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Lipidated small GTPases and their regulators need to bind to
membranes to propagate actions in the cell, but an integrated
understanding of how the lipid bilayer exerts its effect has
remained elusive. Here we focused on ADP ribosylation factor
(Arf) GTPases, which orchestrate a variety of regulatory functions
in lipid and membrane trafficking, and their activation by the
guanine-nucleotide exchange factor (GEF) Brag2, which controls
integrin endocytosis and cell adhesion and is impaired in cancer
and developmental diseases. Biochemical and structural data are
available that showed the exceptional efficiency of Arf activation
by Brag2 on membranes. We determined the high-resolution
crystal structure of unbound Brag2 containing the GEF (Sec7)
and membrane-binding (pleckstrin homology) domains, revealing
that it has a constitutively active conformation. We used this
structure to analyze the interaction of uncomplexed Brag2 and of
the myristoylated Arf1/Brag2 complex with a phosphatidylinositol
bisphosphate (PIP,) -containing lipid bilayer, using coarse-grained
molecular dynamics. These simulations revealed that the system
forms a close-packed, oriented interaction with the membrane, in
which multiple PIP, lipids bind the canonical lipid-binding site and
unique peripheral sites of the PH domain, the Arf GTPase and,
unexpectedly, the Sec7 domain. We cross-validated these predic-
tions by reconstituting the binding and kinetics of Arf and Brag2 in
artificial membranes. Our coarse-grained structural model thus
suggests that the high efficiency of Brag2 requires interaction with
multiple lipids and a well-defined orientation on the membrane,
resulting in a local PIP, enrichment, which has the potential to
signal toward the Arf pathway.

small GTPase | lipid | guanine-nucleotide exchange factor |
molecular dynamics | crystallography

he ADP ribosylation factor (Arf) small GTPases, which be-

long to the Ras superfamily, orchestrate a variety of regula-
tory functions in lipid and membrane trafficking, such as
vesicular assembly, lipid modification, or lipid transport (1). In
common with other members of the Ras superfamily, Arf GTPases
cycle between an active GTP-bound form and an inactive GDP-
bound form, via structural changes in the so-called switch 1 and
switch 2 regions, which enclose the nucleotide-binding pocket. Arf
GTPases also possess two additional regions that remodel during
GDP/GTP alternation, including the “interswitch,” which connects
the switch regions, and a myristoylated amphipathic helix at their N
terminus (2). Notably, the N-terminal helix tethers Arf to the
membrane (3, 4) and the conformational change induced by GTP at
the interswitch secures this interaction (5-7). When bound to GTP,
Arf GTPases recruit diverse effectors to the membrane, and as-
semble membrane-bound complexes with these effectors (8). A
critical step in the functional cycle of Arf GTPases is their activation
by guanine-nucleotide exchange factors (ArfGEFs), which have a
dual role in stimulating nucleotide exchange and localizing Arf-
GTP to a membrane. Stimulation of the replacement of the tightly
bound GDP by GTP is mediated by a conserved Sec7 domain,
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which is surrounded by an assortment of regulatory domains (9).
Sec7-assisted nucleotide exchange occurs in a step-by-step manner,
whereby the Sec7 domain binds to the switch 1 and switch 2 regions
of Arf to remodel the interswitch and inserts an invariant gluta-
mate into the nucleotide-binding site to displace GDP (6, 7, 10).
In metazoans, Arf GTPases are activated at the plasma mem-
brane and on endosomes by members of three ArfGEF subfamilies:
cytohesins, EFA6, and Brag/IQSEC. These ArfGEFs share a com-
mon organization in which the Sec7 domain is immediately followed
by a pleckstrin homology (PH) domain that binds phosphoinositide
lipids (11). In this study, we focused on the ArfGEF Brag2, (also
called IOSEQ1 or ARFGEP100), which belongs to the Brag/IQSEC
subfamily and comprises an N-terminal domain of about 500 residues
upstream the Sec7-PH module. Members of the Brag family regulate
a variety of functions, including integrin endocytosis, cell adhesion in
synaptic transmission, long-term synaptic depression in neurons,
muscle formation through myoblast fusion, and signaling by the EGF
receptor (12). Mutations in the ArffGEF Bragl are associated with X-
chromosome-linked intellectual disability (13), and Brag? is involved
in breast cancer (14) and uveal melanoma (15). The properties of the
membrane-binding PH domain in Brag2 are different from those of
related Arf-specific GEFs (16). Brag2 is highly active in the absence
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of membrane, yet the efficiency of the GEF reaction (as given by the
value of k.,/K.,) increases by more than 100-fold when reconstituted
on phosphoinositide-containing membranes, which requires in-
teraction with the PH domain, resulting in an efficiency that nears the
diffusion-controlled limit of soluble proteins (10, 17).

The crystal structure of a Sec7-PH module of Brag2 trapped in an
Arf-bound intermediate state preceding GDP dissociation showed
that the PH domain interacts with both the Sec7 domain and with Arf
in such a way that both Arf and Brag2 can contact the membrane
simultaneously (10). The linker between the Sec7 and PH domain
packs against the PH domain and expands its membrane-interacting
face by a loop that bears several positively charged residues. This loop
is positioned near the canonical binding region of the PH domain, but
its structure could not be resolved in our previous studies. Another
feature of the Brag2 PH domain is the replacement of a conserved
lysine residue in the canonical lipid-binding pocket by a glutamate
(Glu639). In cytohesins, mutation of this lysine to alanine abolishes
activity (18), but the presence of a glutamate at this position in Brag2
does not affect activity (10, 17).

The molecular detail by which the membrane exerts its effect on
the efficiency of Brag2 has remained unclear because the underlying
structural and thermodynamic parameters are difficult to observe
experimentally. Molecular dynamics (MD) simulations offer a pos-
sible means toward understanding the origin of these effects, but all-
atom MD simulations of membrane-bound proteins systems are
computationally very demanding. Coarse-grained MD simulations,
in which groups of atoms are combined into a single bead (19, 20),
offer about a two or three order-of-magnitude increase in simula-
tion speed at the cost of reduced structural detail, and they have
proved their relevance in exploring elusive structural, dynamical,
and biophysical determinants of complex membrane systems (21).
Notably, coarse-grained MD simulations have provided important
insights into the interaction of PH domains (22-25), and other
membrane-binding domains (26-29) with membranes.

Here, we combined X-ray crystallography, coarse-grained MD
simulations, and experimental reconstitution of Arf and Brag? in
artificial membranes to study the mechanism of association of
Brag2 with membranes, and how its efficiency is enhanced in
such an environment. We report the high-resolution crystal
structure of the unbound Sec7-PH module of Brag2, which es-
tablishes that both the lipid-binding site in the PH domain and
the Arf-binding site in the Sec7 domain are constitutively ac-
cessible for interactions. This structure was then used for two sets
of coarse-grained MD simulations with a lipid bilayer containing
phosphatidylinositol bisphosphate (PIP,) lipids: one with un-
bound Brag2 and one with Brag2 complexed with myristoylated
Arfl. Analyses of these simulations predict that the Arf/
Brag2 complex forms multivalent interactions with the bilayer
through Arf, the Sec7 domain, and the PH domain, and that
these interactions lead to the formation of PIP,-rich regions in
the bilayer in the vicinity of the complex. Reconstitution of the
GEF activity of Brag2 and Brag2 mutants toward myristoylated
Arf in liposomes validates the structural model derived from
the coarse-grained MD simulations. Our results reveal that the
Arf/ArfGEF complex forms close-packed, multivalent interactions
with the bilayer that result in high GEF efficiency and provides a
structural framework to model the assembly of Arf GTPases com-
plexes with regulators and effectors at the surface of membranes.

Results

Crystal Structure of the Unbound Sec7-PH Module of Brag2. We de-
termined the crystal structure of the Sec7-PH module of human
Brag?2 (residues 390-763; denoted Brag? hereafter) in two crystal
forms at 2.4 A (space group C2;, one molecule in the asymmetric
unit) and 2.0 A resolution (space group P2,2,2,, two molecules
in the asymmetric unit), yielding three crystallographically in-
dependent copies of the protein (Fig. S14 and Table S1). The
Sec7 and PH domains form a large intramolecular interface in all
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molecules, in a manner that leaves the Arf-binding site in the
Sec7 domain and the canonical lipid-binding site in the PH do-
main fully accessible (Fig. 14). Comparison of Arf-bound (10)
and -unbound Brag2 shows that the interface between the two
domains is essentially invariant (Fig. S1B), indicating that this
segment of Brag2 is constitutively active and does not require a
regulated displacement of the PH domain to either bind Arf
GTPases or to bind to membranes. This is in striking contrast to
cytohesin ArfGEFs, in which the Arf-binding site on the
Sec7 domain is occluded by the PH domain and adjacent peptide
segments (30) and binding of Arf-GTP is required for the release
of autoinhibition (31).

Comparison of the three independent copies of Brag2 high-
lights significant flexibility within the Sec7 domain between the
N-terminal subdomain, which bears the interface with the PH
domain, and the C-terminal subdomain, which carries the Arf-
binding site (Fig. 1B). The electron density was less well defined
at helix o3, which is located at the interface between these two
subdomains; this suggests that it may constitute the hinge that
supports intradomain flexibility (Fig. 1B). Crystallographic
analyses of intermediates of the exchange reaction showed that
Arf rotates with respect to the Sec7 domain as the nucleotide-
exchange reaction proceeds (6, 7); since the PH domain has a
fixed position with respect to the Sec7 domain in Brag2, its in-
terface with Arf should vary as Arf rotates. The flexibility of the
Sec7 domain may compensate for this rotation to keep the
perturbation of the Arf/PH domain interface minimal. Internal
flexibility of the Sec7 domain has been observed in isolated
Sec7 domains from other ArfGEF subfamilies (32). We propose
that it reflects a general plasticity in Sec7 domains that is needed
to accommodate changes in the contacts of Arf GTPases with
adjacent domains during the exchange reaction.

The overall conformation of the PH domain is essentially
identical between unbound and Arf-bound Brag2, but our new
structures fully resolve the conformation of the linker between
the Sec7 and PH domain. Notably, the structures show that the
loop from residues 610-622 in the linker, which was not defined
in the Arf-GDP/Brag2 crystal structure, expands the membrane-
facing surface of the PH domain such that 10 positively charged
residues are positioned for potential interaction with the bilayer
(Fig. 1C and Fig. S1C). We conclude from these observations
that Brag? is constitutively active, through a structurally invariant
interface between the Sec7 and PH domains, and that it displays
a large positively charged, membrane-facing surface contributed
by the linker and the PH domain.

Coarse-Grained MD Simulations of Brag2 with a PIP,-Containing Lipid
Bilayer. We developed a coarse-grained model for investigation of
the interaction of Brag2 with the lipid bilayer, using the crystal
structure of unbound Brag2. We selected an anionic lipid content
of 15% phosphatidyl serine (PS) and 2% PIP, for coarse-grained

A canonical PIP,-binding site B C
&3-091009 ,\[5_1-[;2 loop  P212:2

"
w A - Sec7 gl Sec7
e é’:- Ct-domain Nt-domain Sec7 linker PH
Arf-binding site helix a3 (hinge)

Fig. 1. Crystallographic analysis of uncomplexed Brag2. (A) Structure of
unbound Brag2. Regions discussed in the text are indicated. The Sec7 do-
main is in pink, the linker in yellow, and the PH domain in blue. The same
color scheme is used in all figures. (B) Overlay of Brag2 from P2,2,2; space
group (light pink) and C2, space group (dark pink), showing the flexibility of
the Sec7 C-terminal subdomain. The flexible hinge region is in orange. The
orientation is as in A. (C) Electrostatic potential surface of unbound Brag2.
The view is rotated by 90° with respect to A.
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MBD simulations, which approximates lipid compositions that gave
strong binding and high GEF activity using liposomes (10, 17). We
ran four simulations, each of which used a lipid bilayer with a
cross-sectional area of 200 A2, in which only the layer facing the
protein contained anionic lipids. The simulations were run with
periodic boundary conditions to mimic an unbounded membrane.
Each simulation was begun by positioning the protein near the
bilayer, with the lipid-binding face of the PH domain facing toward
the membrane. Each simulation was carried out for a nominal
integration time of 1 ps. Note that the coarse-grained model results
in lower effective friction coefficients and decreased solvent vis-
cosity compared with all-atom models, and so the range of motions
seen in a coarse-grained MD simulation over a certain timescale is
much greater than that seen in an all-atom simulation extending
for the same timescale (20).

In all four simulations, the Brag2 protein moves toward the
membrane and engages lipids within the bilayer (Fig. 2.4 and B
and Fig. S2 and Movie S1). In three of the four simulations, the
PH domain encountered a PIP, lipid almost immediately, and
remained bound to it for the remainder of the simulation. In all
of the simulations, once the PH domain engages the membrane,
multiple residues in the PH domain form interactions with PIP,
lipids in the membrane, leading to enhancement of the local PIP,
density in the vicinity of the PH domain (Fig. 2 4 and B).
We considered the average number of interactions protein res-
idues form with PIP, lipids, averaged over the simulation time
(Fig. 2 C and D). Residues involved in PIP,-binding are located
in the canonical lipid-binding site (e.g., Arg654, Lys667, and
Arg681), the peripheral regions in the PH domain (e.g., Lys645,
Lys648, Lys671, Lys672, and Lys673), and the linker unique to

1.2 1.2
g % PIP,-binding site) b4
£0.38 €08 -4 loop
06 w800 506 _ {4 (canonical
504 loop G4l lInker PIP,-binding site)
=4 4 /
[ Qo
2 0.2 2 0.2
0 0
O O 0O 0O O O O O O O O OO0 00000000 OO0 OO0
[ B 2 T T B < ) B B v B Vo B SR <) | HANMO TN OMNVNDO AN T N
N & 8 < T NN N N own OWWOWWWOWWOWWOWWOWORNNNNNNS
Residue Residue

Fig. 2. Coarse-grained MD simulations of Brag2 on a membrane showing
multiple PIP, lipid-binding sites. (A) Coarse-grained MD simulation of
Brag2 on a membrane bilayer containing PIP, lipids at the end of the sim-
ulation, for one run. Multiple PIP,s bind to the protein at various interaction
sites at the end of the simulation. The PC lipids and the tails of the PS and
PIP, lipids are not shown for clarity. (B) Close-up of Brag2 at the end of the
simulation run, for one run. The protein binds primarily to PIP, molecules in
the membrane at multiple binding sites. The view is rotated by 90° with
respect to A. (C) Time-averaged number of interactions between Sec7 domain
residues and PIP, lipids. The Inset shows a close-up of the interactions of the
residues in the a8-a9 loop. Additional interactions are also seen in the loop
between the Sec7 domain and the linker (residues 580-599). (D) Time-aver-
aged number of interactions between residues of the linker and the PH do-
main, and PIP, lipids. See Fig. 1A and Fig. S1C for the localization of the
structural elements bearing these residues. Positively charged residues (lysines
and arginines) are in dark blue. PIP; lipids are in red; PS lipids are in orange; PC
lipids are in gray.
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BRAG family members (e.g., Lys610 and Lys611) (Fig. 2D; see
also Fig. S1C). The canonical lipid-binding site of the PH domain
in Brag2 has an unusual glutamate residue (Glu639) in strand
1 in place of an otherwise conserved lysine residue. The lysine
residue is critical for PIP, binding in canonical PH domains, such
as cytohesins (18, 33), leaving open the question of whether the
PH domain of Brag2 bound to PIP; lipids at the canonical site.
The coarse-grained MD simulations suggest that the presence of
this glutamate in the Brag2 PH domain does not exclude PIP,
from binding to the canonical phosphoinositide-binding site. A
peripheral PIP,-binding site is observed in loop f3-p4. Alterna-
tive PIP,-binding sites that have been observed on the outer face
of the p1-p2 strands in some PH domains (34, 35) are devoid of
contacts with PIP, lipids in our simulations. Residues in the
linker form more transient interactions with PIP, lipids, as in-
dicated by the lower number of time-averaged interactions oc-
curring in this region. Unexpectedly, we observed that the loop
connecting a8-a9 in the Sec7 domain, which is located next to the
Arf-binding site, interacts with PIP, lipids (Fig. 2C), raising
the intriguing possibility that the contribution of membranes to the
GEF reaction may not be solely mediated by the PH domain.
Taken together, coarse-grained MD simulations suggest that
Brag?2 interacts with PIP,-containing membranes in a manner
that involves multiple PIP,-binding sites, located on the PH,
linker, and Sec7 domains. Furthermore, these simulations iden-
tify a unique phosphoinositide-binding surface in the PH domain
of Brag2, which is comprised of the phosphoinositide-binding
site found in canonical PH domains, combined with peripheral
sites that differ from alternative sites seen in other PH domains.

Coarse-Grained MD Simulations of Brag2 Complexed with Myristoylated
Arf on PIP,-Containing Membranes. Next, we used coarse-grained
MD simulations to investigate the interaction of the Arf/Brag2
complex with a PIP,-containing model membrane. Normally, Arf
would first engage with the membrane in a GDP-bound state, via the
myristoyl moiety, followed by an encounter with Brag2 and dis-
placement of the nucleotide. In this study, we used a model of
Brag? already complexed to Arf to study how the Arf/Brag2 complex
interacts with the membrane. We selected the intermediate in which
Brag2 is bound to nucleotide-free Arf, because GTPases and GEFs
have the highest affinity for each other in that state (36) and the
conformation of nucleotide-free Arf is competent for membrane
attachment (6). Structural information for building the model of
nucleotide-free myristoylated human Arfl bound to Brag2 (hereafter
referred to as ™ Arf/Brag2) was derived from the structures of un-
bound Brag2 (present study), Arf-GDP-bound Brag2 (10), the
complex of nucleotide-free Arf with the Sec7 domain of yeast Gea2
(6), and the NMR structure of myristoylated yeast Arf-GTP (4) (Fig.
S34). The resulting model was energy-minimized to remove local
steric conflicts before it was converted into the coarse-grained model
for MD simulations. An important feature is that the myristoylated
N-terminal helix is readily available for interaction with the mem-
brane in the starting conformation. We note that the set-up of our
MD system, in which the GTPase/GEF complex is preformed, does
not allow us to investigate the order in which discrete binding events
take place. As before, the protein complex was placed above the
anionic face of the membrane, with the phosphoinositide-binding
region of the PH domain facing the membrane.

We ran five simulations of the ™ Arf/Brag2 complex with a
PIP,-containing membrane. Long-term, stable interactions be-
tween the protein complex and the membrane occurred in four
simulations (Fig. 34 and Fig. S4 and Movie S2). In a fifth sim-
ulation, the protein complex explored the solvent space above
the membrane. This simulation was not considered in the sub-
sequent analysis. In three of the remaining four coarse-grained
MD simulations, the myristate moiety inserts into the membrane
with the N-terminal helix of Arf lying parallel to the plane of the
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membrane, which is consistent with NMR observations (reviewed
in ref. 16).

As observed for unbound Brag2, the complex forms interac-
tions with multiple PIP; lipids, and here these lipids bind to both
Arf and Brag2 (Fig. 34 and Figs. S3B and S4). The Sec7, linker,
and PH domains of complexed Brag2 recapitulate most of the
interactions with PIP, lipids that were observed in the simula-
tions of the uncomplexed protein, including interactions located
in the canonical lipid-binding site and loop p3-p4 in the PH
domain, the loop in the linker, and the o8-a9 loop of the
Sec7 domain (Fig. 3 B and C). We note that transient interac-
tions of positively charged residues in the loop that connects the
Sec7 domain to the linker (residues 584-590) that formed with
PIP, lipids in unbound Brag2 are disfavored when ™"Arfl is
bound to Brag2, probably due to more favorable interactions
provided by Arfl itself. On the Arf side, unexpected contacts
with the bilayer were observed for membrane-facing regions in
Arf, notably at the tip of the interswitch (Fig. 3D). This region is
a major determinant of the activating conformational switch,
which functions as a “push button” during GTP exchange and
becomes exposed early during the exchange reaction (2). This
interaction suggests that the interswitch contributes toward de-
termining the orientation of Arf on the membrane, in addition
to the myristoylated N-terminal helix. Altogether, the coarse-
grained MD simulations predict a structural model of the ™ Arf/
Brag2 complex in which the small GTPase and the GEF engage
multiple lipids to establish an oriented, close-packed interface
with the membrane bilayer.

Contribution of the Lipid Bilayer to Brag2 Efficiency. The coarse-
grained MD simulations suggest that the high efficiency of
Brag2 on a PIP,-containing bilayer is not merely due to its
colocalization with Arf, but also requires interactions of its PH,
linker, and Sec7 domains with several PIP, lipids. We assessed
these predictions by mutagenesis, membrane-binding experi-
ments, and fluorescence-based GEF kinetics. First, we assessed
whether colocalization of Brag2 and Arf is the sole contribution
of liposomes by reconstituting the activation of ™ Arfl by Brag2 in

1.2
A B "
<]
=S
5]
£o08
2
=06
° a8-a9
S04 loop
- Fo2
0 o O O O O O O O © ©
Lo B S o N D © ) B e B o' T V2 B A @)
N S < < < < NN onown on oun
C D Residue
1.2 1.2
@ 1-p2 (canonical @ 1 intelrswitch Arf
% PIP,-binding site) 6354 loop ,g myristoyla?:dp
cos — u 0.8|N-terminal
Eo06 linker 4 (canonical £ o6 helix tip of switch 2
‘G PIP,-binding site) | 5
S 04 | g 0.4 C-terminal
w 0.2 o 0.2 helix
> >
< 0 < 0
C0O0000000Q 000 Q0 92293328885°2232°8
SOBIBEEBBRRIRRIR NOROAGOANINISS
Residue Residue

Fig. 3. Coarse-grained MD simulations of ™"Arf/Brag2 on a membrane
showing multiple PIP, lipid-binding sites. (A) Close-up of ™"Arf/Brag2 at the
end of the simulation run, for one run. Both ™"Arf and Brag2 bind primarily
to PIP, molecules in the membrane at multiple binding sites. (B) Time-
averaged number of interactions between Sec7 domain residues and PIP,
lipids. (C) Time-averaged number of interactions between the linker and PH
domain residues of Brag2 and PIP, lipids. (D) Time-averaged number of in-
teractions between Arf residues and PIP, lipids. Color-coding for Brag2 and
lipids is as in Figs. 1 and 2. Arf is in green.

Karandur et al.

two different set-ups: one in which liposomes contained neutral
and NiNTA lipids to tether Brag2 by a 6-His tag in a nonspecific
manner; the other in which liposomes contained PIP, and PS to
recruit Brag2 by specific interactions. While Brag2 was entirely
recruited to liposomes in both set-ups (Fig. 44), it was four times
less active on Ni lipid-containing liposomes, suggesting that
specific interactions leading to optimal orientation are necessary
for full activity (Fig. 4B).

Next, we analyzed the prediction that the interaction of Brag2
with the bilayer requires contacts with several PIP, lipids. We
used a fluorescence-based thermal shift assay to determine the
affinity of Brag2 to PIP,-C4, a soluble analog of PIP, that carries
the phosphoinositide head-group and a 4-carbon acyl chain. We
found that Brag2 binds PIP,-C4 with low affinity (>100 pM) (Fig.
4C), indicating that its strong interaction with the PIP,-con-
taining bilayer cannot be accounted for by a strong interaction
with an individual PIP, lipid. Analysis of the fraction of protein
bound to liposomes as a function of the concentration of PIP; in
the bilayer can be used to assess whether lipids cooperate to
promote membrane association (37). We measured the recruit-
ment of Brag? to liposomes containing increasing concentrations of
PIP; as the sole anionic lipid, using a stringent liposome flotation
assay (Fig. 4D). We found that Brag2 binds PIP, lipids in a posi-
tively cooperative manner, providing experimental support to the
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Fig. 4. Interaction of Brag2 with PIP, and PIP,-containing membranes.

(A) Flotation analysis of the interaction of Brag2 with liposomes. The His-tagged
construct used in this experiment is depicted. Liposomes contained either
PIP, or NiNTA lipids. B, bottom fraction, containing unbound proteins; T, top
fraction, containing liposome-bound proteins. (B) Fluorescence kinetics trace
showing the GEF activity of Brag2 (2 nM) toward myristoylated Arf1 (0.4 pM)
in the presence of 100 pM PIP; liposomes (black) or NiNTA liposomes (gray).
The histogram shows the corresponding kops values. (C) Analysis of binding
of Brag2 to PIP,-C4 using a thermal shift assay. (D) Liposome flotation
analysis of the interaction of Brag2 with liposomes containing increasing
PIP, concentrations. (E) Fraction of liposome-bound Brag2 as a function of
PIP, concentration. The Hill plot analysis shown in Fig. S5A indicates that PIP,
lipids bind to Brag2 in a positively cooperative manner. (F) Analysis of the
GEF efficiency on membranes of Brag2 carrying mutations in the Sec7 do-
main. Liposomes contained either PIP, or PS as a source of anionic lipids. The
position of the mutations in the Sec7 domain is shown. Composition of lipo-
somes is given in Table S2.
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coarse-grained MD prediction that it binds to multiple PIP,
lipids (Fig. 4E and Fig. S54). We note that a small fraction of
Brag?2 remains unbound to liposomes that contain PIP, as the
sole source of negatively charged lipids, while Brag2 is entirely
bound to liposomes that contain both PS and PIP, (Fig. S5B).
Surprisingly, PIP,-only liposomes support a higher GEF activity
than PIP,-PS liposomes (Fig. S5C). These observations suggest
that while PS increases the binding of Brag2 to PIP,-containing
membranes, optimal activity of Brag2 is favored by an increased
ability to dissociate from membranes.

Finally, we assessed the predicted contribution of the Sec7 domain
of Brag2 to its interaction with the lipid bilayer. A role for Sec7
domains in binding membranes has not been envisioned before
because their activity is not enhanced by membranes (10, 38) and the
Sec7 domain of Brag2 binds poorly, if at all, to liposomes (10). We
produced a Brag2 double mutant in which K549 and R552 in the o8-
a9 loop of the Sec7 domain were replaced by alanines, which should
have impaired activity on anionic membranes based on the CG-MD
model. The double mutation does not affect the GEF efficiency in
solution, indicating that the mutant is well folded and that the site of
the mutation is not directly involved in the GEF reaction (Fig. S5D).
Remarkably, whereas Brag2 was highly active on liposomes con-
taining either both PIP, and PS or PS alone as a source of anionic
lipids, the double mutant was active on PIP,-PS liposomes but was
severely impaired on PS-liposomes (Fig. 4F). Thus, the mutant has
defects in its regulation by membranes that can be overcome by PIP,
lipids, probably through interactions of its linker and PH do-
mains with PIP; lipids that cannot be established properly by PS
alone. These data indicate that the positively charged loop in the
Sec7 domain is involved in the recognition of anionic mem-
branes, and that this interaction contributes to the GEF ef-
ficiency. Taken together, these data support the coarse-grained
MD model of ™"Arf/Brag2 bound to a PIP,-containing bilayer
in which it forms an oriented complex that interacts with multiple
PIP, lipids.

Discussion

In this study, we devised and cross-validated a coarse-grained
structural model of ™"Arf/Brag2 complex bound to a PIP,-con-
taining bilayer by combining crystallography, coarse-grained MD
simulations, and reconstitution of small GTPase and GEF in ar-
tificial membranes. It is unique in that coarse-grained MD simu-
lations have been used to model a membrane-attached GTPase/
regulator complex, and it reveals elusive aspects of the mechanism
of activation of Arf GTPases with implications for their functions.

The structural model of the bilayer-associated ™" Arf/Brag2
complex features several layers of interactions, including a rigid
intramolecular interaction between the Sec7 and PH domains of
the GEF, adjustable protein—protein interactions between Arf
and both domains of the GEF, and interactions of the complex
with multiple lipids. PIP; lipids interact with the canonical lipid-
binding site of the PH domain, a peripheral site in the PH do-
main, a positively charged loop in the linker, a loop in the
Sec7 domain, the myristoylated N-terminal helix, and loop of the
interswitch in Arf. While the contribution of the PH domain and
the linker to the regulation of the exchange reaction on PIP,-
containing membranes had been reported before (10, 17), the
contribution of the Sec7 domain to defining the geometry of the
membrane-attached complex was not anticipated. An important
finding is that the lipidated Arf/Brag2 complex is apposed closely
to the membrane by these multiple contacts with lipids, which
constrains both its geometry and orientation. We propose that
the exceptional efficiency of the activation of Arf by Brag2 on
membranes results from the integration of these optimized intra-
molecular, protein—protein and protein-membrane interactions.
Whether and how other elements in the N terminus of the protein
regulate this constitutively active module will have to be in-
vestigated. It is interesting to note that the interaction of the

11420 | www.pnas.org/cgi/doi/10.1073/pnas.1707970114

interswitch of Arf with membranes results from the action of GEF,
which promotes the toggle of the interswitch to its exposed con-
formation; the strength of the interaction of Arf with membranes
should therefore strengthen as the exchange reaction proceeds. In
practical terms, the close-packed arrangement of the Arf/Brag2/
membrane system leaves little space to accommodate the large tags
used for detection in cellular assays, and the presence of tags may
therefore impair this arrangement. This explains why domain tags
fused to yeast Arf GTPases affect their functions (39). We also
observed that the myristoylated N-terminal helix of Arf is close to
the Sec7 domain in the membrane-attached complex; accordingly,
the Sec7 domain may perceive conformational information from
this helix, such as its orientation with respect to the GTPase core.
This raises the interesting possibility that this pivotal regulatory el-
ement of Arf GTPases, which is where the sequences of the five Arf
isoforms diverge the most, conveys specificity information that can
be monitored by the GEFs. More generally, our analysis points to a
common organization of protein complexes assembled by Arf
GTPases, in which Arf GTPases position their regulators and ef-
fectors such that they are poised to form multiple and oriented
interactions with the lipid bilayer. A powerful approach to testing
the predictions of our model will be to determine the orientation of
Brag?2 on the membrane by NMR, and delineate how the orienta-
tion is correlated with the engagement of phosphatidyl inositol
lipids, as demonstrated recently for Ras (40). In the future, it will
also be important to test these findings in the context of the cell, for
example by studying the effect of mutations in the Sec7 and linker
domains of Brag2 on the level of Arf activation.

Our analysis also provides insight into the dynamics of PIP,
lipids located in the membrane bilayer in the vicinity of the Arf/
Brag2 complex, with potential implications for Arf functions. In
the coarse-grained simulations, the complex interacts with mul-
tiple lipids, most of which exchange dynamically in the course of
the simulation, and this interaction with multiple lipids is sup-
ported by membrane-binding experiments. In effect, this leads to
enrichment of PIP; lipids in the vicinity of the complex, an effect
reminiscent of lipid clustering that has been observed in exper-
imental studies using model membranes and cellular assays, and
in MD simulations of PH and other PIP,-binding domains (41,
42). At the level of the GEF reaction, PIP, enrichment could
contribute a positive feedback effect by strengthening the in-
teraction of the complex with the membrane or it could delimit
the membrane domain where Brag?2 is located and produces Arf-
GTP, thereby modulating the amplitude and shape of the Arf-
GTP signal generated by Brag2. Consistent with this prediction,
we observed that Brag2 was more active on liposomes to which it
bound more weakly than on liposomes where it was recruited
strongly, highlighting that the spacio-temporal activity of Brag2,
and probably of any GEF, depends on an exquisite balance be-
tween the strength of membrane binding and the GEF efficiency.
PIP, enrichment could also be perceived by components of
pathways downstream of Arf, possibly even without their inter-
acting directly with activated Arf. This could be especially rele-
vant to the lipid-modifying enzymes phospholipase D, which
breaks down PIP, to generate phosphatidic acid, and PI(4)P-5
kinase, which uses PI(4)P to synthesize PIP,, both of which are
downstream effectors of Arf at the plasma membrane. Arf and
PIP; lipids are known to synergize to activate phospholipase D,
while phosphatidic acid produced by phospholipase D synergizes
with Arf to activate PI(4)P-5 kinase, with the potential for an
“explosive feedforward loop” (43) in the production of PIP,. Our
study highlights that Arf and Brag?2 play an active role in organizing
the pool of PIP; lipids that are used as activators or substrates
by these Arf effectors. Whether or not this effect suffices to
account for the role of Arf in the regulation of phospholipase D and
PI(4)P-5 kinase, the net balance of PIP, production is likely to be
tuned by combination of direct enzymatic contributions and the
indirect contributions of Arf and its GEFs.
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In conclusion, our analysis identifies geometric determinants and
multiple lipid interactions that determine the amplitude and regu-
lation of the activation of Arf by its GEFs. We propose that the
formation of PIP,-rich regions by Arf and Brag2 contributes to
propagating signals in coordination with Arf activation. Given that
the negative regulators (GAPs) and effectors also interact with
membrane attached Arf-GTP, our study should provide a valuable
framework to model the interaction of these complexes and envi-
sion direct and indirect regulation by signaling phosphoinositides.
More generally, it points to the functional relationship between the
geometry of association of small GTPases, regulators, and effectors
with membranes and their signaling output, as recently illustrated
for lipidated K-Ras (44).
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