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ABSTRACT. GGAs are a family of vesicle-coating regulatory proteins that function in intracellular protein
transport. A GGA molecule contains four domains, each mediating interaction with other proteins in
carrying out intracellular transport. The GAT domain of GGAs has been identified as the structural entity
that binds membrane-bound ARF, a molecular switch regulating vesiokst assembly. It also directly
interacts with rabaptin5, an essential component of endosome fusion. A 2.8 A resolution crystal structure
of the human GGA1 GAT domain is reported here. The GAT domain contains four helices and has an
elongated shape with the longest dimension exceeding 80 A. Its longest helix is involved in two structural
motifs: an N-terminal helixloop—helix motif and a C-terminal three-helix bundle. The N-terminal motif
harbors the most conservative amino acid sequence in the GGA GAT domains. Within this conserved
region, a cluster of residues previously implicated in ARF binding forms a hydrophobic surface patch,
which is likely to be the ARF-binding site. In addition, a structure-based mutageibésthemical analysis
demonstrates that the C-terminal three-helix bundle of this GAT domain is responsible for the rabaptin5
binding. These structural characteristics are consistent with a model supporting multiple functional roles
for the GAT domain.

Eukaryotic cells transport proteins and lipids, as well as (5). GGA1-3 are found ubiquitously expressed in adult
nutrients, via exocytic and endocytic pathways, which are human tissues1j. All GGAs share a common modular
usually carried out by transporting vesicles. GGAs (i.e., domain structure with distinct functions assigned to each of
Golgi-localizing, y-adaptin ear homology domain, ARF- the four domains. At the N-terminus is the VHS (VPS27,
binding proteins) are a family of cytosolic proteins that Hrs and STAM) domain, which binds the sorting signals of
mediate the association of vesicleoat assembly with the  receptors, such as mannose 6-phosphate recep®rar{d
trans-Golgi network (TGN} membrane in the presence of memapsin2 f-secretase) 14). This VHS-sorting signal
another protein called ARF (i.e., ADP ribosylation factor) jneraction is thought to be the cargo recognition step in
(1-3). The interaction of these two proteins is important | qogicle assembly. The second domain of a GGA protein,
for cargo sorting 4) and the recruitment of clathrin and GAT (GGA and TOM1,~160 residues), is among the most
accessory proteinss) in the vesicle budding process. In conserved regions in ’the primary se(quence of GGBs (

addition, some GGAs have been found to interact with ,_. . - L

rabaptin5, a Rab4/Rab5 effector regulating endosome fusion,(':Igure 1) and comprises the ARF plno_llng ac_t|V|ty of GG_A

and are implicated in a vesicle fusion procezs( 7). Three (15). In some GGAs, the GAT domain directly interacts with
' rabaptin5 ). The third (hinge) domain interacts with clathrin

GGAs have been identified in humans (GGA3), two in ) A - . .
( (5, 7) and contains an autoinhibition acidic clustelileucine

yeast (Ggalp and Gga2p)—<3, 8—11), and one each in 1 i . . .
Caenorhabditis elegand2) and Drosophila melanogaster motif similar to that in the sorting signal of the cargo proteins
(16). At the C-terminus is the GAE domain, which is
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Ficure 1: Sequence alignment of GAT domains. Numbering and secondary structural elementsh@lices) are shown for GGAL GAT

at the top. GenBank sequences of AF233521 (human GGAL, i.e., hGGAL), AF233522 (hGGA2), AF219138 (hGGA3), Z68bais

GGA, i.e., cGGA), NM_1323430¥. melanogasteGGA, i.e., dGGA), NP_010645 (yeast Ggalp, i.e., yGgalp), NP_011976 (yGga2p), and
AJ006973 (hTOM1) were used. Sequence alignment was carried out with VectorNT (Informax Inc., Bethesda, MD) followed by manual
adjustment in some gap regions at the termini of helices. Residues identical to those of GGA1 are in bold font. Filled downward triangles
represent the positions of reported point mutations inhibitory to ARF binding; the open downward triangle represents a neutral point mutation;
open upward triangles represent the C-terminal ends of some truncation constructs that (partially) retain the ARF-binding, &gty (

36). GGA1 GAT residues that were omitted from the final refined model are underlined. This figure was produced with the program
AlScript (46).

ARF proteins, a member of the Ras-like small GTPase ARF isoforms (5), appears to be sufficient for targeting a
superfamily {8), are the first group of interacting protein reporter protein to TGN in mammalian cel&1j. Therefore,
partners identified for GGAs1j. They were initially information on the three-dimensional structure of the GGA
demonstrated to stimulate the ADP-ribosyltransferase activity GAT domain is fundamental for understanding the structural
of the cholera toxin A subunitl®). ARF proteins are now  basis of ARF binding. Here, we present a crystal structure
known to regulate many aspects of membrane traffic involv- of the GAT domain of human GGA1 at 2.8 A resolution.
ing the Golgi and TGN Z0, 21). Their main function isto ~ The ARF-binding site can be traced to a conserved hydro-
recruit multimeric coat complexes, including those containing phobic patch containing a cluster of residues previously found
GGAs, from the cytosol to the vesicle budding sités5). individually to be involved in ARF binding. Furthermore,
In mammals, ARFs are divided into three classes on the basisour mutagenesis analysis demonstrates that a three-helix
of gene structure, sequence similarity, and cellular location bundle in this GAT domain assumes full binding affinity
(22). Members of all three classes have been shown tobetween GAT and rabaptin5.
interact with GGA proteinsl(). Like other Ras-like GTPases
(23), ARF cycles between GTP-bound (active) and GDP- MATERIALS AND METHODS

bound (inactive) forms, thus functioning as a molecular Protein ExpressioriThe cDNA of human GGA13) was
SWitC.h'. In the GTP-bound form, which is promoted by th? kindly provided by Dr. M. Robinson (University of Cam-
guanidine-nucleotide exchange factor (GEF), ARF assoCi- pjqge "cambridge, U.K.). For the construct of the glutathione
ates with the membrane of specific cellular compartments g ansferase (GSTHGAT fusion protein, the cDNA encod-

(24, 2,5) and interacts with its effectors such as a GGA ing the GGA1 GAT domain, plus short extensions at both
protein. In contrast, GDP-bound ARFs are usually located oq4s of the peptide chain (i.e., residues 1826), was

in the cytosol. The intrinsic GTPase activity of ARF is very amplified using polymerase chain reaction, cloned into
low; the ‘turn-off’ process is stimulated by the ARF-specific plasmid pGEX2T (Amersham Biosciences, Piscataway, NJ),
GTPase activating proteins (GAPf(-29) and synergisti- 5 expressed iEscherichia colistrain BL21. Three hours
cally enhanced by clathrir8Q). While GGAs are devoid of  afer induction with 0.1 mM isopropys-p-thiogalactoside
GEF or GAP activity 1), the binding of GGA to ARF 5 0.6 ORQy,, the bacterial cells were harvested and lysed
prevents the GAP from accelerating GTP hydrolysis and thus it |ysozyme. The recombinant protein was purified from
stabilizes the active form of ARFS). the supernatant of the cell lysate by affinity chromatography
The well-conserved GAT domain is essential for the GTP- using a glutathioneSepharose 4B column (Amersham
dependent ARF-binding activity of GGAR)( This GAT— Biosciences). The GAT domain was separated from gel-
ARF interaction, which is universal between all GGA and immobilized GST after thrombin cleavage and was further
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purified with Resource Q ion-exchange chromatography performed with the program suite CNS33j. A heavy atom
(Amersham Biosciences). The GGA1 GAT domain fractions search yielded a single site for the platinum derivative and
were eluted at about 150 mM NaCl concentration, pooled, six out of the seven selenium sites from the Se-Met crystal
and dialyzed against a buffer of 10 mM Tris-HCI (pH 8.5) that were predicted on the basis of the amino acid sequence.
and 0.03% (v/v)3-mercaptoethanol. The sample was then Combination of the SIR phases of the platinum derivative
concentrated to 7 mg/mL and stored on ice. Similarly, and the MAD phases of the Se-Met derivative yielded an
recombinant proteins of GGA1 GAT domain fragments initial experimental electron density map at 3.0 A resolution,
containing residues 14210 and 216-326 (i.e., GAT#2210 which was further improved and extended to 2.8 A resolution
and GAT?10-328) were expressed and purified as GST fusion by solvent flattening and using the data set collected from
proteins. Furthermore, the cDNA fragment encoding residuesthe native crystal. The electron density map was interpretable
551862 of human rabaptin5 was subcloned into the pET15b after this density modification (see Figure 2), with a figure
vector (Novagen, Madison, WI) on the basis of the full-length of merit of 0.89 for the combined phases. Manual model
cDNA kindly provided by Dr. G. Grenningloh (University  building was carried out with the program Turbo-Fro8d)(
of Lausanne, Lausanne, Switzerland). The recombinant His-Structural refinement consisted of several rounds of torsion
tag fusion protein was purified with affinity chromatography angle simulated annealing and restrained individBédctor
using the Hi-Trap chelating column (Amersham Biosciences) refinements, using a maximum likelihood target function
charged with Ni*. The fusion protein was eluted with a against native data up to the highest resolution available and
buffer containing 0.2 M imidazole and further purified using with experimental phases included at the early stages of
Resource Q ion-exchange chromatography. The proteinrefinement. Although the avera@efactor of the final model
fractions eluted at about 250 mM NaCl concentration were appeared high, it was consistent with the value estimated
dialyzed against a buffer of 10 mM Tris-HCI (pH 8.0) and from the Wilson plot (73 A&). Similar averagé-factors are
0.1% (v/v)pB-mercaptoethanol, concentrated to 5 mg/mL, and not uncommon for protein crystal structures at comparable
stored on ice. resolutions reported to the Protein Data Bank. Coordinates
Crystallization The crystals of the human GGA1 GAT and the experimental structural factors of this GAT crystal
domain (residues 144326) were grown at 20C with the structure have been deposited in the Protein Data Bank under
hanging drop method. The protein solution was mixed 2:1 code 1oxz.
(v/v) with the reservoir solution of 0.4 M LSOy, 0.1 M Rabaptin5-GAT Affinity AssayFifty microliters of glu-
2-(N-morpholino)ethanesulfonic acid (pH 5.5), 20% (v/v) tathione-Sepharose 4B gel containing100 ug of the
ethylene glycol, and 0.1% (v/y}-mercaptoethanol. Crystals recombinant fusion protein of GSIGGA1 GAT variants
appeared from a 6L drop over a 50QiL reservoirin 1 day  was incubated, individually, with 10L of rabaptin55+-826
and grew to~1.0 x 0.3 x 0.3 mm in about 1 week. Similar (5 ug/uL) at room temperature f@ h with gentle agitation.
crystal forms could be obtained without ethylene glycol. The gel was then washed three times with 500 of
However, additional ethylene glycol allowed the crystal to phosphate-buffered saline, followed by resuspension in 50
be directly transferred to the 100 K nitrogen gas stream for uL of the same buffer. A sample of/d_ of gel slurries was
data collection without a significant loss in data quality. The subjected to (20%) SDSolyacrylamide gel electrophoresis
Se-Met-substituted GAT protein was prepared by expressing(PAGE) under the reducing condition. Because of unavail-
the protein inE. coli strain B834(DE3), grown in minimal  ability of antibodies against the specific fragment of rabaptin5
media supplemented with Se-Met (Sigma, St. Louis, MO), used, the rabaptif% 826 content was examined with Coo-
purified, and crystallized using a protocol similar to that of massie Blue stain. Since rabapfifi582¢ may contain free
the native protein. The crystal size@.1 x 0.1 x 0.2 mm), cysteines, this experiment was repeated in both the presence
however, was smaller than the native one. and absence of 0.2% (v/fgymercaptoethanol at the binding
Data Collection and Processing{-ray diffraction data and washing steps. The results were essentially the same.
from the native crystal of human GGA1 GAT domain were
collected up to 2.8 A resolution from a MAR345 image plate RESULTS
(Mar Research Inc., Norderstedt, Germany) and Rigaku Structural DescriptionThe crystal structure of the GGA1
X-ray generator (Molecular Structure Co., Woodlands, TX) GAT domain was determined at 2.8 A resolution using SIR
equipped with an Osmic mirror system (Osmic Inc., Troy, and MAD methods. Statistics of the data collection and
NY). The native crystal produced a light ice ring in the refinement are summarized in Table 1. The refined model
diffraction pattern, which resulted in reduced data complete- contained foui-helices, i.e., Al of residues 17183, A2
ness (83%) in the resolution range of 34L0 A. A heavy of residues 187233, A3 of residues 244269, and A4 of
atom derivative was prepared by supplementing the crystalresidues 273301, connected by short loops (Figure 2). The
drop with 10% (v/v) 10 mM KPt(CN), and incubated for  electron density in the remaining regions of the peptide chain
16 h. The derivative crystal diffracted to 3.0 A. In addition, was weak and difficult to interpret even after convergence
a three-wavelength multiple anomalous dispersion (MAD) of the refinement. As a result, residues 3410 and 303
data set was collected to 3.5 A resolution at the beam line 326, including short extensions from both N- and C-termini
SBC 19ID of the Advanced Photon Source at Argonne of the GAT domain, were omitted from the final model. The
National Laboratory. Data were processed and scaled withGGA1 GAT domain is generally considered to consist of
HKL (32). residues~147—313 (5, 15). However, a recombinant protein
Structural Determination and Refinemeiihe Matthews of this shorter region did not produce a useful crystal in our
coefficientVy of the crystal form was estimated to be 3.3 hands. Therefore, we consider that the refined model
A3/Da, assuming one protein molecule per crystal asymmetric represents the core of the GGA1 GAT domain. Our crystal
unit. Most of the following crystallographic calculations were structure agrees well with previous predictions on locations
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Table 1: Statistics of Crystallographic Data, Phasing, and Refinement
Data Collection (Space Grou6s; Cell Dimensionsa=b=283.4A,c=69.0 A,y = 120°)

native SeMetl, SeMetd, SeMetls Pt derivative
wavelength used (A) 1.5418 0.94644 0.97938 0.97952 1.5418
resolution range (A) 50 (2.99)2.80 50 (3.67)-3.50 50 (3.67)-3.50 50 (3.67)-3.50 50 (3.11)-3.00
no. of measurements 56805 23711 22953 23264 39461
no. of unique reflections 6561 (676) 3341 (328) 3328 (307) 3323 (307) 5121 (523)
completeness (%) 96.1 (100) 98.5 (99.4) 98.1 (93.0) 98.0 (93.6) 93.0 (98.9)
Io(l) 42.1 (4.2) 16.2 (2.3) 12.9(1.8) 14.6 (2.0) 34.1(3.8)
Rmergd (%) 4.4 (48.9) 9.6 (66.8) 11.6 (64.8) 9.9 (61.0) 5.0 (51.7)
Observed Diffraction Ratiés
A1 A2 A3
M 0.087 0.092 0.099
Az 0.126 0.085
As 0.100
Phase Powémnd Figure of Merit (FOM)
MAD SIR combined
resolutions (A) 50 (3.A%3.5 50 (3.1>3.0 50-3.0
phase power
A—A1~ 1.27 (0.43)
A=At 0.76 (0.61)
A=A~ 1.62 (0.83)
A=Azt 1.04 (0.55)
A—A3~ 1.70 (0.93)
Pt—native 1.70 (0.75)
FOM 0.55 (0.27) 0.29 (0.15) 0.43
Riso® (%) 14
Reuiis” (%0) 63
Refinement
resolution (A) 56-2.8
Ruorking® (%0)/no. of reflections 24.1/5714
Rred (%)/n0. of reflections 28.5/699
no. of non-hydrogen atoms 1052
rms deviation from ideal values
bond length (A) 0.010
bond angle (deg) 1.4
improper angle (deg) 0.79
dihedral angle (deg) 19.2
averageB-factor (A2) 93.1

2Values in parentheses are for the highest resolution®aerge = SnYilli(h) — D(h)VYrYli(h), whereli(h) is theith measurement aridi(h)(]
is the mean of all measurementsl¢t) for Miller indices h. ¢ Values are[{AF)2[¥%/[F2¥2, whereAF is the dispersive (off-diagonal elements) or
Bijvoet difference (diagonal elements) computed between 50 and 3.5 A resoRtkD phasing power is defined aglFp — Fn|20/¢@P(¢)(|Fy
explp) + AFy| — Fp)’dg]Y?, whereP(¢) is the experimental phase probability distributiét, is the amplitude of the structure factor at the
reference wavelengthy, Fp corresponds to the structure factor at wavelergifindicated by a superscript+”) or its Friedel mate (indicated by
a superscript +”), and AFy is the difference in heavy atom structure factors between the two wavelengths. Similarly, the phasing power of a
derivative is defined between the derivative and native dd&a, = Y n|Fr — Fpul/> nFp, WhereFr andFpy are the observed structure factor amplitudes
of the native and derivative data sets, respectiVeR¢uis= > nlFpn &= Fp| — Ful/ShFen = Fp|, WhereFy is amplitude of the calculated structural
factor for the heavy aton?.R =  (F, — kF¢)/3 Fo; all reflections ofF > 0 in the resolution range were included.

of helices in the primary sequence of the GAT dom&n (  (35). In contrast, crystal packing of the GAT molecules
5), reflecting a dominant helical content. A structural resulted in less compact interhelix interactions between
homology search with the online program Dali (at http:// symmetry-related molecules.

www2.ebi.ac.uk/dali/), however, did not produce a useful The molecular surface of the GGAL1 GAT domain exhib-
guide for the model building of the current structure. The ited a nonrandom electric charge distribution (Figure 3a).
overall shape of the refined model was dominated by the 47 Along the long dimension, on one side of the molecule were
residue long helix A2, with the longest dimension of the basic residues Arg 191, Lys 195, Lys 198, Lys 206, Lys
protein molecule being over 80 A. The helix A1 and 250, Arg 255, Arg 258, Arg 265, Lys 295, and Arg 299,
N-terminal half of A2 participated in a helixoop—helix which collectively formed a long patch of positive charges.
structure. The C-terminal half of A2 and helices A3 and A4 Clustered on the opposite side surface, including the loop
formed a left-hand twisted three-helix bundle. The long helix region connecting helices A3 and A4, were acidic residues
A2 was slightly curved+{17°), and the helix A3 had a 28 Glu 172, Glu 173, Glu 203, Asp 204, Glu 271, Asp 274,
kink around the fairly conserved Pro 261. The angle betweenGlu 275, Glu 279, and Asp 285. The residues participating

the two helix axes in the helixloop—helix motif was 35, in the positively charged strip on the GGAL1 GAT surface
and their distance was 8.6 A. The left-hand twisted three- are not conserved among GGA proteins, thus suggesting that
helix bundle had interhelix angles ranging from°26 32 these charges are nonessential to common GGA functions.

and interhelix distances between 9.1 and 9.5 A, consistentin contrast, the acidic cluster in the loop between helices
with previously reported statistics on interhelix geometry A3 and A4 is well conserved, although its function remains
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Ficure 2: Three-dimensional structure of the GGA1 GAT domain. (a) Stereoview of a ribbon presentation of the overall structure. Helices
are labeled as A2A4. (b) Representative region of the experimental electron density map. A 2.8 A map, initially phased with a combination
of SIR and MAD methods and enhanced by solvent flattening, is contoured at 1.0 standard deviation and superimposed with the final
refined model. These figures were produced with the program MolSe¥ipt (

unclear at the present. Most of the hydrophobic residues wereGAT?1-326 were constructed, which contain the N-terminal
located inside the core of the N-terminal hetioop—helix helix—loop—helix and C-terminal three-helix bundle motifs,
motif and the C-terminal three-helix bundle, consistent with respectively. The C-terminal rabaptin5 fragment, consisting
the fact that GAT is an independently folded domain. There of residues 553826, has previously been shown to be
were, however, two large hydrophobic patches on the GAT responsible for the GAT binding). Therefore, we carried
surface that were involved in crystal contacts, thus excluded out a GST-mediated pull-down experiment to identify the
from solvent exposure. The first one consisted of the structural motif in GGA1 GAT that interacts with the
conserved residues Leu 182, Leu 190, lle 197, and Val 201, recombinant rabaptin5 fragment, rabapt5?2é (Figure 4).
which were located on one side of the heliwop—helix The result demonstrated that, under the experimental condi-
motif (Figure 3b). Located within the C-terminal three-helix tion, the C-terminal three-helix bundle of GGA1 GAT binds
bundle, the second patch consisted of residues Pro 261, Phéo rabaptin8® 8% (lane 4 in Figure 4) with an affinity
264, Leu 277, and Leu 281, most of which are conserved, comparable to that of the full-length GAT (lane 2). In
at least among human GGAB. This latter region was  contrast, the recombinant protein of the N-terminal helix
packed around the crystallographic 3-fold axis, with the three loop—helix motif alone lost binding ability toward rabaptins
phenylalanine side chains pointed toward each other. The(lane 3).
functional significance of the first hydrophobic region will
be discussed later. DISCUSSION
The Three-Helix Bundle Motif of GGA1 GAT Is Sufficient  The GGA GAT domain has been demonstrated to directly
To Bind with the Rabaptin5 C-Terminal FragmeBecause interact with ARFs 15) and rabaptin5§). The binding of
a number of mutagenesis experiments reported in the ARF is necessary and sufficient to recruit GGAs to the TGN
literature concur with the conclusion that the N-terminal half membranes in mammalian cells, while the binding of
of the GAT domain is responsible for the ARF bindirly ( rabaptin5 has been taken as an implication of involvement
15, 36), we focused our effort on identification of the in the membrane fusion. Our current structure lends some
rabaptin5 binding motif in GGA1 GAT. Besides the full- insight into the possible functional surface of the GAT
length GAT domain, two truncation mutants, GET?°and domain that participates in these interactions. Overall, the
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FIGURe 4: Analysis of the GAT-rabaptin5 interaction. GST-
mediated pull-down assays were carried out between recombinant
rabaptin3°1-826and GST-GGAL1 GAT variants. An aliquot of each
pull-down sample was subjected to SPBAGE. The gel was
subsequently stained with Coomassie Blue. Multiple repeats of this
experiment yielded essentially identical results.

GAT regions in ARF binding, such a possibility cannot be
ruled out. However, their effects, if they exist, are likely to
be small because truncation mutagenesis experiments have
demonstrated that GGA fragments of residue®26 and
170-232 individually retain ARF-binding abilityS, 15); the
overlap region of these two fragments roughly coincides with
the N-terminal helix-loop—helix motif of our GAT crystal
Ficure 3: Molecular surface model of GGAL GAT. (a) The overall structure. In addition, the dlmer_13|ons Of an ARF molecule
structure. The color intensity corresponds to the calculated elec-are ~30 x 30 x 40 A (37), while the distance from the
trostatic potential from-8 kT/e (intense red) te-8 kT/e (intense center of the hydrophobic patch to the proximal end of the
blue). The orientation of the left figure is about the same as that of three-helix bundle in GAT is over 20 A. Therefore, it is
Figure 2a, and the right one is roughly a 18@tation about a ~pjikely that the globular ARF molecule could have extensive
vertical axis from the left one. Some conservative charged residues. . . - .
are labeled. (b) A putative ARF-binding site. A worm model for interactions with both the N- and C-terminal motifs of the

the GAT backbone is superimposed on the semitransparent mo-€longated GAT domain simultaneously, unless it bends
lecular surface model. Selected side chains are shown as sticksignificantly from the current structure, which has no
models. Residues potentially interacting with ARF are labeled in supporting evidence at this time.

black, together with Glu 172 and Lys 198 as positional references | the ARF molecule. the main GAT-binding region has
to the figures in panel a. These figures were produced with the - o RSN . . - .
program GRASP48). been identified within the switch | region (i.e., reS|dues—45_

54) 38). From the crystal structure of GTP-bound ARF1, it
elongated shape of the current structure of the GGA1 GAT is clear that the switch | and its surrounding region are
domain is consistent with its multifunctional roles. A number predominantly hydrophobic in nature, lending the possibility
of biochemical and mutagenesis studies, including severalof a direct interaction with the helixloop—helix motif in
truncation constructs of varied length in the GAT domain, GAT. This ARF region is conserved in sequen88)(but is
have suggested that the ARF-binding affinity is confined to known to assume different conformations, depending on the
a region in the primary sequence that corresponds to heliceshinding of either GTP or GDP4Q), and to change the solvent
Al and A2 as well as their connecting loap 6, 15). This accessibility of some residues including Phe 51, which is
region contains the most conserved amino acid sequence iressential for GAT binding38). It is also interesting to note
the GAT domains among members of the GGA family (see that GGA proteins do not bind ARF homologues such as
Figure 1), consistent with their common function, i.e., ARF Arll and Arl2 (41), despite their 4650% sequence identity
binding. Furthermore, single point mutations at positions Leu with ARFs and the well-conserved sequence within the
178, Leu 182, Pro 187, Glu 188, Ala 193, Asn 194, and Val switch | region. Comparison of the GTP-bound Arl2 crystal
201, which are located within this most conserved region, structures (PDB code 1ksg#2) with that of ARF shows
result in a disruption of ARF bindings( 15, 36). They are that the main chain of residues-383 in ARF is significantly
positioned on the same side of the hellgop—helix motif different from the corresponding part in Arf2, in addition to
and form a flat, mostly hydrophobic surface. In contrast, their amino acid sequence difference around this region (i.e.,
mutation of Asp 189 (e.g., D189A), located outside of this ¥LKLGE IVTTI PTIGF NV*>3 of ARF versus®*NGED
hydrophobic patch, has no effect on activities related to ARF VEIIS PTLGF NF? of Arl2). Furthermore, the same region
binding 6). When combining all the evidence, it seems in ARF1 exhibits significant conformational changes between
reasonable to hypothesize that this hydrophobic patchits GTP- and GDP-bound forms, supporting the notion that
constitutes the primary ARF-binding site. Although the this region is an integral part of the GAT-binding site in
current structure does not suggest the involvement of otherARF.
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Rabaptin5~100 kDa in its monomeric form, has recently 2.

been shown to directly interact with the GAT domain of
GGAs (). In contrast with the monomeric GGAZ,@@), the
active form of rabaptin5 is apparently a homodiméBs)(

The region of rabaptin5 primarily responsible for interaction 3.

with GAT is the coiled-coil region of residues551—-661,
with additional interaction supported by a C-terminal segment
(6). In this study, we present evidence that a GAT domain
interacts with rabaptin5 through the GAT C-terminal three-
helix bundle. This observation confers a potentially important
function to this previously vague region in the elongated
GAT domain. The strength of the GAdrabaptin5 interaction

(see Figure 4) and the observation that rabaptin5 promotes 6.

conveyance of cargo from GGA-containing carriers into early
endosomes argue that such interaction is biologically relevant -
(6). It has also been implicated that rabaptin5 and its
associated proteins may interfere with the GGRRF
interaction 6). Although direct evidence remains to be
demonstrated, our crystal structure of the GAT domain
suggests that such an interference is structurally feasible,

especially considering that both GGA and rabaptin5 are 9

multidomain proteins and involved in multimeric complexes.

In view of the varied responses among GGAs to rabaptin5 1q.

interaction 6), their amino acid sequence variation in the
three-helix bundle region is likely to provide clues to more
details on the interaction and to the functional difference
among GGA proteins in different intracellular trafficking

pathways. More biochemical and structural studies along this 12.

direction would clearly be desirable.
The sequence alignment of GGA proteins (see Figure 1)

suggests that their GAT domains are well conserved, as most 13.

of the insertions/deletions occur in loop regions between
helices. A shorter A2 helix, by about one turn, is seen only 14
in two yeast proteins. While the VHS domains in TOM1
and GGA are homologous in sequendd)( this similarity

can be extended to only part of the GAT domain, corre-
sponding to the three-helix bundle region but not in the
N-terminal helix-loop—helix motif (Figure 1) 2). Further-
more, TOM1 does not seem to have a helical conformation
at all in the region corresponding to the N-terminal half of
the long helix A2, since six proline residues reside in this
region. These observations are consistent with the notion that
the helix-loop—helix motif in GGA GAT is responsible for

the interaction with ARF; thus for regulating trafficking from
the TGN, neither one is a function for TOM%)( Recently,

two crystal structures of the human GGA1 GAT domain were
deposited to the Protein Data Bank. One structure [PDB file
1naf @5)] contains essentially the same regions that we report
here, and the other (Inwm) misses the N-terminal helix AL. ,,
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