647

https://www.jbc.org/cgi/content/full/RA120.014534/DC1
https://www.jbc.org/cgi/content/full/RA120.014534/DC1
https://www.jbc.org/cgi/content/full/RA120.014534/DC1


separation from PKA using SEC followed by tobacco etch virus
(TEV) cleavage, the sample was then evaluated by intact MS,
which indicated stoichiometric phosphorylation (Fig. S7, left
panel), which was also confirmed by western blotting (Fig. S7,
inset right panel). However, phosphorylation had no effect on the
GEF activity of the DH/PH-DEP1 fragment (Fig. 1B), nor could
the phosphorylated DEP1 domain inhibit the DH/PH module
when added in trans (Fig. 1C). Furthermore, the SEC-SAXS data
collected for DH/PH-DEP1 and p-DH/PH-DEP1 were nearly
indistinguishable (Rg for p-DH/PH-DEP1 was 29.6 6 0.07 Å) as
was the EOM analysis (Fig. 3F). We had observed that mutation
of individual basic residues in the DEP1 hairpin could alter the
oligomerization status of the DEP1 domain, as evaluated by SEC
(Fig. S2B). However, phosphorylation also had no effect on the
oligomerization status of the DEP1 domain (data not shown).
Thus, stoichiometric PKA phosphorylation had no discernable
effect on the activity or the solution state properties of the DH/
PH-DEP1 orDEP1 fragments of P-Rex1.

P-Rex1 DEP1 domain binds to anionic lipids in a
phosphorylation-dependent manner

Evaluation of the electrostatic potential of the DEP1 domain
reveals that it has several positively charged patches on its sur-
face that could interact with negatively charged membrane,
most notably the b1–b2 hairpin (Fig. 4A). The DEP domains of
Epac and Dvl mediate membrane localization (32, 37). Thus,
we hypothesized that PKA phosphorylation within the basic
hairpin loop of DEP1 could perturb lipid binding. First, lipid
overlay assays were performed using MBP-His6–tagged DEP1
protein by incubating the purified protein on nitrocellulose
strips containing spotted lipids and then resolving bound pro-
tein by western blot analysis. Initially, assays were performed in
50 mM Tris, pH 7.5, and 150 or 50 mM NaCl, but no protein
binding was observed. However, under lower salt conditions

(0 mM NaCl), DEP1 bound strongly to phosphatidic acid
(PA) and weakly to phosphatidylserine (PS) (Fig. 4B, left
panel). To test whether the hairpin is responsible for bind-
ing, all five basic residues (Lys-429/Arg-431/Arg-432/Arg-
433/Lys-434) in the hairpin were mutated to alanine (MBP-
His6-DEP15Ala). The resulting protein exhibited complete
loss of binding under these conditions (Fig. 4B, right panel).
We next tested whether PA binding affected the activity of the

DH/PH-DEP1 fragment of P-Rex1 in the presence of liposomes
containing various amounts of PA. At physiological levels, the
concentration of PA is 0.1-0.3 mol % of the total membrane lipids
(38) and at that concentration there was no effect onGEF activity.
A significant 2- and 4-fold increase in activity was, however, seen
at 10 and 50% PA concentration, respectively (Fig. 1D), suggest-
ing that negatively charged lipids such as PA do have the ability to
activate theGEF activity of the DH/PH-DEP1 fragment.
To quantitatively assess the effects of PKA phosphorylation on

the membrane binding of DEP1, we used liposome sedimentation
assays. The DEP1 protein was first incubated with large unilamel-
lar vesicles (LUVs) composed of different concentrations of ani-
onic phospholipids (PS and PA) in addition to control LUVs con-
taining PC and PE alone. These assays were conductedwith buffer
containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl and at lower
salt conditions with 50mMNaCl. The absence of DEP1 protein in
the liposome pellets at 150 mM NaCl relative to the positive con-
trol LactC2 (a PS-binding C2 domain from lactadherin) indicated
that DEP1 did not bind to either 10% PS or 10% PA containing
LUVs at this ionic strength (data not shown). However, at 50 mM

NaCl, DEP1 bound as strongly as LactC2 to 10% PA LUVs. Bind-
ing was however not evident in the case of p-DEP1 (Fig. 4C).

Discussion

In this study, we hypothesized that the DEP1 domain plays a
key role in mediating autoinhibition in P-Rex1. Comparison of

Table 1
SAXS parameters

DH/PH DH/PH-DEP1 p-DH/PH-DEP1

Guinier analysis
I(0)a 0.0036 4.8E-06 0.00276 0.00013 0.00276 3.4E-06
Rg (nm) 2.846 0.009 2.996 0.009 2.966 0.007
Qmin (nm

21) 0.043 0.043 0.043
Qmax (nm

21) 0.430 0.422 0.433
P(r) analysis
Dmax (nm) 10.5 10.4 10.5
Volume (nm3) 95.2 118 117
MMexp (MMcal) (kDa) 47 (43) 59 (53.7) 59 (53.7)

EOM analysis
Crystal structure 5FI1 5FI1 and 6VSK 5FI1 and 6VSK
q-Range for fitting (nm21) 0.043-3.55 0.043-3.55 0.043-3.55
Symmetry assumptions None None None
x2 1.0 1.1 1.0
Constant subtraction 0.0 0.0 0.0
No. of representative models 3 5 4
Ensemble (pool) average Rg (nm) 2.8 (2.8) 3.0 (3.1) 3.0 (3.1)
Ensemble (pool) average Dmax (nm) 9.9 (9.0) 10. (10.) 10. (10.)
Ensemble (pool) average volume (nm3) 83 (79) 104 (102) 103 (102)
Ensemble (pool) average Ca(N)-Ca(C) distance (nm) 7.2 (6.0) 6.3 (6.8) 6.4 (6.8)
Rflex ensemble (pool) 86% (87%) 77% (84%) 73% (84%)
Rs 6.0 4.5 3.4

a I(0), Rg, Dmax, Qmin, Qmax, MMexp, MMcal, x
2, Rflex, and Rs are the experimentally determined intensity at zero scattering angle, radius of gyration, maximum particle dimension

in the Guinier fit, minimum scattering angle in the Guinier fit, maximum scattering angle, molecular mass calculated from scattering data, molecular mass based on amino acid
sequence, x squared fit between the theoretical scattering of selected ensemble and the experimental SAXS data, flexibility metric of ensemble compared with pool (value in paren-
theses), ratio of standard deviation for the distribution of selected ensemble to that of the pool, respectively.
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the GEF activities of the DH/PH and DH/PH-DEP1 fragments
of P-Rex1 confirmed that DEP1 was autoinhibitory (Fig. 1B), in
line with cell-based assays wherein P-Rex1 variants that
included both DEP1 and DEP2 also exhibited diminished basal
GEF activity (15). One straightforward mechanism would be
for the DEP1 to interact with the DHdomain and blockGTPase
binding. However, addition of DEP1 in trans to the DH/PH
module did not inhibit activity, and instead mildly improved it
(Fig. 1C). If this increase reflects a direct interaction, DEP1
would have to bind to an interface that does not interfere with
the GTPase-binding site. The p-DEP1 domain gave similar
results when added in trans to DH/PH (Fig. 1C), demonstrating
that the putative interaction is not phosphorylation dependent.
Direct association of the DEP1 domain with the DH/PH mod-

ule was further supported by our SEC-SAXS analysis, which
determined that the radius of gyration andDmax were similar in
DH/PH, and DH/PH-DEP1 and thus that the presence of the
DEP1 domain, regardless of its phosphorylation status (i.e. in p-
DH/PH-DEP1), stabilized a more compact, less flexible, and
less active state.
A direct interaction was also detected between DH/PH and

DEP1 in cells by Chavez-Vargas et al. (15) by co-immunopreci-
pitation, although in this case it depended on phosphorylation
of DEP1 and correlated with a mild inhibition of membrane-
tethered DH/PHGEF activity. Differences with our results may
be due to experimental context. For example, it could be that
the unphosphorylated DEP1 domain is sequestered in cell
lysates by membranes or other electrostatically complementary

Figure 4. Assessment of the P-Rex1 DEP1 and p-DEP1 interaction with lipids. A, surface potential of the DEP1 domain. Positively charged residues and
PKA phosphorylation site Ser-436 in its b hairpin loop are shown with arrows. Red and blue regions represent negative and positive potential surfaces, respec-
tively. B, protein-lipid overlay assays using a PIP strip with 100 pmol of a different lipid per spot incubated with 0.5 mg/ml each of MBP-His6 (control), MBP-
His6-DEP1, and an alanine mutant (MBP-His6-DEP15Ala) substituting all five basic residues in its hairpin loop. Protein binding was detected using anti-His-
horseradish peroxidase–conjugated antibody. The experiments were performed three times, and a representative result is shown. LPA, lysophosphatidic acid;
LPC, lysophosphatidylcholine; PI, phosphatidylinositol. S1P, sphingosine-1-phosphate. C, binding of DEP1 and p-DEP1 to lipid vesicles containing the anionic
lipids, PA and PS asmeasured by the liposome sedimentation assay. 5 mg each of MBP-His6–taggedDEP1 and p-DEP1 proteins, and LactC2 (a His6–tagged con-
trol protein that binds to PS) were incubated with liposomes containing POPC/POPE, POPC/POPE/PS, or POPC/POPE/PA. The control liposome contained 70%
POPC, 29% POPE, 1% dansyl-PE. All other liposomes had 10 mol % of PA or PS, compensated with a corresponding decrease in POPE concentration. The bind-
ing was evaluated by SDS-PAGE of supernatant (S) and pellet (P) fractions from sedimentation assays (left panel). Total protein used is represented by load (L).
The amount of protein in each fraction was quantitated by densitometry analysis of the corresponding band in SDS-PAGE using ImageJ (right panel). Data rep-
resent the average of three sedimentation assays, with error bars representing the standard deviation of the mean. ****, p, 0.0001.
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surfaces due to its basic hairpin loop. Regardless, the minor
effects we and Chavez-Vargas et al. (15) observed for DEP1 reg-
ulation of GEF activity suggest that the primary mechanism by
which phosphorylation of DEP1 by PKA inhibits P-Rex1 is
probably distinct from its ability to interact with the DH/PH
module.
Our structural analysis suggests other possible modes of

DEP1-dependent P-Rex1 regulation. The DEP1 crystal struc-
ture exhibited two domain swaps, one involving its b1–b2 hair-
pin. The b1–b2 hairpin of the Dvl2 DEP domain undergoes a
similar domain swap that triggers Dvl2 polymerization and for-
mation of the Wnt signalosome (31). P-Rex1 is also known to
form oligomers, at least based on co-immunoprecipitation of
GFP- and myc-tagged P-Rex1 (16). Co-association was lost
when the N-terminal DH/PH-DEP1 domains were deleted,
suggesting that oligomerization is mediated by these N-termi-
nal domains. With this in mind, one of the domain swaps we
observed in the P-Rex1 DEP1 crystal structure could regulate
P-Rex1 function by promoting dimerization of the enzyme
in cells. The context under which this event might occur
could further be influenced by PKA phosphorylation. At the
very least, the dynamic behavior that must occur at the N
terminus of the DEP1 domain in solution would allow the
b1–b2 hairpin to extend in a manner that would more effi-
ciently dock to the catalytic domain of PKA.
Because DEP domains are well-known to be involved in

membrane targeting (32, 37, 39), we used PIP strip assays to

show that DEP1 binds to the negatively charged lipids PA and
PS (Fig. 4A) and that basic residues in the b1–b2 hairpin are re-
sponsible (Fig. 4B). Other DEP domains are also responsive to
PA (32, 40–41) albeit not always via their b1–b2 hairpin (41).
We also showed that PA could increase GEF activity, although
at concentrations of PA that are not physiological (Fig. 1F).
Strikingly, although the DEP1 domain bound to PA-containing
liposomes, the PKA-phosphorylated domain did not (Fig. 4C).
Interestingly, P-Rex1–Ser-436 is analogous to Epac1–Arg-82
(Fig. S1), which is critical for the binding of Epac1 to liposomes
containing PA and for cAMP-dependent recruitment of Epac1
to membranes in cells (32). Our data are therefore consistent
with PKA phosphorylation inhibiting P-Rex1 activity by elimi-
nating a key membrane binding determinant in P-Rex1, which
could hinder the ability of othermembrane-localized regulators
such as PIP3 and Gbg to activate GEF activity (Fig. 5) (14, 16).
Several other signaling proteins are known to selectively bind

PA (42–44). These include other GEFs (Sos, DOCK1, DOCK2)
and the GTPases Cdc42, Rac1, Arfs-1, -5, and -6. The PH do-
main of Sos has independent binding sites for PI(4,5)P2 and PA,
but PA is what determines its recruitment to the membrane.
Similarly, dynamics of DOCK2, a major Rac GEF involved in
neutrophil chemotaxis was found to be temporally regulated by
PI(3,4,5)P3 and PA. PI(3,4,5)P3 mediated initial translocation to
plasma membrane, whereas PA acted in a later phase and stabi-
lized the protein at the leading edge. Although most of the PA-
binding proteins have clusters of basic residues in their PA-

Figure 5. Model of DEP1 mediated inhibition of P-Rex1. Previous biochemical data suggest that the catalytic DH domain of P-Rex1 is autoinhibited in the
cytoplasm via its C-terminal domains (bottom) (15, 28). Based on the structural data presented here and in prior studies (13), inhibition is likely mediated by
both the DEP1 domain and the domains that comprise the Gbg bindingmodule (DEP2, PDZ1, PDZ2, and IP4P). Activation of GPCRs leads to generation of free
Gbg subunits and production of PIP3, which help recruit P-Rex1 to the membrane where it adopts an active conformation (top). A polybasic stretch within
b3–b4 loop of the PH domain (purple) is known to promote membrane binding (29), and the basic b1–b2 hairpin loops (also purple) in DEP1 and likely DEP2
bind to PA or PS. All three can thus serve asmembrane anchors for the activated complex at acidic patches in themembrane, thereby situating P-Rex1 for opti-
mal interactionswith Rac1 and helping to relieve autoinhibition. An additional layer of regulation is imposed by PKA. The cAMP-bound RIa regulatory subunits
of type 1 PKA reportedly bind the PDZ1 and PDZ2 domains of P-Rex1, creating a partially active conformation (bottom left) (17). Conversely, the catalytic
domains of PKA can phosphorylate Ser-436 (15) within the DEP1 b1–b2 hairpin, lowering the affinity of P-Rex1 for anionic membranes and re-enabling DEP1
to interact with the DH/PH module. This creates another partially active state at the membrane reportedly incompatible with Gbg binding (top right) (14, 16).
Oligomerization of P-Rex1 (not shown), perhaps mediated by the DEP1 domain, may confer another layer of regulation. Flexible linkers are shown by dashed
lines.
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binding site, no structural motif selective for PA binding is
known, and the DEP1 structure we report also does not give
any further insights except that the b1–b2 hairpin is rich in ar-
ginine residues. A prior study suggests that in addition to favor-
able electrostatic interactions between polybasic stretches and
negatively charged PA, the guanidinium side chains of arginine
residues are particularly important because they can provide
two salt bridges with PA, enhancing the selectivity and the
strength of the interaction (45). PA clustering also promotes
negative curvature on membranes, which also has been pro-
posed to promote selective binding for PA-binding domains
(46).
In conclusion, our findings suggest that the DEP1 domain

could potentially be involved in several aspects of P-Rex1 regu-
lation: 1) inhibition of basal GEF activity by association with
the DH/PHmodule (Fig. 1); 2) serving as a locus for P-Rex1 oli-
gomerization; 3) localization of the enzyme to regions of the
membrane with high concentrations of anionic phospholipids,
in particular PA; and 4) efficient phosphorylation by PKA,
which hinders the domain from binding lipids. Future studies
are needed to further define the mechanism of DEP1-depend-
ent inhibition in cells in the context of full-length P-Rex1. But
is there a physiological reason why the DEP1 domain would
recognize PA? Temporal production of PA by phospholipase D
in response to chemokine stimulation is part of the migration
response in leukocytes (47). Polybasic loops, which seem to
favor binding to PA, also turn out to be conspicuous in P-Rex1,
including one in the b3–b4 loop of the PH domain (29), and
one in each of the b1–b2 hairpins of DEP1 (this paper) and
DEP2 (13) domains. A polybasic PA selective region is also
found at the C terminus of Rac1 (48), the primary substrate of
P-Rex1 in vivo. Thus, PA production by phospholipase D at the
leading edge of leukocytes could act as an organizational signal
that promotes the co-localization and interaction of P-Rex1, its
substrate Rac1, and perhaps other signalingmolecules.

Experimental procedures

Protein expression and purification

DEP1 (residues 409-499) was cloned into expression vector
pMCSG9 using ligation independent cloning. DH/PH (residues
38-408) and DH/PH-DEP1 (residues 38-499) were cloned into
pMal-His10 using restriction cloning. pET15b-PKA Cata was a
gift fromDr. Susan Taylor (University of California, San Diego).
Site-directed mutagenesis in pMCSG9-DEP1 was performed
using QuikChange (Qiagen) and confirmed by DNA sequenc-
ing of both strands. All expression constructs were transformed
into BL21(DE3). Cells were grown in Terrific Broth at 37 °C
until an optical density (OD) of 0.8 was reached following
which the temperature was decreased to 18 °C and the cultures
were induced with either 0.1 (for P-Rex1 truncation proteins)
or 0.4 (for PKA) mM isopropyl 1-thio-b-D-galactopyranoside.
The cells were harvested after 16 h, flash frozen, and stored at
280 °C. For DEP1, DH/PH, and PKA proteins, buffer pH 8.0
was used. Buffer pH 7.0 was used for DH/PH-DEP1. The cells
were re-suspended in lysis buffer containing 20 mMHEPES, pH
7 or 8, 300 or 100 mM NaCl (P-Rex1 truncation proteins and
PKA, respectively), 0.1 M phenylmethylsulfonyl fluoride, 6 mM

LL, and 1 mM DTT and lysed using a high pressure Avestin
EmulsiFlex-C3. The lysate was centrifuged at 15,0003 g for 60
min at 4 °C. The supernatant was then incubated with Ni-NTA
resin for 1 h at 4 °C with stirring. For P-Rex1 truncation pro-
teins, the resin was first washed with 50 column volumes (CV)
of lysis buffer. Second wash with 50 CV was performed with
lysis buffer containing 5, 20, or 25 mM imidazole for DEP1, DH/
PH, and DH/PH-DEP1, respectively. The proteins were then
eluted with lysis buffer supplemented with 250 mM imidazole.
Resin loaded with PKA was first washed with lysis buffer fol-
lowed by wash buffer containing 20 mM HEPES, pH 8, 500 mM

NaCl, and 10 mM imidazole. Another low salt wash with 20 mM

HEPES, pH 8, 200 mM NaCl was given before PKA elution in
lysis buffer supplemented with 250 mM imidazole. The elution
fractions of MBP-His tagged proteins analyzed by SDS-PAGE
were pooled and incubated with 2% TEV protease at 4 ˚C over-
night in dialysis buffer (20mMHEPES, pH 7 or 8, 200 (DEP1) or
300 (DH/PH and DH/PH-DEP1) mM NaCl, 10% glycerol, and 2
mMDTT) to cleave off theMBP-His6 andMBP-His10 tags from
DEP1 and DH/PH or DH/PH-DEP1, respectively. Subse-
quently, cleaved DEP1 was incubated with a re-equilibrated Ni-
NTA for 30 min and the flow-through was further purified via
SEC on an analytical Superdex S75 column (GE Healthcare) in
a running buffer containing 20 mM HEPES, pH 8, 200 mM

NaCl, and 2mMDTT. The eluted DEP1 was concentrated to 35
or 70 mg/ml using a 3-kDa concentrator. The cleaved DH/PH
and DH/PH-DEP1 were diluted to 50 mM NaCl in buffer prior
to purification on a HiTrap SP-Sepharose column (GE Health-
care) with a gradient of 0.0-1.0 M NaCl at pH 8 and 7, respec-
tively. Collected fractions were run over an analytical S200 SEC
column in running buffer (20 mM HEPES, pH 8 or 7, 300 mM

NaCl, and 2 mM DTT). Proteins collected from SEC were flash
frozen and stored at 280 °C. The pET28a-His6-LactC2 bacte-
rial expression plasmid was a gift from Dr. Sergio Grinstein
(University of Toronto). His6-LactC2 was expressed and puri-
fied as described previously (49). Briefly, protein eluted from a
Ni-NTA column (Qiagen) was further purified using SEC on a
HiLoad 16/600 Superdex 200 PG column (€AKTA pure, GE
Healthcare). Fractions containing LactC2 were pooled, concen-
trated, and protein was quantified using the Pierce bicincho-
ninic acid assay. The protein was stored at 4 ˚C in storage buffer
(10mMTris, pH 8, 300mMNaCl).

Production and MS analysis of DH/PH-DEP1 and p-DH/PH-
DEP1

For producing phosphorylated proteins, Ni-NTA purified
MBP-His6-DEP1 and MBP-His10-DH/PH-DEP1 were dialyzed
in 20 mM HEPES, pH 8 or 7, 100 mM NaCl, 2 mM DTT and
incubated with PKA in the presence of 5 mM MgCl2 and 10 mM

ATP for 2 h at 25 ˚C. The molecular weight difference between
MBP-His10, DH/PH-DEP1, and PKA proteins is too small for
resolution on SEC, and PKA could not be removed by ion
exchange, therefore uncleaved MBP-His10-p-DH/PH-DEP1
was passed over an analytical S200 SEC to remove PKA. MBP-
His6-p-DEP1 from the kinase reaction and MBP-His10-p-DH/
PH-DEP1 collected from S200 SEC were cleaved by TEV dur-
ing dialysis as described above. To remove MBP-His10 from
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p-DH/PH-DEP1, cleaved protein was diluted to 50 mM NaCl in
buffer and subjected to cation exchange via an SP-Sepharose
column with a gradient of 0.0-1.0 M NaCl in pH 7. The protein
collected from the cation exchange was run over analytical
S200 SEC column in 20 mM HEPES pH 7, 300 mM NaCl, and 2
mM DTT. For liposome sedimentation assays, MBP-His6-p-
DEP1 after the kinase reaction was directly run over S200 SEC.
Proteins from SEC were flash frozen, and kept at 280 °C. For
MALDI TOF MS analysis, a-cyano-4-hydroxycinnamic acid
purchased from Sigma-Aldrich was used as a matrix and pre-
pared at 1 mg/ml in 50% acetonitrile, 50% water, 0.1% formic
acid. The matrix solution was mixed with the protein sample in
a ratio of 1:1 (v/v), and 1 ml of thematrix–analyte mix was spot-
ted on a Opti-TOFTM 384 (123 3 81 mm) MALDI plate
(MDS-SCIEX) and allowed to dry for 45 min at ambient tem-
perature. The instrument was calibrated using a standard cali-
bration mix obtained from SCIEX that contains six peptides
(des-Arg-1-bradykinin, angiotensin, Glu-1-FibB, ACTH(1-17),
ACTH(18-39), and ACTH(7-38). To prepare the stock solution
of the calibration mix, each vial containing the standard mix
was re-suspended in 100 ml of 50% acetonitrile, 50% water,
0.1% formic acid. 1 ml of the calibration mix stock was mixed
with 9 ml of a-cyano-4-hydroxycinnamic acid solution and 1
ml was spotted on the Opti-TOFTM 384 MALDI plate. The
concentration of the standards ranged from 1 to 3 pmol/ml
depending on the peptide.
MS spectra for both DH/PH-DEP1 and p-DH/PH-DEP1

were acquired using a 4800MALDI-TOF/TOFmass spectrom-
eter (Applied Biosystems MDS-SCIEX) analyzer. The instru-
ment was operated under automated, linear-mode acquisition
parameters with a method optimized for acquisition at am/z of
20,000 to 100,000 using a 200 Hz fixed laser intensity for 1000
shots/spectrum with a uniformly random laser shot pattern. A
total of 1000 laser shots were collected for each matrix spot in
increments of 50 shots beginning at the center of each spot and
randomly rastering at different positions within the spot. Auto-
mated profile acquisition required the creation of custom plate
geometry files that involved the determination of the relative
coordinate of each matrix spot from an optical image of
the preparedMALDI plate. Data were processed using 4000 se-
ries Explorer software.

Guanine nucleotide exchange assay

A FRET-based assay was used to assess the nucleotide
exchange activity of DH/PH, DH/PH-DEP1, and p-DH/PH-
DEP1 under various conditions. The inhibition (Fig. 1B) and
competition assays (Fig. 1C) were performed in the absence of
liposomes. For checking the effect of PA on DH/PH-DEP1 ac-
tivity, included 100 nM GEF protein was first incubated with
liposomes for 20 min at room temperature. Just before mea-
surement, Cdc42 loaded with 29/39-O-(N-methyl-anthrani-
loyl)-guanosine-59-diphosphate (MANT-GDP) (Jena Bioscien-
ces) in reaction buffer containing 20 mM HEPES, pH 8, 100 mM

NaCl, 0.5 mMMgCl2, 100mMGTP, and 1mMDTT, was injected
to a final concentration of 2mM in a volume of 100ml. In compe-
tition assays, the protocol was the same as described earlier with
exception that increasing concentrations (0-100mM) of DEP1 or

p-DEP1 were incubated with DH/PH protein for 20 min at
room temperature before initiating the reaction by adding
mant-GDP–labeled Cdc42. The mixture was then excited at
360 nm, and the fluorescence intensity at 450 nmwas measured
in 10-13–s intervals on a Flexstation 3 plate reader for a total of
40 min. Fluorescence curves were then fit to a one-phase ex-
ponential association model using GraphPad Prism.

DEP1 crystallization

Crystallization screens were set using a hanging drop diffu-
sion format with 150 nl of reservoir solutions fromMIDASplus
(Molecular Dimensions) mixed with 150 nl of 70 mg/ml DEP1
protein at 20 °C. Crystals grew with reservoir solution contain-
ing 0.1 M HEPES, pH 6.5, 45% (w/v) poly(acrylic acid sodium
salt) 2100, and were harvested directly from the screening con-
dition into reservoir solution. Crystals were removed on nylon
cryoloops and then plunged into liquid N2.

Data collection and structure determination

Diffraction data were collected from one crystal on the 23-
ID-D beamline at the Advanced Photon Source at Argonne
National Laboratory on a Pilatus3 6M detector. Data were
reduced, indexed, integrated, and scaled using the HKL3000
software package (50). Initial phases were determined by
molecular replacement using CCP4 software package (51)
with PDB entry 1O7F as a search model. Initial refinement
consisted of model building in Coot alternating with recip-
rocal space refinement in Refmac (52) using TLS parame-
ters. Diffraction and refinement statistics are described in
Table 2. DEP1 coordinates and structure factors have been
deposited into the PDB under accession code 6VSK.

Protein-lipid overlay assays

Nitrocellulose membrane strips (number P-6001; Echelon
Biosciences) spotted with 100 pmol of various lipids were first
blocked with 3% BSA in wash buffer (50 mM Tris-HCl, pH 7.5,
0.05% Tween 20) for 1 h at room temperature followed by
incubation with MBP-His6, MBP-His6-DEP1, or MBP-His6-
DEP15Ala at a concentration of 0.5 mg/ml for 2 h at room tem-
perature. The strips were washed three times for 5 min each
with buffer and then incubated with anti-histidine horseradish
peroxidase-tagged antibody for 1.5 h. To remove unbound anti-
body, the blot was rinsed three times with wash buffer for 5 min
each. Bound protein was detected by chemiluminescence.

Liposome preparation

Liposomes used for GEF assays were composed of phosphati-
dylethanolamine (PE) (16:0/18:1; number 850757), phosphati-
dylcholine (PC) (16:0/18:1; number 850457), and varying con-
centrations of PA (16:0/18:1; number840857) (Avanti Polar
Lipids Inc.). The total lipid concentration was 1 mM in lipo-
somes used for analyzing the effect of PA on DH/PH-DEP1
GEF activity (Fig. 1D). The ratio of PC:PE was kept at 50%. The
liposomes were prepared as 103 stocks by combining liquid
chloroform stocks together and then drying the mixture under
N2. The lipid film layer was further desiccated for 2 h before
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resuspension in 20 mM HEPES, pH 8, and 100 mM NaCl. The
lipid solution was mixed and sonicated in a water bath until it
became clear. The liposomes were either used fresh or stored at
4 °C and used within 3 to 4 days of generation. LUVs for lipo-
some sedimentation assays were prepared by combining POPC
(1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), POPE (1-
palmitoyl-2-oleoyl-sn-glycero-phosphoethanolamine), and
dansyl-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(5-dimethylamino-1-naphthalenesulfonyl) (ammonium salt)
with either PS or PA, as indicated. Control vesicles containing
only POPC, POPE, and dansyl-PE contained these lipids at a
final mol % of 70, 29, and 1, respectively. Addition of 10% PS or
10% PA in the anionic lipid vesicles was compensated by
decreasing POPE by 10%, whereas POPC and dansyl-PE were
held constant. Chloroform-solubilized stock lipids were mixed
to yield the various vesicle compositions and dried into a film
under a steady stream of N2. Lipid films were stored at220 °C.
On the day of the experiment, lipid films were hydrated in extru-
sion buffer (250mM raffinose pentahydrate, 25mMTris, pH 7.5, 1
mM DTT) for 1 h at 37 °C, vortexing every 15 min. Rehydrated
lipids were extruded 15 times through a 200-nmWhatman poly-
carbonate filter (GE Healthcare) to form LUVs. LUVs were
diluted in 33 volume with the appropriate 13 binding buffer
(normal conditions: 25 mM Tris, pH 7.5, 1 mM DTT, 0.5 mM

EDTA, 150 mMNaCl; reduced salt conditions: 25 mM Tris, 1 mM

DTT, 0.5mM EDTA, 50mMNaCl, pH 7.5).

Liposome sedimentation assays

Liposome sedimentation assays were performed as previ-
ously described (53). Briefly, proteins were centrifuged at
16,0003 g for 5 min to remove any precipitate. Equal volumes

of clarified protein (5 mg) and re-suspended LUV (final concen-
tration = 2 mM) were incubated for 30 min on an orbital shaker
at room temperature and then centrifuged at 50,000 3 g for
30 min at 22°C. Using a UV lamp to visualize the fluorescent
LUV pellet, the supernatant containing unbound protein was
removed carefully without disrupting the pellet and transferred
into a clean Eppendorf tube. The supernatant was diluted with
0.43 volume of 63 denaturing SDS-PAGE loading dye. The
pellet was washed by resuspending in 123 volume of the appro-
priate 13 binding buffer. The resuspended pellet was trans-
ferred to a fresh tube and centrifuged at 16,0003 g for 30 min
at 22°C. Again, using the UV lamp, the supernatant was care-
fully removed but this time discarded. The washed pellet was
resuspended in 1.23 volume of 13 denaturing SDS-PAGE
loading dye. Equal volumes of supernatant and pellet samples
were resolved on a 10% SDS-PAGE gel and protein content was
visualized using Coomassie Brilliant Blue staining. A GE Amer-
sham Biosciences 600 imager was used to collect a high-resolu-
tion tiff image of each gel that was analyzed with densitometry
analysis in ImageJ. To calculate % protein bound the following
equation was used: densitypellet/densitytotal, where densitytotal =
2(densitysupernatant)1 densitypellet.

SEC-SAXS

SEC-SAXS was performed at the BioCAT beamline (Sector
18) at the Advanced Photon Source, Argonne National Labora-
tory equipped with an AKTA Pure FPLC and a Pilatus3 X 1M
detector. Purified proteins (DH/PH, DH/PH-DEP1, and p-DH/
PH-DEP1) were injected onto a Superdex 200 Increase 10/300
column at a final concentration of 5 mg/ml in 20 mM HEPES,
pH 8, 300 mM NaCl for DH/PH and 20 mM HEPES, pH 7, 300
mM NaCl for DH/PH-DEP1 and p-DH/PH-DEP1). Samples
were centrifuged at 16,000 3 g for 5 min at 4 °C prior to data
collection. The eluate from the SEC column flowed through a
UVmonitor into SAXS flow cell. Scattering data were collected
at room temperature using 12 KeVX-rays (1.033 Åwavelength)
and 3.67 m sample-to-detector distance. Data were collected
every 1 s with 0.5-s exposure times. The achievable q range for
this experimental setup was (0.0043-0.3546 Å21).

SEC-SAXS data processing and analysis

Scattering data were reduced and processed using BioXTAS
RAW 1.6.3 (54) software, including azimuthal averaging, buffer
subtraction, and averaging of subtracted frames in the elution
peak. Buffer subtraction was done using pre-peak buffer. The
same program was used to find the forward scattering I(0) and
the radius of gyration, Rg via Guinier analysis and molecular
weight was determined by both the adjusted Porod volume and
volume of correlation methods (34, 55). The pair distance dis-
tribution function P(r) was calculated using the indirect Fourier
transformation method implemented in GNOM (56) from the
ATSAS 2.8.4 package (57). The P(r) function analysis also pro-
vided the maximum particle dimension of the protein and an
alternative calculation of Rg I(0). Normalized Kratky plots sug-
gested a significant degree of flexibility in the samples. To eval-
uate the degree of conformational dynamics and flexibility,
EOM analysis was carried out on all three proteins (DH/PH,

Table 2
Crystallographic data collection and refinement statistics
Statistics for the highest-resolution shell are shown in parentheses.

P-Rex 1 DEP1 domain

Wavelength 1.033
Resolution range 19.49-3.12 (3.23-3.12)
Space group P6322
Unit cell (Å, ˚) 103 103 70.0 90 90 120
Total reflections 34,606
Unique reflections 4,064 (379)
Multiplicity 19 (1.3)
Completeness (%) 98.5 (94.5)
Mean I/s(I) 19 (1.3)
Wilson B-factor 97.7
Rmeas 0.15 (0.60)
Rpim 0.05 (0.32)
CC1/2 1 (0.71)
Reflections used in refinement 4,061 (379)
Reflections used for R-free 213 (20)
Rwork 0.228 (0.343)
Rfree 0.254 (0.386)
Number of nonhydrogen atoms 754

Solvent atoms 4
Protein residues 91

Root mean square (distances) 0.013
Root mean square (angles) 2.10
Ramachandran favored (%) 91.0
Ramachandran allowed (%) 6.70
Ramachandran outliers (%) 2.30
Rotamer outliers (%) 8.6
Clash score 15.9
Average B-factor 79.1

Macromolecule 79.3
Solvent 45.0

Number of TLS groups 1
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DH/PH-DEP1, and p-DH/PH-DEP1) using the EOM 2.0 pro-
gram from ATSAS 2.8.4. EOM (36) generates a pool of diverse
models using information of protein's 3D structure and its
sequence. Known crystallographic coordinates from the DH/
PH crystal structure (PDB 5FI1) andDEP1 coordinates (this pa-
per) were kept fixed, and the program generated random con-
figurations of a Ca trace based on sequence for the unknown
regions. For DH/PH the first 45 residues, a six-residue linker
from 242 to 246, a loop from 305 to 323, and C-terminal resi-
dues after 407 were left flexible. For DH/PH-DEP1 the same
residues were left flexible, as was the 4-amino acid linker from
the PH domain to DEP1 and the 4-amino acid C-terminal tail
of DEP1. EOMwas used to generate 50,000 possible profiles for
the full pool using default settings and native-like structures. A
subensemble that matches the scattering data is then selected
by a genetic algorithm run 10 times using default settings to
verify the stability of the results (results from 1 run are shown
in Fig. 3). Results of the SAXS analysis are presented in accord-
ance with the revised guidelines for publishing SAXS data (58).
The SAXS data are deposited in SASBD (https://www.sasbdb.
org/) with access codes SASDHY9, SASDHW9, SASDHX9, for
DH/PH, DH/PH-DEP1, and p-DH/PH-DEP1, respectively.

Statistical analysis

Statistical analyses of GEF activity assays were performed
using GraphPad Prism 7 software (GraphPad Software Inc., La
Jolla, CA) on data from three ormore independent experiments
measured in duplicate. To evaluate the significance of differ-
ence between the GEF activities one-way analysis of variance
was carried out. Error bars represent S.D. The liposome sedi-
mentation assays were done in replicates and data from three
independent experiments data were used to measure standard
deviation of the mean. The data were statistically analyzed
using Dunnett’s multiple comparison test.

Data availability

Data not provided within the manuscript is available upon
reasonable request. Structure factor amplitudes for the DEP1
structure are deposited in the Protein Data Bank with access
code 6VSK. The SAXS data for DH/PH, DH/PH-DEP1, and
p-DH/PH-DEP1, is deposited in SASBDB with access codes
SASDHY9, SASDHW9, and SASDHX9 respectively.
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