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Membrane recruitment of cytohesin family Arf guanine nucleotide
exchange factors depends on interactions with phosphoinositides
and active Arf GTPases that, in turn, relieve autoinhibition of the
catalytic Sec7 domain through an unknown structural mechanism.
Here, we show that Arf6-GTP relieves autoinhibition by binding to
an allosteric site that includes the autoinhibitory elements in ad-
dition to the PH domain. The crystal structure of a cytohesin-3
construct encompassing the allosteric site in complex with the
head group of phosphatidyl inositol 3,4,5-trisphosphate and N-
terminally truncated Arf6-GTP reveals a large conformational
rearrangement, whereby autoinhibition can be relieved by com-
petitive sequestration of the autoinhibitory elements in grooves
at the Arf6/PH domain interface. Disposition of the known mem-
brane targeting determinants on a common surface is compatible
with multivalent membrane docking and subsequent activation
of Arf substrates, suggesting a plausible model through which
membrane recruitment and allosteric activation could be structur-
ally integrated.

Guanine nucleotide exchange factors (GEFs) activate GTPa-
ses by catalyzing exchange of GDP for GTP (1). Because
many GEFs are recruited to membranes through interactions
with phospholipids, active GTPases, or other membrane-associ-
ated proteins (1-5), GTPase activation can be restricted or am-
plified by spatial-temporal overlap of GEFs with binding
partners. GEF activity can also be controlled by autoregulatory
mechanisms, which may depend on membrane recruitment (6—
11). Structural relationships between these mechanisms are poorly
understood.

Arf GTPases function in trafficking and cytoskeletal dynam-
ics (5, 12, 13). Membrane partitioning of a myristoylated (myr)
N-terminal amphipathic helix primes Arfs for activation by Sec7
domain GEFs (14-17). Cytohesins comprise a metazoan Arf
GEF family that includes the mammalian proteins cytohesin-1
(Cythl), ARNO (Cyth2), and Grpl (Cyth3). The Drosophila
homolog steppke functions in insulin-like growth factor sig-
naling, whereas Cythl and Grpl have been implicated in in-
sulin signaling and Glut4 trafficking, respectively (18-20).
Cytohesins share a modular architecture consisting of heptad
repeats, a Sec7 domain with exchange activity for Arfl and
Arf6, a PH domain that binds phosphatidyl inositol (PI) pol-
yphosphates, and a C-terminal helix (CtH) that overlaps with
a polybasic region (PBR) (21-28). The overlapping CtH and
PBR will be referred to as the CtH/PBR. The phosphoinosi-
tide specificity of the PH domain is influenced by alternative
splicing, which generates diglycine (2G) and triglycine (3G)
variants differing by insertion of a glycine residue in the p1/p2
loop (29). Despite similar PI(4,5)P, (PIP;) affinities, the 2G
variant has 30-fold higher affinity for PI(3,4,5)P5; (PIP3) (30).
In both cases, PIP; is required for plasma membrane (PM)
recruitment (23, 26, 31-33), which is promoted by expression
of constitutively active Arf6 or Arl4d and impaired by PH
domain mutations that disrupt PIP; or Arf6 binding, or by
CtH/PBR mutations (8, 34-36).
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Cytohesins are autoinhibited by the Sec7-PH linker and CtH/
PBR, which obstruct substrate binding (8). Autoinhibition can
be relieved by Arf6-GTP binding in the presence of the PIP;
head group (8). Active myr-Arfl and myr-Arf6 also stimulate
exchange activity on PIP,-containing liposomes (37). Whether
this effect is due to relief of autoinhibition per se or enhanced
membrane recruitment is not yet clear. Phosphoinositide rec-
ognition by PH domains, catalysis of nucleotide exchange by
Sec7 domains, and autoinhibition in cytohesins are well char-
acterized (8, 16, 17, 30, 38-43). How Arf-GTP binding relieves
autoinhibition and promotes membrane recruitment is un-
known. Here, we determine the structural basis for relief of
autoinhibition and investigate potential mechanistic relation-
ships between allosteric regulation, phosphoinositide binding,
and membrane targeting.

Results

Arf6-GTP Binding Requires Autoinhibitory and Membrane Targeting
Elements. Although necessary, it is not known whether the PH
domain is sufficient for Arf6-GTP binding or whether the
N-terminal helix of Arf6 contributes. To delineate the structural
requirements, exchange and surface plasmon resonance (SPR)
experiments were performed in the presence of Ins(1,3,4,5)P,
(IP4) to quantify interaction of Grpl deletion constructs with
constitutively active (Q67L) variants of full-length Arf6 or a trun-
cated construct lacking the N-terminal helix (ArfoNA13). Both
Arf6 constructs had similar stimulatory effects on Grpl exchange
activity (Fig. 1 4 and B), with half-maximal constants (Kq5 = 18
puM) similar to the value of 14 pM for Arf6-GppNHp (8). As
shown in Fig. 1C, Arf6 Q67L bound Grpl,s;_399, Which contains
the entire linker and CtH/PBR, with an equivalent dissociation
constant (Kp = 17 pM). Comparable dissociation constants were
observed for constructs truncating up to 10 residues in the linker
region (Fig. 1 D and E). Affinity was reduced fourfold by de-
letion of the entire linker, twofold by deletion of two residues at
the C terminus, and was strongly impaired by deletion of the
CtH/PBR (Kp > 200 pM). The minimal construct with intact
affinity, Grplaeo_3g9, includes the CtH/PBR and five residues
from the linker. Conversely, full-length and N-terminally trun-
cated Arf6 Q67L bound Grplysy 399 With indistinguishable Kp
values of 16-18 pM.
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Fig. 1. Structural requirements for Arf6-GTP binding and relief of auto-
inhibition. (A) MantGDP dissociation from ArfINA17 catalyzed by 125 nM
Grplg3_399 in the presence or absence of 80 uM Arf6NA13 Q67L. (B) De-
pendence Grples 399 catalyzed mantGDP dissociation from ArfINA17 on
Arfé Q67L or Arf6NA13 Q67L. (C) SPR sensorgrams for binding of 6xHis
ArféNA13 Q67L to immobilized GST-Grp1s51_399. (D) Dependence of equi-
librium SPR signals (R.q) for selected Grp1 constructs on Arf6NA13 Q67L. (E)
Dissociation constants for 6xHis ArfeBNA13 Q67L binding to GST-Grp1 con-
structs determined by SPR. All buffers contained 1 uM IP,.

Structure of the Arf6-GTP Complex with Grp1-IP,. Crystals dif-
fracting to 1.8 A were obtained for Arf6NA13 Q67L bound to
Grplag7_399 and IP,. The structure was solved by molecular re-
placement (Materials and Methods, Table S1, and Fig. S1). The
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structures of Arf6-GTP and the PH domain resemble those of
the isolated proteins, as do the interactions with bound ligands
(39, 40, 44). As illustrated in Fig. 2 and Fig. S2, the complex
buries a surface area of 2,450 A within a tripartite interface that
includes intermolecular interactions with the PH domain as well
as intermolecular and intramolecular interactions involving the
linker and CtH/PBR. At the core of the PH domain interface (Fig.
2B), the Bl strand, switch II, and interswitch regions of Arf6 en-
gage the extended sheet comprised of the p1-p4 strands and pil—
Bi2 hairpin insertion in the PH domain. Notably, the pil-pi2
hairpin is a unique feature of cytohesins and supplies basic resi-
dues critical for phosphoinositide recognition (39, 40). Invariant
Arf6 residues from switch I (Phe-47), interswitch (Trp-62), and
switch II (Leu-73, His-76, and Tyr-77) pack against nonpolar
residues from the p3—p4 strands (Cys-292, Tyr-294, Ile-307, and
Pro-309) and Pil-pi2 hairpin (Cys-342 and Val-350) in the PH
domain. At the periphery, interswitch (Asn-48) and switch II (Lys-
69) residues mediate polar interactions with, respectively, residues
from the p6-Bil (Lys-340) and p2-p3 (Asp-290) loops in the PH
domain. Arg-15 in the B1 strand of Arf6 also donates a hydrogen
bond to the main chain carbonyl of Val-350 in the fi2 strand of the
PH domain. Despite differences in detail, the PH domain in-
teraction epitope in Arf6 is centered on the invariant hydrophobic
triad at the switch/interswitch junction (Fig. S34) and, in this re-
spect, resembles previously described Arf-effector complexes (45).
The interaction epitope in the PH domain, on the other hand, is
distinct from GTPase interaction epitopes in other PH domain
complexes, including Arfl-GTP/ARHGAP21 (Fig. S3B) (46).

The interface of canonical Arf and noncanonical PH domain
surfaces facilitates an unusual mode of interaction with the
linker and CtH/PBR. The CtH, including the first two residues of
the PBR, and the last nine residues in the linker dock in distinct
grooves formed at the periphery of the central Arf6-PH domain
interface (Fig. 2 C and D). In one groove, Leu-258 and Phe-262
in the linker occupy hydrophobic pockets derived from switch II
residues (Pro-72, Leu-73, Arg-75, and His-76) and the PH do-
main $3/p4 loop (Ile-287, Tyr-294, Phe-296, and Lys-307). In the
other groove, Phe-384, Leu-388, and Lys-392 from the CtH/PBR
pack against a concave surface lined by switch I (Tyr-31) and
interswitch (Thr-40 and Ile-42) residues. Whereas the inter-
actions with the CtH/PBR are mediated primarily by Arf6 resi-
dues, the linker contacts are more evenly distributed between
Arf6 and the PH domain. These observations explain the stronger
reduction in affinity accompanying deletion of the CtH/PBR com-
pared with deletion of the linker, despite similar buried surface
areas (757 A vs. 648 A%, respectively).

Structural Basis for Relief of Autoinhibition by Arf6-GTP. Comparison
of the active Arf6-Grpl and autoinhibited Grpl structures after

Fig. 2. Structure of Arf6NA13 Q67L in complex with Grp1,47_399 and IP4. (A) Overall view of the complex with the switch (SW), interswitch (ISW), and other
regions colored as indicated. IP, is depicted as spheres. (B) Core interface between Arf6 and the Grp1 PH domain. (C and D) Docking of the linker (C) and CtH/
PBR (D) within grooves at the periphery of the Arf6-PH domain interface. Molecules and relevant regions are colored as indicated in A.
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superposition of the PH domain reveals large conformational
rearrangements in which the linker rotates ~120° about Asp-266
at linker/PH domain junction, whereas the CtH/PBR rotates
~90° about Ser-378 and Ile-379 in the turn preceding the CtH
(Fig. 3 and Movie S1). The linker rotation is accompanied by
changes in its irregular secondary structure. Moreover, several
residues that occupy the Sec7 domain exchange site in the
autoinhibited structure, including Leu-258 in the linker and Phe-
384, Leu-388, and Lys-392 in the CtH/PBR, are buried in the
grooves formed at the Arf6-PH domain interface (Fig. S2). Thus,
Arf6-GTP binding relieves autoinhibition through an allosteric
mechanism involving competitive sequestration of the linker and
CtH/PBR in conformations incompatible with autoinhibition.
Consistent with these observations, the L388A and K392A sub-
stitutions in the CtH/PBR strongly reduce Arf6-GTP binding
(Fig. 44), explaining why these mutations disrupt insulin-stimu-
lated PM recruitment (8).

Determinants of Activation and Arf-GTP Recognition. The I307E and
K340A mutations in the Grpl PH domain interfere with Arf6-
dependent cell spreading and PM recruitment (34, 47). The
equivalent K336A mutation in ARNO impairs myr-Arf6-GTP
stimulation of GEF activity for myr-Arfl on liposomes contain-
ing PIP, (37). Lys-340 mediates a polar interaction with Asn-48
in the interswitch region (Fig. 2B), whereas Ile-307 is buried in
a pocket formed by the hydrophobic triad (Fig. S34) and con-
forms to a common theme in Arf:effector recognition (45). To
further explore the significance of the structural observations and
identify determinants for activation by Arf6-GTP, residues in
the interface were mutated and the effects quantified by mea-
suring the catalytic efficiency (kca/Knm) for ArfINA17-mantGDP/
GppNHp exchange in the presence or absence of 80 pM ArfoNA13
Q67L. This concentration is fourfold greater than K, 5 for acti-
vation and affords robust stimulation while maintaining sensi-
tivity to changes in k¢, /Kp. ArfoONA13 Q67L increased kc./Km
11-fold, which was moderately to severely impaired by switch I
(F47A) or switch IT (H76A) substitutions (Fig. 4B and Table S2).
PH domain substitutions (Y294A in $3, I307A or I307E in 4,
K340A in the p6-pil loop, or V350A in i2) also rendered Grpl
refractory to activation. Finally, alanine substitution of the ter-
minal 2-3 residues in the PBR disrupted autoinhibition and,
consequently, activation by ArfoNA13 Q67L. Although disor-
dered in the autoinhibited Grpl structure, the C-terminal lysine
residues may contribute to the stability of the CtH through
electrostatic interaction with the helix dipole.

To clarify the specificity for active Arf GTPases, relief of
autoinhibition by the five human Arf family members was ex-
amined (Fig. S4). Compared with ArfoNA13 Q67L, stimulation

Inhibited Grp1: Sec7 linker PH ¢
Arf6/Grp1: linker PH CtHIPBR

S380

Arf-GDP Binding site D266

Fig. 3. Structural basis for relief of autoinhibition by Arf6. Comparison of
autoinhibited Grp1 (PDB ID code 2R09) with the active Arf6é complex after
superposition of the PH domains. Arrows indicate the angular displacement
of the linker and CtH/PBR.
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Fig. 4. Structure-based mutational analysis of Arf6-GTP binding and relief
of autoinhibition. (A) Effect of mutations in the CtH/PBR of GST-Grp1,51_399
on Req as a function of 6xHis Arf6NA13-GppNHp in buffer containing 1 pM
IP,. Curves are fitted models. (B) Effect of mutations on the k./Ky of
Grple3_399 for ArfINA17 in buffer containing 1 uM IP4 with or without 80 pM
ArféNA13 Q67L. (C) Comparison of head group binding sites in the 2G Grp1
PH domain from the Arf6 complex and the 3G Grp1 PH domain bound to IP,
(PDB ID code 1U2B) after superposition. (D) Req for 6xHis ArféNA13 Q67L
blndlng to 2G GST-GI’p1251_399, 3G GST-Grp1251_399, 2G ARNO247-397, and 2G
GST-Cyth1,51_399. Curves are fitted models. (E) Effect of 2G vs. 3G splice
variation on the kc.t/Kn of Grple3_ze9/a00, ARNOs7_397/398, and Cyth1s7_399/400
for ArfINA17-mantGDP in the presence or absence of IP4, IP3, and/or
ArféNA13 Q67L. (F) Effect of IP, on catalysis of mantGDP release from
ArfINA17 as a function of Grp1gs_399 T280A. Lines are linear fits.

by the N-terminally truncated forms of other Arf GTPases was
weaker (two- to fourfold). Assuming the extent of activation is
similar at saturation, two- to fourfold stimulation is consistent
with K, 5 values that are 10- to 25-fold lower than that for Arf6.
Given similar tertiary structures, the preference for Arf6 might
reflect nonconservative substitutions in the binding interface.
Similarity within the interaction epitope (Fig. S44) suggested
five putative specificity determinants. Individual mutation of
these residues in Arfl and Arf6 resulted in reciprocal pertur-
bations of twofold or less (Fig. S4B). The combination of all five
substitutions in Arfl had little additional effect, as was the case
for an Arfl—6 chimera that included the complete set of 10
substitutions in the binding epitope. Thus, whereas the specificity
for some effectors can be reversed by interfacial substitutions in
the switch/interswitch regions (48), the interaction with Grpl is
also sensitive to determinants outside the binding epitope.

Relationship Between Phosphoinositide and Arf6-GTP Binding. The
IP, requirement is a striking property of Arf6-GTP binding and
relief of autoinhibition (8, 34). The underlying structural basis
may be related to conformational changes in the pil/pi2 hairpin
and p3/p4 loop, which mediate key contacts with both the head

PNAS | August27,2013 | vol. 110 | no.35 | 14215
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group and Arf6-GTP. Indeed, subtle structural differences in
these elements have been described for IP, binding to the Grpl
PH domain (40). Head group binding may also overcome an
electrostatic barrier resulting from proximity of the electroposi-
tive PBR and head group site in the Arfo-GTP complex.

Substantially higher Arf6-GTP concentrations are required to
stimulate 3G ARNO or 3G Cyth1 compared with the 2G variants
(8). Because the residues in the Arf6-GTP binding epitope are
conserved and the p1/B2 loop containing the splice site is located
distal to the interface (Fig. 4C), the differences in stimulation are
likely an indirect effect of reduced affinity of the 3G variants for
IP, (30). Consistent with this prediction, the 2G variants bound
ArfoNA13 Q67L with comparable affinity (Fig. 4D) and were
robustly stimulated by ArfoNA13 Q67L (Fig. 4E and Table S3).
The 3G variants, however, exhibited muted stimulation that was
enhanced by increasing the IP, concentration. Similar results
were obtained for the T280A mutation in the p1/p2 loop (Fig.
4F), which eliminates polar interactions with the 1-phosphate
(Fig. 4C) and reduces the affinity for IP, by 13-fold (30). Re-
placing IP, with Ins(1,4,5)P; (IP;) also substantially diminished
ArfoNA13 Q67L stimulation.

Relief of Autoinhibition in a Membrane Environment. Membrane
partitioning of cytohesins and myristoylated Arfs results in high
local concentrations within the restricted volume proximal to the
membrane surface. Because binding of myr-Arf-GTP can en-
hance membrane recruitment and because the product of the
exchange reaction is also a potential activator/recruiter, experi-
ments analyzing relief of autoinhibition on membranes must
distinguish allosteric activation from restricted volume effects
and feedback amplification (37). Thus, ArfINA17-mantGDP was
used as a nonpartitioning substrate reporter for the autoinhibitory
status of 2G Grpl in the presence and absence of myr-Arf6
Q67L or ArfoNA13 Q67L and liposomes with or without PIP; or
PIP, (Fig. 5 A-C). Under the conditions of these experiments,
the fraction of Grpl partitioned with membranes in the absence
of myr-Arf6 Q67L is >60% for large unilamelar vesicles (LUVs)
containing PIP; and <10% for LUVs containing either 3 mol %
PIP, or no phosphoinositide (Fig. S5). As shown in Fig. 5B, the
exchange activity of Grp1 increased substantially with increasing
concentrations of myr-Arf6 Q67L in the presence of liposomes

containing PIP; (Ko 5 ~ 75 nM), whereas weaker stimulation was
observed in the presence of liposomes containing PIP, (K¢ 5 ~ 350
nM) or no phosphoinositide (Ko s ~ 800 nM). Truncation of the
Arf6 N terminus increased Ky 5 by two to three orders of mag-
nitude, whereas the K340A mutation in the PH domain, which
disrupts Arf6-GTP binding, eliminated the stimulatory effect
(Fig. 5C). Similar stimulation was observed for 2G ARNO in the
presence of liposomes containing PIP; (Fig. S6).

When experiments were performed with myr-Arfl-mantGDP as
the substrate and myr-Arf6 Q67L as the activating GTPase (Fig. 5
D-F), strong stimulation was observed in the presence of PIP;
(Kos ~ 50 nM), moderate stimulation in the presence of PIP,
(Kos ~ 170 nM), and weaker stimulation in the absence of phos-
phoinositide (Ky 5 ~ 330 nM). Substantially weaker stimulation in
the presence PIP; was observed for myr-Arfl Q71L (Fig. S4C;
Ko 5 ~ 1,200 nM) as well as the Grp1 I307E mutant (Fig. 5F; Ko 5 ~
1,600 nM). Although the experiments combining myristoylated
substrate and activator GTPases do not distinguish membrane
recruitment from allosteric activation per se, the overall trends
are consistent with the experiments using truncated substrate and
myristoylated activator and the experiments with truncated sub-
strate and activator GTPases in the absence of membranes.

Discussion

We have shown that high-affinity Arf6-GTP binding to Grpl
requires the proximal elements implicated in autoinhibition and/
or membrane targeting. The structure of the complex revealed
an unusual binding modality whereby formation of the Arf6-
GTP/PH domain interface creates grooves that sequester the
linker and CtH/PBR. Substitutions within the binding interface
contribute substantially to the observed specificity but do not
fully explain the preference for Arf6. Grpl engages common Arf
recognition determinants (45) yet has a more expansive in-
terface, which is shifted away from the interswitch region com-
pared with the Arf6-specific effector JIP4 (48) and is thus less
sensitive to interswitch substitutions. Additional experiments are
required to delineate the remaining specificity determinants,
which might include substitutions proximal to the binding in-
terface and/or differences in isoelectric point.

The diminished ability of Arf6-GTP to stimulate 3G ARNO or
3G Cythl compared with 2G Grpl1 derives entirely from the splice
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Fig. 5. Relief of autoinhibition in a membrane environment. (A and D) Schematic of protein/lipid interactions and compositions relevant to B and C
(schematic in A) or E and F (schematic in D). (B and C) Catalysis of mantGDP release from 1 uM Arf1INA17 by 125 nM Grp1g3-399 as a function of myr-Arfé Q67L-
GppNHp. Curves are fitted quadratic models. (C) Catalysis of mantGDP release from 1 uM Arf1INA17 by 125 nM Grp1s3-39¢ Or the K340A mutant as a function
of myr-Arfé Q67L-GppNHp or Arf6eNA13 Q67L-GTP. (E) Catalysis of mantGDP release from 1 pM myr-Arf1 by 10 nM Grp1e3_399 as a function of myr-Arfé Q67L-
GTP. Curves are fitted quadratic (PIP3) or hyperbolic models (PIP, and no PIP). (F) Catalysis of mantGDP release from 1 uM myr-Arf1 by 10 nM Grp163_399 Or the
I1307E mutant as a function of myr-Arf6 Q67L-GTP. Curves are fitted quadratic models.
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variation, which reduces PIP; affinity and, consequently, the avail-
able pool of phosphoinositide-primed precursor. Because the ef-
fective concentrations of membrane-associated cytohesins and
myristoylated Arf GTPases may exceed those in the cytoplasm by
several orders of magnitude, weak stimulation in solution does not
exclude more robust stimulation on membranes, as observed for
myr-Arfl-GTP and 3G ARNO on liposomes containing PIP, (37).
Notably, however, relief of autoinhibition shows similar character-
istics in solution and membrane environments. Indeed, the main
difference lies in the concentration range of activator GTPase re-
quired to stimulate the exchange activity. Moreover, because Arf6 is
expressed at lower levels than Arfl and has a steady-state locali-
zation at the PM and on endosomes rather than the Golgi complex
(49), the higher affinity for Arf6-GTP may have evolved to com-
pensate for lower Arf6 levels. Consistent with the observation that
coexpression of ARNO with either Arfl or Arf6 promotes Arfl
recruitment to the PM (34), activation by Arf6-GTP may initiate
a feedback amplification loop whereby Arf-GTP products further
stimulate GEF activity (37).

Taken together, the structural and biochemical data suggest
a plausible model integrating membrane targeting with allosteric
activation. As depicted in Fig. 6, the 1-phosphate of the bound
IP,4 can be aligned with the 1-phosphates of a simulated bilayer in
an orientation optimal for simultaneous partitioning of elements
known to insert into the hydrocarbon core—in particular the
myristoylated N-terminal helix of Arf6-GTP and residues in the
p1/p2 loop (Val-278), B3/p4 loop (Tyr-298) and Pil/pi2 hairpin
(Ala-346) of the PH domain (16, 17, 50). Other elements im-
plicated in electrostatic interactions with anionic phospholipids,
including the PBR and a “sentry glutamate” that reduces basal
membrane association (28, 32, 51), are located proximal to the
membrane surface as are two basic residues in the p5/f6 loop
(Arg-322 and Lys-323). Lateral extension of the linker suggests
that the Sec7 domain may also be closer to the membrane in the
Arf6-GTP complex than in the autoinhibited conformation.

4

7 <. Sec7 Domain Linker PH Domain
Y E¢
R 6
! . . z
- ;. halrpm C-terminal Af6-GTP
0 insertion helix

Fig. 6. Model for membrane targeting and relief of autoinhibition. (Left)
Autoinhibited Grp1 structure (PDB ID code 2R09). (Right) Composite model for
the active Grp1 complex with Arf6-GTP. The models are depicted in a common
orientation relative to a model lipid bilayer based on the bound head group
and known membrane-targeting determinants. The N-terminal helix of Arf6 is
modeled in an arbitrary orientation consistent with membrane partitioning.
The myristoyl and diacyl glycerol moieties are modeled in configurations
compatible with membrane insertion. The POPC bilayer membrane was de-
rived from the coordinates of a molecular dynamics simulation (61).
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Autoinhibition has been observed in structurally unrelated
GEFs for different GTPase families and can be relieved by various
inputs, including phosphorylation and interaction with proteins or
phospholipids (6, 10, 11, 52, 53). In Sos, for example, membrane
association of PH and histone domains exposes an allosteric site
for Ras-GTP stimulation of GEF activity (11). In cytohesins,
membrane recruitment and allosteric relief of autoinhibition ap-
pear to be integrated through a unified structural mechanism
whereby phosphoinositide binding primes Arf-GTP binding, which
relieves autoinhibition by driving large-scale conformational
rearrangements that reposition the autoinhibitory elements to
reinforce membrane partitioning and support Arf substrate acti-
vation by the Sec7 domain. Given the similarity with Sos, in-
tegration of autoregulatory and membrane-targeting mechanisms in
GEFs may be more prevalent than previously appreciated. Further
investigation of the relationships between membrane targeting and
allosteric activation will likely yield important insights into the
molecular mechanisms underlying spatial-temporal-allosteric con-
trol of GTPase activation.

Materials and Methods

Myr-Arf1 was purified as described (54). Constructs and methods for ex-
pression, purification, nucleotide loading, liposome preparation, and sta-
tistical analyses are described in S/ Materials and Methods.

Nucleotide Exchange Kinetics. Nucleotide exchange was monitored as the
fluorescence decrease upon mantGDP dissociation from ArfINA17 in 20 mM
Tris at pH 8.0, 150 mM NacCl, 2 mM MgCl,, and 250 pM or 1 mM GppNHp. Grp1
with or without active Arf GTPases, liposomes, phosphoinositides, and/or head
groups was formatted into 96-well half area microplates (Corning) and in-
cubated for 16-24 h at 25 °C. Reactions were initiated by addition of 1 pM
ArfINA17- or myrArf1-mantGDP and monitored by using a Safire microplate
spectrophotometer (Tecan) with excitation and emission wavelengths of 360
nm and 440 nm, respectively. Observed rates constants (kops) Were obtained by
fitting with Iy = (lp — |.) exp(—Kops t) + I, Where I, lp, and I, are the emission
intensities at times t, t = 0, and as t—oo. Catalytic efficiencies (k../Km) were
obtained from the slope of a linear least squares fit with kops = (kcat/ Km) [GEF] +
Kintr, Where kin, is the intrinsic dissociation rate constant. Half-maximal acti-
vation constants (K, 5) were determined by fitting with the hyperbolic function
kobs = (koo — ko) [Arf6-GTP)/(Ko5 + [Arf6-GTP]) + ko, where ko and k., are the
values of kops at t = 0 and as [Arf6-GTP]—co. For experiments in which the
effective Ko s was comparable or less than the [GEF], the observed rate con-
stants were fit with a quadratic function kops = (ke — ko) {b — (b — 4 [Arf6-
GTPY(n [GEF]))"?} + ko, where b = 1 + [Arf6-GTPY(n [GEF]) + Ko s/(n [GEF]) and
the binding stoichiometry n was fixed at 1.

Surface Plasmon Resonance. CM5 sensor chips were docked with Biacore
$3000 or T100 instruments (GE Healthcare), activated, and coupled with
anti-GST according to the manufacturer’s instructions. Proteins were di-
alyzed into 20 mM Tris at pH 8.0, 150 mM NacCl, 2 mM MgCl,, and 0.005%
(vol/vol) P-20 surfactant. Equivalent molar quantities of GST-Grp1 con-
structs or GST were loaded on the sample and reference channels, re-
spectively. Hexahistidine (6xHis)-tagged Arf6-GppNHp or Arf6NA13 Q67L
was injected for 60 s at 10 uL/min. After alignment, baseline correction,
and reference subtraction, equilibrium responses (R.q), which correspond
to the equilibrium signal level, were determined from the average re-
sponse over a 30- to 50-s range at the end of the injection. Dissociation
constants (Kp) were determined by fitting with Req = Rmax [Arf6]/(Kp +
[Arf6]), where Rmay is the value of Req as [Arf6]—co.

Crystallization and Structure Determination. Ternary complexes were formed
by incubating 6xHis Grp1,47_399, 6xHis ArfeNA13 Q67L, and IP4 in a 1:1:1.2
molar ratio at a total concentration of 10 mg/mL for 16-18 h at 25°C.
Crystals were grown by vapor diffusion from 50 mM Tris at pH 8.8, 16-18%
(wt/vol) PEG 4000, and 0.2 M sodium citrate, transferred to a cryoprotec-
tant solution (50 mM Tris at pH 8.8, 20% (wt/vol) PEG 4000, 10% (vol/vol)
glycerol, and 0.2 M sodium citrate), and flash frozen in liquid nitrogen.
The crystals are in the space group P452,2; with cell dimensions of a =b =
56.6 A, c = 274.4 A and contain a single complex in the asymmetric unit.
Diffraction data were collected at the Brookhaven National Synchrotron
Light Source X25 beamline and processed/scaled by using HKL2000 (55).
The structure was solved by molecular replacement with Phaser by using
the Grp1 PH domain (1FGZ) and Arf6-GTPyS (2J5X) structures as search
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models. A cA-weighted 2wF,-DF. map calculated after interleaved atom
updating and refinement with ARP/WWARP (56) and Refmac-5 (57) was
used for automated model building with Buccaneer (58). IP4, GTP, and
solvent molecules were added by using Coot (59). The structure was re-
fined by iterative rebuilding with Coot, atom updating with ARP/WARP,
positional refinement with Refmac5, and simulated annealing with
Phenix (60). Structural figures were generated by using PyMOL.
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