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Abstract

Arf GTPase activating (ArfGAP) proteins are critical regulatory and effector proteins in membrane
trafficking pathways. Budding yeast contain two ArfGAP proteins (Gcsl and Glo3) implicated in
COPI coat function at the Golgi, and yeast require Glo3 catalytic function for viability. A new X-
ray crystal structure of the Glo3 GAP domain was determined at 2.1 A resolution using molecular
replacement methods. The structure reveals a Cyss-family zinc finger motif with an invariant
residue (R59) positioned to act as an “arginine finger” during catalysis. Comparisons among
eukaryotic GAP domains show a key difference between ArfGAP1 and ArfGAP2/3 family
members in the final helix located within the domain. Conservation at both the sequence and
structural levels suggest the Glo3 GAP domain interacts with yeast Arfl switch | and Il regions to
promote catalysis. Together, the structural data presented here provide additional evidence for
placing Glo3 near Arfl triads within membrane-assembled COPI coats and further support the
molecular niche model for COPI coat regulation by ArfGAPs.

Introduction

Arf GTPase activating (ArfGAP) proteins comprise a family of regulatory and effector
proteins defined by the presence of the ArfGAP domain (approximately 130-150 amino
acids in length). ArfGAPs are found across eukaryotes: yeast contain five ArfGAPs, while
mammalian cells contain over thirtyl. ArfGAPs utilize their GAP domains to promote GTP
hydrolysis on small GTPases in the Arf family24. Arf proteins are subclassified based on
sequence homology and structural features.3 Arfs undergo well-documented conformational
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changes in their switch | and switch II regions upon shifting nucleotide state®8 when a g
hairpin between switch | and switch 11 allows communication from the protein N-terminus
to the nucleotide binding site. In general, structural evidence suggests catalytic activity by
GAP domains’ relies on two key residues: an invariant “arginine finger” residue in the GAP
and a conserved catalytic glutamine residue in its cognate GTPase. When GAP domains
bind a GTPase, the GAP stabilizes the otherwise flexible switch 11 region, which in turn
allows the catalytic glutamine residue to align a nucleophilic water molecule and promote
hydrolysis’.

There are eleven ArfGAP subfamilies3, and members of two ArfGAP families specifically
bind and regulate the small GTPase, Arfl. Arfl plays critical roles in multiple membrane
trafficking pathways mediated by vesicular coats, including a role in inducing membrane
curvature®. On the Golgi apparatus, Arf1(GTP) recruits multiple coat protein complexes to
promote and regulate vesicle formation®. Intrinsic GTP hydrolysis on Arf1 occurs slowly20,
so ArfGAPs are needed in cells to promote timely hydrolysis. ArfGAP proteins are critical
regulators and effectors of COPI coat function. COPI11-13 s essential for vesicular
membrane trafficking in eukaryotes and has many established roles, including retrieval of
endoplasmic reticulum (ER) proteins from the Golgi; ER/Golgi protein cycling; retrogradel4
and anterogradel® trafficking within the Golgi stack; cargo recycling from endosomes to the
TGN16; and organelle localization and cell shapel’. Despite their cellular importance, the
precise molecular role of ArfGAPs in regulating coats remains poorly understood. ArfGAPs
are implicated in COPI coat assembly18:19; cargo/SNARE sorting?%-22; and coat
disassembly23, Budding yeast contain two essential ArfGAP proteins, Glo3 and Ges1, which
have overlapping functions?4. Both yeast ArfGAPs have homologs/orthologs in mammalian
cells: Gesl corresponds to ArfGAP1, while Glo3 corresponds to the ArfGAP2/3 family?.
Yeast tolerate deletion of either the GLO3 or GCS1 genes individually but deletion of both is
lethal?>,

Glo3 has been shown to play important roles in COPI coat assembly, including cargo
selection and SNARE binding through its BoCCS (Binding of Coatomer, Cargo, and
SNARES) region?2. Yeast require both a functional Glo3 GAP domain?2:26 and BoCCS
region?2. Recent data indicate yeast require Glo3 GAP activity,1926 because strains
harboring the GAP-dead version of Glo3 (R59K) are not viable, even in the presence of
Gces126, Biochemical data using yeast cell lysates28 suggest only Glo3 stably associates with
the COPI coat, although Gcsl is also proposed to interact with COPI through a short
hydrophobic motif27. Recent studies from the Briggs and Schwappach labs together
proposed the “molecular niche” hypothesis: this suggests Gesl (ArfGAPL) and Glo3
(ArfGAP2/3) occupy different positions within assembled COPI coats26:28, Taken together,
data indicate the ArfGAP1 and ArfGAP2/3 families may exhibit separation of function.

There are limited published structural data available on ArfGAP proteins that engage COPI
coats. This work reports the first X-ray crystal structure of the yeast Glo3 GAP domain
(residues 1-150). The structure reveals a Cyss-type zinc finger motif and the position of the
invariant arginine residues (R59) essential for function in budding yeast?®. As expected, the
Glo3 GAP domain exhibits sequence and structural similarity to other GAP domains in the
ArfGAP family. However, comparison among available structures reveals ArfGAP2/3 family
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members contain an extended helix a6 as compared to ArfGAP1 domains. Combining
sequence and structural conservation with modeling suggests how Glo3 GAP likely engages
Arfl(GTP) using a highly conserved interface. This new structure provides evidence for
placement of the Glo3 GAP domain within assembled COPI coats on membranes and
further supports the recently proposed molecular niche model26.

X-ray crystal structure of Glo3 GAP domain

We determined the structure of the S. cerevisiae Glo3 GAP domain (residues 1-150; Figure
S1) to 2.1 A resolution (Figure 1A; Table 1; Figure S1) using molecular replacement
methods with human ArfGAP2 (PDB ID: 2P57; unpublished model) as an initial search
model. Crystals belonged to space group ~21 and contained four molecules in the
asymmetric unit. All four copies show clear and well-ordered density from residues 8 to
145; additional density for residues 4-7 is visible in chain B only (representative
experimental and final refined maps available in Figure S2). There is no significant
difference between the four copies, and they overlay with an root mean square deviation
(RMSD) value of 0.58 A in CCP4 Superpose?®. Following several rounds of iterative
refinement in PHENIX39:31  the final model demonstrated excellent overall geometry (Table
1) with 99% residues in Ramachandran favored regions and final Ryyork/Rfree Values of
0.191/0.247.

Overall, the Glo3 GAP domain (Figure 1A) is composed of a central core of five p-strands
and six a-helices. Secondary structure prediction (PSIPRED32) successfully predicted all six
helices but failed to predict the first three very short g-strands (B1, 2, f3). An additional
short strand was predicted (not shown) following helix a6, which we were unable to
visualize in the density. Strand B3 makes hydrogen bonding contacts with 4 and 5 to form
the central three-stranded B sheet. The Glo3 GAP domain comprises a Cys, zinc finger
containing the sequence C-XX-C-X15-C-XX-C. The zinc finger is composed of three
strands (B1, B2, p4) together with adjoining loops and the N-terminal end of helix a2. The
zinc ion is tetrahedrally coordinated by four conserved cysteine residues (Cys31, Cys34,
Cys51, and Cys54), which each exhibit a distance between 2.3-2.5 A from the zinc ion. The
domain further contains a conserved arginine residue (R59) located in helix a2. This residue
is predicted to act as an “arginine finger” during Arf1 catalysis33, and comparison among
GAP structures reveals it is well-positioned to play this role (see next section).

Comparison among ArfGAP domain structures

We compared the Glo3 GAP domain with thirteen ArfGAP domain structures deposited in
the PDB using CCP4 Superpose?? (Table 2) and ConSurf to evaluate conservation (Figure
2A); many of the available structures were deposited but remain unpublished. We first
compared domains at the overall secondary structural level. Glo3 GAP is most similar to
human ArfGAP2 (also called ZNF289; PDB ID: 2P57) and £, falciparum ArfGAP (PDB ID:
3SUB) based on overall RMSD (RMSD: 1.4 A; Table 2). All thirteen structures align well in
the region that comprises the first four helices (a1l- a4) and p-strands (B1-4), while helices

Adv Biol Regul. Author manuscript; available in PMC 2022 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xie et al.

Page 4

a5 and a6 in the C-termini exhibit more variability. Globally, the Glo3 GAP looks similar to
human GAP domains found in ArfGAP1, ArfGAP2, and ASAP3 (Figure 2B).

We further compared the highly conserved zinc finger core (Table 2) found in ArfGAP
domains; this specifically includes three p-sheets (B1, p2, p4), adjoining loops, and the N-
terminal end of helix a2. All ArfGAP domain zinc fingers align well with Glo3 GAP
domain (RMSD: 0.5-1.4 A; Table 2). As expected, the zinc finger is a conserved structural
feature among ArfGAP proteins.3*35 Furthermore, the invariant arginine residue (Glo3 R59)
proposed to act as a catalytic “arginine finger” is conserved at the both the sequence (Figure
S3A) and structural levels: this residue aligns very closely across multiple structures of GAP
domains deposited in the PDB (Figure S3A). This residue has previously been reported to
play either catalytic38 or structural roles3* (see Discussion) in different ArfGAP proteins.

However, there is one notable difference in the final helix located at the C-terminus of these
GAP domains (Figure S3B). Helix a6 is especially different among ArfGAPs proteins. The
GAP domains from multiple human ArfGAPs lack helix a6 altogether; examples include
ASAP3 (PDBs: 2B00, 3LVQ), SMAP1 (PDB: 2CRR), and ACAP1 (PDB: 3JUE). The
human ArfGAP, Hrb (PDBa: 2D9L, 20LM), contains an extremely short helix a6 with only
a single turn. All of these ArfGAP domains are found in human proteins that lie outside the
ArfGAP1 or ArfGAP2/3 families®.

In addition, there appears to be a difference between the ArfGAP1 and ArfGAP2/3 family
members. Two human ArfGAP1 crystal structures (PDBs: 3DWD, 3047) reveal only four
turns in helix a.6. In contrast, helix a6 in the Glo3 GAP domain contains six turns and is
thus longer (Figure S3B). Like Glo3, human ArfGAP2 (PDB ID: 2P57) and ArfGAP3 (PDB
ID: 2CRW) each contain an extended helix a6. The ArfGAP3 structure (PDB: 2CRW) was
determined using NMR, and it is clear from the data where helix a6 ends and leads into a
region of high flexibility. The X-ray crystal structure of human ArfGAP2 is more
ambiguous; there are clearly five turns in helix a6, and the last few residues suggest one
more turn is possible. Overall, currently available GAP structures from different family
members support the idea that ArfGAP2/3 proteins may differ at the C-terminus of the GAP
domain, in addition to overall domain architecture. This has implications for COPI coat
assembly (see Discussion).

Generation of yeast Glo3 GAP/Arfl model

Controversy exists regarding how ArfGAP proteins engage Arf13437, This paper reports the
first yeast GAP domain structure, but there are two relevant published mammalian X-ray
structural models for Arf/ArfGAP interactions. The first is for murine ArffGAP1/Arf134
(PDB coordinates not available), and the second is for human ASAP3/Arf636 (PDB ID:
3LVQ). We note ArfGAP1 is the mammalian homologue of yeast Gesl, which differs
structurally and functionally from Glo3. Overall, the two models differ in where the GAP
domain binds its Arf. Briefly, we combined conservation analysis in Consurf38 with
structural modeling in CCP4MG3®. We propose the yeast Glo3 GAP/Arf1 interaction
(Figure 3) likely resembles the ASAP3/Arf6 interaction, and this model has implications for
assembly within the COPI coat on membranes (see Discussion; Figure 4).
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The mouse ArfGAP1/Arf1 co-crystal X-ray structure34 reveals ArfGAP1 binds Arf1 on a
surface located away from the central zinc finger; in this model, coatomer was proposed to
provide the arginine finger required for catalysis. Specifically, ArfGAP1 binds the Arfl
switch 1 region and helix a3, which are located on the opposite face from the zinc finger,
and does not engage switch I. The Arfl switch Il interaction occurs via ArfGAP1 residues
located on helices a3 and a6 (residues K68, 170, A116, E120, K122). This switch |1
interaction appears unlikely to happen with Glo3, because some residues are not conserved
(K68, 170) while others have no equivalent.

The second part of the interaction requires both electrostatic and hydrophobic interactions
between ArfGAP1 and Arfl helix a3. The hydrophobic residues in ArfGAP1 (V54, H55,
and F58) are conserved in Glo3 (V63, H64, F67; Figure S3A), but critical ArfGAP1 residues
(R60, K68, and E71) that mediate salt bridge formation are not (Glo3 K69, T77, and N80).
The ArfGAP1 lysine (K68) and glutamate (E71) residues are conserved among ArfGAP1
family members (not shown), which highlights a potential sequence and structural difference
that delineates ArfGAP1 domains from the ArfGAP2/3 family and may have functional
implications.

The structure of ASAP3 with Arf6 reveals a different mechanism3”. In this model (Figure
S4), ASAP3 uses its zinc finger to bind Arf6 switch I and Il regions. ASAP3 GAP domain
residues contributing to the buried interface are located on sheets p1 and B3, helices a2 and
a4, and adjoining loops. The proposed arginine finger in ASAP3 is R469, which
corresponds to Glo3 R59 in sequence alignments and structural superposition (data not
shown). R469 protrudes into the active site, where it is positioned to act as an arginine finger
to further stabilize the transition state and orient the nucleophile during catalysis. This
ASAP3/Arf6 model3” is similar to reported interactions between Ras and RasGAP
proteins33.

The Glo3 GAP/Arf1 interaction appears more likely to resemble the ASAP3/Arf6
interaction (Figure 3; Figure S4). The most highly conserved portion of Glo3 GAP across
eukaryotes encompasses strands 3, p4, p5 and parts of helix a2. This region superposes
well with the ASAP3 GAP domain (Figure 2B), indicating both sequence and structural
conservation. Multiple ASAP3 residues required to interact with GTP-bound Arf6 switch |
and Il regions are conserved in the Glo3 GAP domain (residues Trp41, 11e52, Arg59, Val63,
Leu73, Asp74; Figure 3B). We generated a yeast ArflsAlFx model based on the Arf6eAlFx
structure (3VLQ) using MODELLER?0. This model superposes well (RMSD = 0.66 A) with
an X-ray structure of human GTP-bound Arfl (PDB ID: 2J59), and Arfl is highly conserved
across eukaryotes (sequence identity= 77 %; sequence similarity= 96%), which gives
confidence in this model for yeast Arf1(GTP). The model suggests key conserved Arfl
switch | (Thr45, 1le46, Pro47, 11e48) and switch Il residues (GIn71, Asp72, Arg73) are
positioned to interact with Glo3 (Figure 3B). The ASAP3 GAP domain was reported to
promote hydrolysis on Arf137, lending further support to this model. Overall, we favor this
model, but there are some caveats (see Discussion).
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Discussion

Differences among ArfGAP proteins.

ArfGAP domains contain a C4-type zinc finger motif and conserved arginine residue that
may act as an “arginine finger” during catalysis. Based on structures for GAP domains that
act on Ras and Rab GTPases’, these structural features have been proposed to explain
catalysis on Arf1. However, an X-ray structure of mammalian ArfGAP1 with Arf134
suggested the zinc finger played a structural rather than catalytic role. There are currently no
structural data for yeast Gesl, but there are multiple structures for the GAP domain in
human ArfGAP1, which is thought to be functionally equivalent! to yeast Gesi.

The Glo3 GAP structure presented here adds the first GAP structure for yeast ArfGAP
domains and allows comparison among eukaryotic ArfGAP1 and ArfGAP2/3 family
members. The conserved invariant arginine has now been visualized in multiple structures
and appears to occupy the same position in GAP domains found in a variety of ArfGAPs
(Figure S3A): data from yeast further suggest this is a catalytic arginine in Glo328. Together,
the Glo3 GAP domain structure and Arfl modeling in this work further support a canonical
role for this residue as the “arginine finger” required for catalysis. In contast, data from yeast
suggest Ges1 GAP activity is non-essential?8, and alignments reveal ArfGAP1 and
ArfGAP2/3 family members have diverged in sequence immediately following the invariant
arginine. Together, these data may further support the proposed structural role for this
residue in the published mammalian ArfGAP1/Arf1 structure34. However, it should be noted
this structure was determined in the presence of GDP (rather than GTP) and therefore
depicts product rather than a transition state. Finally, there are conflicting data regarding
whether or not COPI is required to promote catalysis by either ArfGAP134 or ArfGAP34! jn
vitro. It will be important to follow up with structural and biophysical studies in yeast.

Structural comparisons suggest there may be one difference in GAP domains from different
families: ArfGAP1 family members appear to have a shorter helix a6 than do ArfGAP2/3
members (Figure S3B). The presence of this extended helix in Glo3 has important
implications for where it can be accommodated in the membrane-assembled COPI coat (see
below).

Model for Arfl binding.

The zinc finger catalytic core and potential Arfl binding residues are highly conserved in
Glo3 GAP domain at both the sequence (Figure S3) and structural (Figure 2) levels, which
supports the model for Arfl binding proposed in Figure 3. However, there are caveats to this
proposed model. First, the model was generated using human ASAP3 GAP, which exhibits
some structural differences from Glo3 GAP. The Arf6 binding surface on ASAP3 (helix a2
and strand B5) is highly conserved with Glo3. The primary difference between the two
domains is that ASAP3 GAP lacks helix a6. Second, the overall domain architecture for
ASAP3 differs from Glo3. ASAP3 contains an ankyrin repeat domain following its GAP
domain, and some residues within the ankyrin domain make minor interactions with Arf6.
Glo3 does not contain an ankyrin domain, so there are no equivalent residues. Finally,
ASAP3 contains a calcium binding site; the GAP domain uses two residues (GIn479/
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Leu485) to coordinate a calcium ion. These residues are not conserved in Glo3 or other
ArfGAP2/3 family members. Overall, despite these differences, the key residues and surface
required for Arf binding are highly conserved between these two GAP proteins. Two
additional pieces of data further support the model: ASAP3 was reported to promote
catalysis on Arf136, and cryoET reconstructions28 (next section) from reconstituted
mammalian COPI show a similar binding mode.

Placement of Glo3 within membrane-assembled COPI coats.

The Glo3 GAP/Arf1 structural model presented in Figure 3 provides evidence for placement
of Glo3 GAP within the COPI coat (Figure 4). Based on cryo-electron tomographic
reconstructions from reconstituted coats, there are two proposed “types” of Arfl. The first
(called y-Arf126) forms a triad with roughly three-fold symmetry28:42 and is located
adjacent to p’-COP and y— COP subunits. The second (called B-Arfl) is located next to p-
COP subunits; this interaction has been visualized using both X-ray crystallography*3 and
cryo-electron tomography#2 (cryoET). The presence of these two Arfs is the basis for the
“molecular niche” model, which proposes that Ges1 binds B-Arfl and Glo3 binds y-Arf125,
This model places Gcesl near §-COP subunits, which is consistent with independent X-ray
crystal data.2’

The model presented here (Figure 4) supports cryoET reconstructions at low resolution
placing human ArfGAP2 adjacent to y-Arf128, since Glo3 is the yeast equivalent of
mammalian ArfGAP2. Superposing the yeast Glo3 GAP/Arfl model presented in Figure 3
onto y-Arfl located in triads reveals the Glo3 GAP domain could be accommodated at this
position (one copy within the triad is shown in Figure 4). In contrast, modeling suggests the
Glo3 GAP domain would experience clashes with the B-COP subunit while binding the p-
Arfl in multiple linkages (Figure S5); the GAP could only be accommodated at one
observed linkage (linkage 1V; Figure S6). In particular, the extended helix a6 in Glo3
appears to clash with p-COP (Figure S5A). Dodonova and colleagues reported the
ArfGAP1/Arf1 interaction3* could not be accommodated at the y-Arf1 site in reconstituted
COPI coats?8. Together, current structural data from multiple groups support the molecular
niche model, in which Glo3 (ArfGAP2/3 in humans) binds -y-Arfl. It remains to be
confirmed structurally whether Ges1 or ArfGAP1 specifically binds p-Arfl, and it will be
important to test these structural hypotheses /n vitroand in vivoe.

Overall, in yeast, Glo3 appears to be the ArfGAP required for cell viability and function:
GAP-dead Glo3 (R59K) cells cannot survive?®, while GAP-dead Ges1 (R54K) cells are
viable. The structural data presented here further support this invariant residue acting as the
arginine finger required for catalysis. Data increasingly suggest Glo3 plays the more vital
role in COPI coat function. One intepretation is that Glo3 is required to hydrolyze
Arfl(GTP) to promote coat recycling, although Glo3 certainly has additional important
functions22. The Glo3 GAP-dead mutant may “lock” assembled COPI coats onto
membranes since Glo3 is known to stably associate with COP125, thereby preventing
recycling of a coat that is essential for cellular function. Further structural studies on
complexes will be required to understand molecular details of how Glo3 regulates coat
assembly and function.
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Materials and Methods.

Reagents.

Unless noted otherwise, all chemicals were purchased from Sigma (St. Louis, MO).

Cloning and plasmids.

An C-terminal GST-tagged fusion protein of Glo3 GAP domain (residues 1-150) was sub-
cloned from full-length Glo3 into Ndel/BamHI sites of in-house vector pMWGST under
control of a T7 promoter; this vector is a modified form of pMW17244. Full-length S.
cerevisiae Glo3 was amplified by PCR from cDNA generated from the yeast genome kindly
provided by the Graham lab (Vanderbilt University).

Protein expression and purification.

S. cerevisiae Glo3 GAP domain (residues 1-150) was expressed in and purified from
BL21(DE3)pLysS cells (Invitrogen) for 16 to 20 hours at 22°C following induction with 0.4
mM lIsopropyl -D-1-thiogalactopyronoside (IPTG) at ODggg = 1.0. The protein was
purified in buffer containing 10 mM HEPES (pH 7.5), 200 mM NaCl, 1 mM DTT with
AEBSF protease inhibitor (Calbiochem) used at all stages of purification. Cells were lysed
by a disruptor (Constant System Limited), and proteins were affinity purified using
glutathione sepharose (GE Healthcare) in the purification buffer. The GST-tagged protein
was cleaved overnight at 4°C by thrombin protease (Recothrom, The Medicine Company)
and batch eluted. Eluted protein was further purified by gel filtration on a Superdex S200
Increase 10/300 GL column (GE Healthcare).

Crystallization and structure determination.

Purified yeast Glo3 GAP domain (residues 1-150) was concentrated to 5-10 mg/mL and
crystallized in 2.0 M ammonium sulfate and 0.1 M sodium acetate pH 4.6 (Molecular
Dimensions screen GCSG+ condition 35). Crystallization trays were set up using 400 nL
drops on a Mosquito robot (LLP Lab Tech). Crystals were harvested directly from 96-well
plates into 500 nL drops in reservoir buffer plus 25% glycerol for cryo-protection.
Crystallographic datasets were collected at Argonne National Laboratory, sector LS-CAT,
beamline 21-1D-D, from crystals flash frozen by plunging into liquid nitrogen. Data were
collected at a wavelength of A=1.77 A. Crystals diffracted to 2.07 A resolution and were of
monoclinic space group £2; with unit cell dimensionsa=54.4A b=740A c=779A, a
=90.00°, B = 105.34°, y = 90.00°. The data were integrated and merged in HKL2000%® and
further processed using the CCP446 and PHENIX3! suites. The structure was phased using
molecular replacement methods in Phaser4” with the GAP domain from human ArfGAP2 as
an initial model (PDB ID: 2P57). The Glo3 GAP model was first built using PHENIX
AutoBuild*8. Additional rounds of manual model building were undertaken in Coot*® with
iterative rounds of refinement using in PHENIX. Structure coordinates and maps have been
deposited at the PDB (PDB ID: 7JTZ)
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Sequence alignments.

In order to map conservation, GAP domain sequences from the ArfGAP1 and ArfGAP2/3
sub-families were aligned using Praline®0. The following species were used in alignments:
S. cerevisiae, S. pombe, C. thermophilum, D. discoideum, C. elegans, A. thaliana, D.
melanogaster, D. rerio, X. laevis, M. musculus, and H. sapiens. A spreadsheet containing
accession numbers for all genes used in the alignments is provided as Table 3.

Structural comparisons and visualization.

Superpose?? in the CCP4 suite was used to compare structures of Glo3 GAP domain with
other ArfGAP domains deposited in the PDB. The SSM algorithm was used to align the
structures, and to determine RMSD and number of residues aligned between structures. The
structure comparison was carried out on the complete GAP domain based on the overall
secondary structure, as well as on the catalytic core (defined as Glo3 residues 27 — 65),
which includes the zinc finger and arginine finger. All structural images or electron density
maps presented in figures were generated using either the CCP4 Molecular Graphics
(CCP4MG) program3? or Coot*°.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Glo3 GAP domain X-ray crystal structure.
(A) The Glo3 GAP domain (residues 1-150) X-ray crystal structure determined at 2.1 A

resolution is shown as a ribbon diagram with N- and C-termini, coordinated zinc ion (grey
sphere), and conserved residues (Arg59, Cys residues as red cylinders) highlighted. (B)
Close-up view of zinc finger: the conserved Arg59 side chain is shown as cylinders, and the
location of the zinc ion (Zn%*) within the zinc finger is shown as a grey sphere coordinated
to four Cys residues. (C) The Glo3 GAP sequence marked with secondary structural
elements. The GAP domain contains six a-helices and five p-strands.
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Figure 2. Glo3 GAP domain structural conservation.
(A) Two views (rotated 90 degrees) showing overall Glo3 GAP conservation mapped onto

its X-ray crystal structure (shown as a surface). Grey areas denote no conservation, while
purple represents identity. (B) Two views (rotated 90 degrees) showing overall structural
conservation between yeast Glo3 GAP and three human ArfGAP domain structures
(ArfGAP1, ArfGAP2, and ASAP3).
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Glo3 wa1 152 RS9 V63 K69 L72 D74 K75

Figure 3. Model for yeast Glo3 GAP binding to Arfl.
(A) Model of Glo3 GAP/yeast Arfl generated using ASAP3/Arf6 crystal structure as a

model (PDB: 3LVQ; Figure S4). Yeast Arfl (yArfl) is shown as pink ribbons and Glo3
GAP domain is shown as a surface colored by conservation. The predicted Arfl binding
interface (dark purple) is highly conserved in the Glo3 GAP domain, which supports a
model resembling the ASAP3/Arf6 interaction. The nucleotide from 3LVQ is shown as
transparent cylinders to denote its binding site. (B) Upper panel: Close-up view of Glo3
GAP/yArfl model interface; the nucleotide from 3LVQ is shown as transparent cylinders to
delineate the binding site. Lower panel: Residues in the proposed interaction interface are
conserved, including key Arf switch I and Il residues and the arginine finger in both GAP
domains (Glo3 Arg59/ASAP3 Arg469). Grey lines represent proposed molecular
interactions between Arf switch I/switch Il residues and their counterparts on each GAP
domain.
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Glo3GAP
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Figure 4. Model for Glo3 GAP domain within membrane-assembled COPI coats.
Model for the interaction of Glo3 GAP (red ribbons) with -y-Arfl (pink ribbons with N-

terminal amphipathic helix shown as cylinder). Two different Arfl positions are proposed in
COPI coats; this view represents one copy of -y-Arfl within a triad (see text for details). This
model shows Glo3 GAP acting on y-Arfl, which is located in Arfl triads found adjacent to
B’-COP subunits (blue ribbons; WD-repeat domains and solenoid). The -y-COP appendage
domain (green ribbons) is also shown. This model was generated by combining the Glo3
GAP/yArfl model presented in Figure 3 with cryoET reconstructions (PDB ID: 5NZS) of
reconstituted COPI coats. The Glo3 BoCCS region begins at the red dashed/dotted line. The
precise molecular position of the Glo3 BoCCS and GRM regions are unknown, but the
known Glo3 binding site on y-COP appendage domain is marked as a black circle. (Figure
S5 shows models for Glo3 GAP interacting with B-Arfl positions at different linkages
within the COPI coat.)
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Table 1.
Glo3 GAP crystallographic data collection and refinement statistics.

Values in parentheses refer to the highest resolution shell.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Data Collection Statistics

Beamline LSCAT-211DD

Space group P2

Wavelength (A) 1.77

abcA) 54.4,74.0,77.9

a, B, v (degrees) 90.0, 105.3, 90.0

Resolution range (A) 41.20 - 2.07

Rmerge 0.07785 (2.039)

Mean Vo/ 13.1 (0.80)

Completeness (%) 92.6

Multiplicity 2.0

CC1/2 0.876 (0.00377)

Total reflections 66787 (6852)

Unique reflections 34077 (3495)

Refinement

Resolution Range (A) 41.20 - 2.07

No. reflections 34077

Ruork/ Riree 0.191/0.247
Protein 4458
Ligands (glycerol, zinc) 16

Number of atoms
Solvent (water molecules) | 51
Wilson B-factor (A2) 37.47
Bond lengths (A) 0.007

R.M.S.D. from ideal values
Bond angles (°) 0.89
Favored region (%) 99.3
Allowed (%) 0.7

Ramachandran plot Outliers (%) 0
Rotamer outliers (%) 0.80
Average B-factor (A2) 50.92

PDB ID TZ
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Table 2.
Structural conservation among ArfGAP proteins.

Glo3 GAP domain was compared with thirteen structures deposited in the PDB. The whole GAP domain and
zinc finger core were compared using CCP4 Superpose. Root mean square deviation (r.m.s.d.) values are
reported in angstroms.
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PDB ID Protein(s) Species Overall Zinc finger “core”
rm.s.d. (A) rm.s.d. (A)

2P57 ArfGAP2 Homo sapiens 1.39 0.56
3suUB ArfGAP Plasmodium falciparum 14 0.52
3DWD ArfGAP1 Homo sapiens 151 0.57
2CRR SMAP1 Homo sapiens 1.74 0.76
20LM RIP/HRB Homo sapiens 1.75 1.32
2B0O ASAP3 Homo sapiens 1.77 0.53
3LVQ ASAP3/Arf6 homo sapiens 1.77 0.62
2CRW ArfGAP3 Homo sapiens 1.86 0.91
3047 ArfGAP1/Arfl Homo sapiens 1.86 0.64
20WA ArfGAP Cryptosporidium parvum 1.88 0.66
3JUE ACAP1 Homo sapiens 2.16 0.58
2D9L RIP/HRB Homo sapiens 2.2 1.46
3T9K ACAP1/integrin p1 Homo sapiens 2.24 0.76
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