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Mechanism of Domain Closure of Sec7 Domains and Role in BFA Sensitivity
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ABSTRACT: Activation of small G proteins of the Arf family is initiated by guanine nucleotide exchange
factors whose catalytic Sec7 domain stimulates the dissociation of the tightly bound GDP nucleotide.
The exchange reaction involves distinct sequential steps that can be trapped by the noncompetitive inhibitor
brefeldin A, by mutation of an invariant catalytic glutamate, or by removal of guanine nucleotides. Arf-
GDP retains most characteristics of its GDP-bound form at the initial low-affinity Arf-GB&c7 step.

It then undergoes large conformational changes toward its GTP-bound form at the next step, and eventually
dissociates GDP to form a nucleotide-free high-affinity Affec7 complex at the last step. Thus, Arf
proteins evolve through different conformations that must be accommodated by Sec7 domains in the
course of the reaction. Here the contribution of the flexibility of Sec7 domains to the exchange reaction
was investigated with the crystal structure of the unbound Sec7 domain of yeast Gea2. Comparison with
Gea2 in complex with nucleotide-free ARRILL7 [Goldberg, J. (1998Fell 95 237—248] reveals that Arf
induces closure of the two subdomains that form the sides of its active site. Several residues that determine
sensitivity to brefeldin A are involved in interdomain and local movements, pointing to the importance
of the flexibility of Sec7 domains for the inhibition mechanism. Altogether, this suggests a model for the
initial steps of the exchange reaction where Arf docks onto the C-terminal domain of the Sec7 domain
before closure of the N-terminal domain positions the catalytic glutamate to complete the reaction.

Small G proteins of the Atffamily are major regulators  toward the N-terminal helix pockel), extruding this helix
of clathrin- and COP1-mediated membrane transport in from the protein coreg). Together with the large movement
eukaryotes, with six members grouped in three classes inof the switch 1 and 2 regions, this creates a binding site for
mammals 2). Alternation of GDP and GTP at their nucle- the y-phosphate of GTP and, in the cell, couples the
otide binding site promotes structural rearrangements whichactivation of Arf by GTP to its recruitment to membranes
are larger in Arf proteins than in any other small G protein. by its myristoylated helix (reviewed in re).
Structures of GDP-bound Arf protein3-6) show that the GDP-to-GTP exchange is stimulated by ArfGEFs which
switch 1 and switch 2 regions, which bind thephosphate  carry a common catalytic domain 0$200 amino acids,
of GTP and are major sites of interaction of G proteins with called the Sec7 domain (reviewed in ré3and11). More
their partners (reviewed in ref), are remote from GDP, than 12 ArfGEFs have already been identified in mammals,
while the binding site for the-phosphate is occluded by  which can be grouped in five subfamilies according to their
the aspartate from the DxxGQ motif. The N-terminal domain organizations. Their cellular functions in the various
amphipathic helix, a myristoylated extension characteristic aspects of the biogenesis of transport vesicles and the identity
of Arf proteins, caps a pocket opposite from the nucleotide of their Arf substrates are not yet fully elucidated. However,
binding site. In Arf-GTP, thes-strands that connect switch most ArfGEFs are active on Arfl in vitro except the Arf5-
1 and 2 (called the interswitch hereafter) have translated specific GBF1 12) and Arf6-specific EFA613), while p200/
BIGs are inactive on Arf614). The regulatory or accessory
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active site 16—18). The groove is lined on one side by a (1). The structure identifies an N-terminal subdomain, which
conserved loop with an invariant glutamate that has beencarries the glutamic finger, and a C-terminal subdomain,
termed the “glutamic finger” for its essential catalytic role which encompasses the hydrophobic helix, and shows that
(19), and by an unusually hydrophobic helix on the other these domains behave essentially as rigid bodies that close
side. The crystal structure of yeast Gea2-Sec7 in complexupon binding of Arf. Residues that are important for the
with human ArflA17 shows how these motifs interact with  sensitivity of Gea2 to BFA are involved in local conforma-
nucleotide-free Arf and promote its active GTP-bound tional changes that support domain closure, suggesting that
conformation {). Switch 1 and switch 2 of Arf sit on the  BFA takes advantage of the flexibility of the Sec7 domain
groove and the hydrophobic helix of Gea2-Sec7 with which for its inhibitory mechanism. This suggests a model where
they form an extended interface, while the glutamic finger Arf proteins dock first onto the C-terminal domain, before
mimics the charges of the guanine nucleotide phosphates neathe glutamic finger domain closes to complete the exchange
the phosphate-binding P-loop. An essential finding with this reaction.
complex is that the twg-strand interswitch of Arf has
translated in the direction of the N-terminal helix pocket, MATERIALS AND METHODS
thus elucidating why nucleotide exchange by Sec7 domains
requires the concomitant displacement of the myristoylated
N-terminal helix by its interaction with membrane&X)(21).
Although no structural information is available on the low-
affinity Arf-GDP—Sec7 complex, Sec7 domains are never-
theless unique among GEFs in that this complex can be
trapped by mutations of the glutamic finger8( 19) or by
the fungal toxin BFA 22), a long-known inhibitor of Golgi
traffic (reviewed in ref23). In particular, BFA binds at the !
interface between Arf and BFA-sensitive Sec7 domains and " 20 mM Hep?s (pH_ 7'5.)’ 150 mM KCl, and-2 mll/l DTT,
inhibits nucleotide exchange by a noncompetitive mechanismShOCk'froz_en _|n liquid nitrogen, and stored-680 C'_
(22, 24, 25). Not all Sec7 domains are inhibited by BFA. Crystalhzatlon.C_rystals of the Sec?-GeaZ domain were
BFA sensitivity is determined by a small number of amino 9rown by the hanging drop vapor diffusion method af@0
acids in or near the conserved hydrophobic helix, and canPY mixing 1uL of the stored protein solution with AL of
be engineered into BFA-insensitive Sec7 domains by intro- the reservoir solgtlon. The_ I{:\rgest crystals were obtained with
duction of these residues as single mutations, by pairs, or in& 'eservoir solution containing 1.4 M ammonium sulfate, 0.1
combination 2, 25, 26). Remarkably, BFA traps the Arf- M so_d|um acetate, or sod|_un_1 citrate (pH 5.0) using micro-
GDP-Sec7 complex in the absence of membranes, while S€€ding. Crystals grew within 3 weeks to a size~&00
mutation of the glutamic finger displaces this complex to #M x 50um x 30 um. Data collections were performed at
membranes27). From the perspective of the nucleotide- 100 'K with crystals fIa_sh-cooIed in liquid ethane aftgr
free Arf—Sec7 complex structure, these observations indicate S0@king for few seconds in a cryoprotectant solution consist-
that the interswitch is retracted in the Arf-GBBFA—Sec7 ing of 35% (v/v) glycerol and 2.25 M ammonium sulfate,
complex as it is in Arf-GDP, whereas it has undergone its 0.1 M sodium acetate or sodium citrate (pH 5.0), and 0.15
GTP-like translation when the glutamic finger is mutated to M KCI.
a lysine. Thus, the initial docking of Arf-GDP onto the Sec7 ~ Data Collection and Processinghe crystals belong to
domain and the displacement of the interswitch are separablespace groufC2 with two molecules in the asymmetric unit
events of the exchange mechanism. with the following average unit cell dimensions= 125.05 A,
Altogether, these data have established that the biochemi-b = 75.88 A,c= 76.20 A, ang8 = 105.37. High-resolution
cal function of Sec7 domains encompasses several aspectslata sets were collected at LURE (Orsay, France) on the
including (1) the initial docking to Arf-GDP, which may be DW32 beamline to a resolution limit of 2.4 A, and at DESY
the critical step where specificity is set up)y (2) the (Hamburg, Germany) on the MPG/GBF wiggler beamline
displacement of the interswitch region which is necessary BW6/DORIS to a resolution limit of 1.9 A. The diffraction
to create the binding site for thephosphate of GTP andto  frames were processed with DENZO and reduced with
stabilize the interaction of Arf with membranes; and (3) the SCALEPACK @9). The two high-resolution data sets were
release of the bound nucleotide and the stabilization of the merged to improve the redundancy and completeness,
empty nucleotide-binding site promoted by the glutamic especially to recover overloaded low-resolution reflections
finger. Sec7 domains, however, cannot displace the cappingin the DESY data set. A summary of the data sets and the
N-terminal helix without the assistance of a membra?® (  processing statistics is given in Table 1.
28). This mechanism relies on the extreme flexibility and  Structure Determination and Refinemefihe structure
plasticity of Arf proteins along their GDP/GTP cycle, which was determined by the molecular replacement method using
has been illustrated for Arfl1( 3, 4) and Arf6 5, 8). As a AMoRe (30) with Gea2-Sec7 determined in complex with
consequence, Sec7 domains must solve the conflictingArf1A17 (1) as a search model. This resulted in a correlation
requirements of recognizing their substrates in their different of amplitudes of 52.4% and a crystallograpRig.or of 45.7%
conformational states along the reaction pathway. using the data set collected at LURE with a resolution range
Here we have investigated the contribution of the flex- from 20 to 4.0 A. Seven percent of the reflections were set
ibility of the Sec7 domain to the exchange reaction with the aside for anRyee test before initiating any refinement. The
crystal structure of yeast Gea-Sec7, whose structure inprogram O 81) was used for model building, and CNS
complex with nucleotide-frerfA17 has been determined (version 1.1) 82) with bulk solvent correction was used for

Protein Expression and Preparatioifhe Sec7 domain
of yeast Gea2 (residues 55866) was expressed and purified
as described in ref. The N-terminal His tag sequence of
the pET15b (Novagen) construct was conserved after throm-
bin cleavage assays failed. Due to cloning artifacts, the
protein construct thus possesses an additional N-terminus of
21 amino acids and features the lle747Val mutation. After
purification, the protein was concentrated to-3 mg/mL
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Table 1: Data Collection and Refinement Statistics

DW32 at LURE BW6 at DESY merge of the two data sets
wavelength (A) 0.948 1.050
C2 unit cell parameters a=125.27A a=125.03A a=125.05A
b=75.56 A b=75.86 A b=75.88A
c=76.33A c=76.22A c=76.20A
p=105.30 f=105.4F p=105.37
mosaicity in Denzo (deg) 1.00 0.50
resolution range (A) 20:42.39 25.6-1.93 25.6-1.93
last resolution shell (A) 2.432.39 1.971.93 1.971.93
rotation range (deg) 220 117
no. of unique reflections 27036 52428 52653
multiplicity (last shell) 3.5(3.2) 3.0(2.1) 4.6 (2.1)
completeness (%) (last shell) 98.9 (97.9) 96.6 (94.3) 97.0 (94.4)
Rsyn? (last shell) 0.058 (0.261) 0.042 (0.327) 0.080 (0.326)
I/o (last shell) 18.6 (4.3) 21.7 (2.6) 14.6 (2.7)
Refinement
resolution (A) (last shell) 25:61.93 (1.97-1.93)
no. of reflections (work set/test set) 46579/3709
no. of protein atoms 3412
no. of solvent atoms 217
Reacto? (last shell) 0.214 (0.276)
e (last shell) 0.228 (0.298)
rmsd! for bond lengths (A) 0.006
rmsd! for bond angles (deg) 1.4

3Rsym = YnYillni — DhVYnYilni. ® Racor = YnlFo — Fcl/SFo (Working set, noo cutoff applied).c Riee is the Riacior based on 7% of the data
excluded from the refinemerftRoot-mean-square deviation (rmsd) from target geometries.

automated refinement. Noncrystallographic restraints were displaced essentially as rigid bodies as Gea2-Sec7 binds to
only used in the early stages of the refinement. The final Arf and catalyzes nucleotide exchange. The partial associa-
model contains residues 55859 from the Sec7 domain with  tion of helix o7 with each domain reflects its change from
nine additional N-terminal residues from the plasmid (added a straight to a bent conformation upon binding to Arf, with
sequence GLVPRGSHM) for each of the two molecules of an increase of 0.7 A in the intrahelical hydrogen bond at
the asymmetric unit; 86.9% of the residues are in the most Arg®°—Ala%* which nevertherless preserves the helical
favored region of the Ramachandran diagram, and two conformation (Figure 1d).

residues in a poorly defined region are in the disallowed  The movement has an amplitude #B—10° with three
region. The two molecules in the asymmetric unit differ pinges located at PR in the a5—a6 loop, Ly$*8 between
slightly in the relative orientations of their N- and C-terminal pgjix o6 and the beginning of the Glu finger loop, and Bhe

subdomains (see the Results) such that the rmsdis A in the middle of helixa7 (first molecule of the asymmetric
between the subdomains ar®.9 A for the entire domain. unit). Lys®8 and Phés define a rotation axis for the Glu

Coordinates have been deposited with the Protein Data Bankﬁnger loop, while rotation on a single hinge of the remaining

as entry 1KUL. part of the N-terminal domain requires that it leans against
Model Depiction.SUperimpOSitionS were prOdUCEd with the Glu finger |00p_ Domain rotation in the GeaZrf
TURBO (http://afmb.CnrS'mrS.fr/SUbjeCtS/tUrbO) and the CCP4 Comp|ex results in a closure of the Cata|ytic hydrophobic
programs suite33). Domain closure angles were computed groove by 3.2 A, as estimated by thex€Co distance
with DOMOV (http://biOinfO]..mbfys.lu.Se/Cgi'bin/DomOV/ between the Glu finger (G‘fﬁ") and Met% in the hydro-
domov.cgi). Figures were drawn with Molscri84) and  phobic helix. A somewhat larger displacement, due to an
Raster3D 89). additional point rotation ofz4—5° centered near PF®, is
observed in the second Gea2 molecule in the asymmetric
RESULTS unit, which has an otherwise similar subdomain separation
Comparison of Unbound and Complexed Gedhe (0.4 A larger than in the first molecule) and local changes.
crystal structure of the Sec7 domain of yeast Gea2 was Although domain closure narrows the catalytic groove,
determined at 1.9 A resolution by molecular replacement. rearrangements of amino acids at the domain interface are
Its overall superposition to Gea2 bound to nucleotide-free limited to Tyr'®® [corresponding to Tyf® in Gea2-Arf
Arf1A17 (1) yields an rmsd of 0.9 A, a value that drops to numbering 1) and Ph&® in ARNO (16, 17)] (Figure 2a).
0.4 and 0.35 A when the two halves of Gea2-Sec7 that form The hydroxyl of Tyf%interacts with the main chain of Gf§
the sides of the catalytic groove are fitted individually, thus from helix .7 in unbound Gea2-Sec7, but would clash with
defining two subdomains (termed the N-terminal and C- this helix in its closed Arf-bound conformation. Accordingly,
terminal domains hereafter) (Figure 1a,b). The N-terminal the side chain of TyP?is rotated in bound Gea2, where it
domain comprises helicesl—a5, the Glu finger loop, and  forms a hydrogen bond with the hydroxyl of $&next to the
the N-terminal half of helixx7, while the C-terminus of helix ~ Glus**finger and with Trg® from switch 2 of Arf (Figure 2a).
o7 is associated with heli6 (which precedes the Glu finger  Unbound Gea2 and complexed Geaz2 also differ at the loop
loop) and helicesx8—a10 to form the C-terminal domain  that connects helices8 anda9 in the C-terminal domain
(Figure 1c). Thus, the N- and C-terminal domains are (Figure 2b), which is involved in binding switch 1 of Arf in
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Ficure 1: Domain closure of Gea2. (a) Superposition of the N-terminal domains from unbound and Arf-bound Gea2. The N- and C-terminal
subdomains of unbound Gea?2 are in dark blue and cyan, respectively. Gea2 in the nucleotide-free complexAvith @f$ in red. (b)
Superposition of the C-terminal domains from unbound and Arf-bound Gea2. Colors are as in panel a. (c) Structure of unbound Gea2. The
glutamic finger loop is in violet and moves with the N-terminus domain. Hinge residues are in yellow. Residues important for the sensitivity
to BFA and thea8—a9 loop are in red. The Arf binding site is at the interface between the N- and C-terminal domains and encompasses

helicesa7—09 and the Glu finger loopl). (d) Comparison of helix.7 in unbound Gea2 (straight) and in the Ge@2f1A17 complex

(bent). Domain colors are as in panel a.

the nucleotide-free complex. The movement amounts to 3 A likely to undergo domain closure of a nature similar to that

with end points at Asf#* and Met?%, which are connected
through a hydrogen bond from the carboxylate of Asmp
the main chain of M&gL

Comparison of Gea2 to ARNGSuperposition of the
structure of unbound ARNO-Sec1§, 17), a mammalian

of Gea2, but larger in amplitude. The major structural
difference between Gea2 and ARNO at their domain interface
is located in the hydrophobic motif at T¥# which is
replaced in ARNO with PH& and cannot form an internal
hydrogen bond with helix7 (Figure 2a). PHé%also cannot

small ArfGEF, with that of unbound Gea2-Sec7 delineates form a hydrogen bond with switch 2 of Arf as observed
subdomains that are equivalent to those identified betweenbetween between T and Trpg® in the Geaz-Arf1A17
bound and unbound Gea2 (Figure 3). The angular separatiorcomplex (). Thus, the conservation of Tyr and/or Phe

between the N- and C-terminal domainsa$° larger in
ARNO than in unbound Gea2, with aoc€ Ca distance
between the Glu finger (GIf) and Met®* in the hydro-
phobic helix thats 2 A larger than in unbound Gea2, and
5.2 A larger than in the Gea2Arf1A17 complex. However,
the hinge residues in ARNO (P¥é& Set®0, and Ph#?)

residues at this location suggests that their aromatic nature
is required for them to act as spacers between the N- and
C-terminal domains, as well as to insert between switch 1
and switch 2. The hydroxyl of Tyr, on the other hand, may
restrict the interdomain motions and spacing of Gea2, which
may have implications for the specific recognition of Arf

superimpose with those of Gea2, suggesting that ARNO is substrates (see the Discussion). Other structural differences
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Ficure 2: Conformation of BFA-sensitive residues. (a) Tyr/Ser (BFA-sensitive) vs Phe/Ala (BFA-resistant) sequencesd fraieractions

of helix a7 with helix o8 are shown for unbound Gea2 (blue, left), the GeA#1A17 complex 1) (Gea2 in red and ArfAl7 in violet,

middle) and ARNO 16) (green, right). Hydrogen bonds are shown as dotted lines. (b) Asp/Met (BFA-sensitive) vs Ser/Pro (BFA-resistant)
sequences in the8—a9 loop. Superpositions are shown between unbound and bound Gea2 (left) and between unbound Gea2 and ARNO

(right).

Giu finger loop Gea2-Arf1A17 and its comparison to Gea2 bound to nucleotide-free
Arf-binding site Gea2 ArflA17 (1) show that the N-terminal and C-terminal
C-terminal j ARNO domains, which contain the Glu finger loop and the
d"mi‘” N-terminal hydrophobic helix, respectively, undergo essentially rigid-
=) a B~ o, domain body closure induced by binding of Arf. It is the first example
G j > A5 of a helical GEF characterized in both its bound and unbound
{C -1_:"'- Ty conformations and the first demonstration that the large
QKA conformational changes that characterize the activation of

3)), small G proteins are accompanied by concomitant confor-

) " mational changes of a GEF, although to a significantly lower
Ficure 3: Open conformation of ARNO. Superposition of ARNO

(green), unbound Gea2 (blue), and the GeA&1A17 complex f"‘mp”t.”de' A similar yet slightly more open Conformation.
(red) based on their C-terminal domains. Only the C-terminal iNVvolving the same structural domains is also observed in

domain of ARNO (gray) is shown for clarity (rmsd of 0.5 A the previously reported structure of unbound ARNO-Sec7
between ARNO and Gea2). (16). This suggests that domain closure may be a general
feature of the mechanism of Sec7 domains. This is supported
between ARNO and Gea?2 are located at the switch 1-bindinghy NMR studies of Cytohesin 1L8), which report chemical
a8—a9 loop, the end points of which are equivalent to those shifts near helixx6 upon binding to Arf, a region that does
found by comparing this loop between unbound and com- pot contact Arf in the complex1j but is close to the
plexed Gea2 (Figure 2b). However, the hydrogen bond jnterdomain hinges (this study). Furthermore, differences
between Asfi' and Mef? in Gea2 cannot be formed petween the two unbound Gea2-Sec7 molecules in the crystal
between Séf®and Pré®in ARNO (Figure 2b). Strikingly,  syggest that domain closure is facilitated by intrinsic flex-
these residues as well as the Tyr/Phe substitution in theibility between the N- and C-terminal Sec7 subdomains. Two
hydrophobi'c'm'otif have been identified as key determinants hinge residues, PR& and Ph&5 in Gea2, are highly
of the sensitivity to BFA £2, 25, 26) (see below). conserved in most Sec7 domains. In particular, 8he
corresponds to the helical hinge of heti? in Arf-bound
DISCUSSION Gea2, suggesting that this helix might be straight in all
Recognition of Arf-GDP by the Open Conformation of unbound ArfGEFs, and adopt a bent conformation in their
Sec7 DomainsThe crystal structure of unbound Gea2-Sec7 Arf-bound form. The resulting strain in Arf-bound Sec7
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domains might store elastic energy (reviewed in3@fthat as it behaves as a rigid scaffold with limited local rearrange-
could be used to release nucleotide-bound Arf from the ments 41).
complex. Flexibility of Sec7 Domains and Senaity to BFA.ARNO

Although both the N- and C-terminal domains are tightly and Gea2, whose unbound structures are compared here, are
bound to Arf in the nucleotide-free complex, mutation of representative members of BFA-resistant and BFA-sensitive
the Glu finger to Lys or Ala does not impair the ability of ArfGEFs, respectively. Sensitivity to BFA can be engineered
Sec7 domains to bind to Arf-GDP18, 19), making it into ARNO by mutation of PH€°and Ala®*to Tyr and Ser,
unlikely that this residue interacts with Arf-GDP at the respectively, in the hydrophobic helix and/or 8éand Pré®®
docking stage. This view is strengthened by the observationto Asp and Met, respectively, at the end points of ¢t&-
that all the residues that affect the sensitivity of Sec7 domainsa9 loop 22, 259, which correspond to sequences conserved
to BFA, a drug that traps Arf essentially in its GDP in BFA-sensitive ArfGEFs such as yeast Gea2 (TySer®,
conformation 27), are located in the C-terminal domaR( Asp’lL and Met?) (22) or mammalian BIGs/p20®4). Ser/

26), whereas mutation of the Glu finger in the BFA-sensitive Asp or Pro/Met single mutations are also sufficient to confer
guadruple mutant of ARNO has no effect on its ability to BFA sensitivity to Cytohesinl, a close homologue of ARNO
form the abortive Arf-GDP-BFA—Sec7 complexd5). Since (26). The Ala/Ser substitution has not been characterized as
the C-terminal domain interacts extensively with the switch 2 a single mutation, but it is buried in all structures of Sec7
region of Arf, we propose that an early event of the formation domains and is likely not involved in their sensitivity to BFA.
of the Arf-GDP-Sec?7 interface is the anchoring of switch Here we have shown that T9¢, Asp’'!, and Met?! form

2 onto the C-terminal region, and that the open conformation two additional internal hydrogen bonds in unbound Gea2 as
of the Sec7 domains contributes to exclude the catalytic compared to PH&, Set®8 and Pré® in ARNO, and that
glutamate from the vicinity of the nucleotide. Yet, if we these residues are involved in conformational flexibility of
assume that switch 2 interacts with the C-terminal domain the Sec7 domain on going from the open to the closed
as it does in the nucleotide-free complex, none of the conformation. Thus, both their potential ability to form
nucleotide-bound structures of Arfl or Arf6 would fit without  hydrogen bonds with BFA and their contribution to the
a clash at switch 1 or would exclude the glutamic finger conformation and flexibility of unbound Sec7 domains may
from the nucleotide binding site. This suggests that either contribute to the sensitivity to BFA. In particular, different
the orientation of Arf-GDP relative to the C-terminal domain flexibilities at thea8—a9 loop may be critical for the Arf

is different at the docking step from that in the nucleotide- Sec7 interface to allow entry of BFA and/or to accommodate
free complex or Arf proteins take advantage of their giving the drug at the Arf-Sec? interface. The presence of these
plasticity to rotate their switch 2 portions to an angular range three residues is not sufficient, however, for the BFA-
wider than that characterized in the GDP/GTP structural sensitive quadruple mutant of ARNO to form an inhibited
cycles of Arfl @, 3, 4) and Arf6 (5, 8). complex with Arf6-GDP in the presence of BFA (unpub-

Specificity of GEFs for individual, or classes of, small G lished results; E. Macia and M. Franco, personal com-
proteins has been reported for several ArfGEFs (reviewed munication). This may result from differences between Arfl
in ref 10) as well as for GEFs for other families of small G and Arf6 in the flexibilities of their switch 2 regions and/or
proteins. To be effective in the cells, structural interactions the conformations of their switch 1 regions as identified from
that determine specificity are likely to form before GDP has the crystal structures of their GDP-bound forn® §).
dissociated from the GEFG protein complex, since cellular  Altogether, this suggests that sensitivity to BFA is determined
conditions, including the higher abundance of free GTP, tend by both the ArfGEF and Arf proteins, and that their flexibility
to favor binding of GTP to the nucleotide-free complex. In is one of its key features.
the case of Arf proteins and their ArfGEFs, a mechanism Domain Closure and the Glutamic Fing&kle hypothesize
excluding the Glu finger from the GDP binding site in the from this study that the glutamic finger is remote from the
docking Arf-GDP-GEF complex would fulfill this require-  nucleotide binding site in the Arf-GDPSec7 docking
ment. We propose in addition that the width of the unbound complex, and that both domain closure of the Sec7 domain
catalytic groove, which can vary between individual Sec7 and conformational changes in Arf are required for its
domains as shown between ARNO and Gea2, is used as anteraction with the conserved lysine from the P-loop in the
sensor of the relative positions and flexibilities of switches 1 nucleotide-free complex and its mimicry of the GDP
and 2 of individual members of the Arf family in their GDP-  g-phosphate). As a consequence of domain closure, the
bound forms. Differences in these structural parametersglutamic finger, through its negative electrostatic field, could
between related small G proteins have been observedsuccessively destabilize different interactions along its trajec-
between Arfl and Arf63, 5) and in other small G proteins  tory, including the interactions of negatively charged residues
such as the Ras/Rap family8q, 38), where they may from Arf as well as those of the phosphate of the GDP
contribute to determining specific proteiprotein interac- nucleotide. In this regard, examination of the nucleotide-
tions. Interestingly, GEFs for Ras (cdc25 domain) and for free complex reveals an essential role of Esm the
Rho (Dbl homology domain) have recently been suggested GLDAAGKT motif of the P-loop of Arf. This residue forms
to initiate nucleotide exchange through their docking at a salt bridge with Argf in helix a3 in nucleotide-bound Arfl
switch 2 @9, 40), and to involve domain motion in the case (Figure 4a), and an additional ion pair with Apdn Arfl-
of RhoGEFs 40), pointing to the possibility that this is a GTP. Remarkably, ASp moves by more tha 4 A in
general mechanism of helical GEFs for the recognition of nucleotide-free Arfl such that it binds to A8hand Ly$?’
their GDP-bound substrates. Tifepropeller structure of  from the base binding sequence NKQD, while a hydrogen
RCC1, a GEF for Ran that has been determined alone andbond to Gly® from the P-loop adds a turn to helikd (Figure
in complex with nucleotide-free Ran, departs from this model 4b) (1). Superposition of GDP-bound Arf with the nucleotide-
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Arf1-GDP

Arf1A17-Gea2

7| Q6560022
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Ficure 4: Proposed role for Agp and the Glu finger in the
dissociation of GDP. (a) Interaction of A&gn GDP-bound Arfl

(3). The P-loop is in gray with the carbonyls of Alaand Ale®
shown in red, hel>a3 in cyan, and the GDP nucleotide in yellow.
Residues from the NKQD motif are in red. (b) Interactions of Asp
in the nucleotide-free ArfA17—Gea2 complex ¥). The GDP
nucleotide from Arf1-GDP is superimposed in transparency. The
Glut®* finger and helixa7 from Gea?2 are in violet.

free complex reveals that these interactions distort the P-loop
such that the carbonyls of AfBand Al&” mimic thea- and
fp-phosphates of GDP, respectively (Figure 4b). Such an
elaborate function of A, combining distortion of the
P-loop with stabilization of the nucleotide-free binding site,
suggests that its conformational change is a previously
unappreciated contribution of the Sec7 domain, rather than
a consequence of nucleotide release as initially propd9ed (
The negative electrostatic field of the Glu finger would be
well-suited to triggering the displacement of A%pvhich
would then drive the distortion of the P-loop. The steric
conflict of the distorted P-loop with the- andj-phosphates
of GDP in coordination with their destabilization by charge
repulsion from the Glu finger would eventually yield the
dissociation of GDP. The resulting empty nucleotide-binding
site must then be stabilized, which is probably the role of
the numerous interactions observed in the nucleotide-free
complex [Asp® with the base-binding residues, Gitfinger
(Gea2) with Ly£° from the P-loop of Arf, and GKt¢ (Gea2)
with Arg® in helix o3 of Arf].

In conclusion, our structural study refines the current
model of the multistep nucleotide exchange reaction cata-
lyzed by ArfGEFs, establishing domain closure and local

Biochemistry, Vol. 41, No. 11, 2003611

by anchoring of Arf-GDP on the C-terminal domain exclud-
ing the Glu finger, which is subsequently positioned by
domain closure to dissociate GDP and stabilize the nucle-
otide-free complex. Yet the conformation of switch 2 at the
docking complex, the See7Arf interactions that trigger the
unfolding of switch 1, and those that drive the movement of
the interswitch still remain to be established to complete the
structural description of the reaction pathway.
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