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Abstract
Arf GAP2 is one of four Arf GAPs that function in the Golgi apparatus. We characterized the kinetics
of Arf GAP2 and its regulation. Purified Arf GAP2 had little activity compared to purified Arf GAP1.
Of the potential regulators we examined, coatomer had the greatest effect, stimulating activity one
to two orders of magnitude. The effect was biphasic, with half-maximal activation observed at 50
nM coatomer and activation peaking at ≈150 nM coatomer. Activation by coatomer was greater for
Arf GAP2 than has been reported for Arf GAP1. The effects of phosphoinositides and changes in
vesicle curvature on GAP activity were small compared to coatomer; however, both increased
coatomer-dependent activity. Peptides from p24 cargo proteins increased Arf GAP2 activity by an
additional 2- to 4-fold. The effect of cargo peptide was dependent on coatomer. Overexpressing the
cargo protein p25 decreased cellular Arf1•GTP levels. The differential sensitivity of Arf GAP1 and
Arf GAP2 to coatomer could coordinate their activities. Based on the common regulatory features
of Arf GAP1 and 2, we propose a mechanism for cargo selection in which GTP hydrolysis triggered
by cargo binding to the coat protein is coupled to coat polymerization.
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1. Introduction
The Golgi apparatus is central to post translational processing of a diverse group of
transmembrane and secreted proteins [1–3]. The function of the Golgi depends on membrane
traffic to selectively transport materials between the Golgi apparatus and target organelles,
including the retrograde transport from the Golgi apparatus to the endoplasmic reticulum. The
machinery that mediates membrane traffic from the Golgi has been identified and includes
vesicle coat proteins, phosphoinositides, Arf family GTP-binding proteins and the guanine
nucleotide exchange factors and GTPase-activating proteins (GAPs) that regulate Arf proteins
[2,4–8].

ADP-ribosylation factor 1 (Arf1) is a critical regulator of the Golgi apparatus and membrane
traffic from the Golgi [9,10]. Arf1 is a myristoylated GTP-binding protein. When bound to
GTP, Arf1 tightly associates with membranes. In the prevailing models of membrane traffic,
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vesicle coat proteins bind to membranes and drive the formation of transport intermediates
[2,4,11,12]. Coat proteins dissociate from the intermediates, which enables them to interact
with a target membrane. The cycle of coat protein binding and dissociation is linked to the
cycle of Arf1 binding to and hydrolyzing GTP. Arf1•GTP, which binds to membranes and to
coat proteins simultaneously, recruits coat proteins to membranes. Hydrolysis of GTP yields
Arf1•GDP, which does not tightly associate with membranes and does not bind coat proteins.
Coat proteins consequently dissociate from the membranes. Arf1, which does not have
detectable intrinsic GTPase activity, depends on GTPase-activating proteins (GAPs) for the
hydrolysis of GTP [8,13–15].

Arf GAPs induce the hydrolysis of GTP bound to Arf [8,10,14,15]. The reaction occurs on a
membrane surface to which Arf1•GTP is tightly bound. Humans have 31 genes that encode
proteins with Arf GAP domains [10,14,16]. Four Arf GAPs associate with the Golgi apparatus:
Arf GAP1, Arf GAP2, Arf GAP3 and ARAP1. Three of these, Arf GAP1, Arf GAP2 and Arf
GAP3, function with the coat protein coatomer [17–22]. Arf GAP1 differs from Arf GAP2 and
Arf GAP3 in two ways. First, Arf GAP1 contains Arf GAP lipid packing sensor (ALPS) motifs,
which sense the curvature of the membrane [23,24]. Second, Arf GAP2 and Arf GAP3 bind
coatomer more tightly than does Arf GAP1 [18].

The regulation of Arf GAP1 has been extensively studied [21,25–27]. Two mechanisms that
ensure GTP on Arf is hydrolyzed by Arf GAP1 after the polymerization of vesicle coat and
formation of a transport intermediate have been proposed. In one mechanism, Arf GAP1
activity is dependent on the vesicle coat protein coatomer and is inhibited by cargo. When
cargo is present, GTP hydrolysis is slowed allowing formation of a transport intermediate
[17,28]. In another proposed mechanism, Arf GAP1 senses defects in membrane surfaces
[23,24,29]. ALPS motifs are amphipathic helices that insert into the hydrophobic center of a
lipid bilayer. The hydrophobic center becomes available when the packing density of the lipid
head groups is decreased, which occurs when the curvature increases. In the model, Arf GAP1
is recruited to membranes when the curvature increases consequent to forming a transport
intermediate. Recruitment to the surface containing the substrate Arf1•GTP is the primary
means of regulating the GAP. This proposed regulatory mechanism does not link cargo sorting
to GAP activity. Phosphatidylinositol 4-phosphate (PI4P) is a lipid important to regulation of
the Golgi [3,5,30]. Although some Arf GAPs, such as ASAP1 and ARAP1, are regulated by
other phosphoinositides, Arf GAP1 has not been found to be affected by this class of lipid
[8,31].

Arf GAP2 has recently been reported to have coatomer dependent GAP activity [32,33]. Here,
we examined the effects of cargo, PI4P and curvature on coatomer-dependent Arf GAP2
activity. As previously described, GAP activity of Arf GAP2 was highly dependent on
coatomer [32,33], which increased activity by over 300-fold. The activation was biphasic as
described for Arf GAP1 and predicted based on coatomer functioning as an allosteric modifier
that can also sequester the substrate Arf1•GTP [22]. The magnitude of activation was greater
than for Arf GAP1 and was increased by both PI4P and increasing vesicle curvature. Different
than reported for Arf GAP1, cargo also stimulated activity. The effect of cargo was dependent
on coatomer. We conclude that cargo modulates coatomer-dependent Arf GAP activity and
we discuss a model for the formation of transport intermediates enriched in cargo.

2 Materials and Methods
2.1 Plasmids

[1–521] Arf GAP2 His6 was generated by PCR cloning of ArfGAP2 from Ultimate™ ORF
Clone IOH23017 (Invitrogen) into NdeI and BamHIsite of pET21b. Plasmids for cargo protein
pCB6-myc p23, pCB6-myc p24, pCB6-myc p25 are generous gifts from Dr. Jean Gruenberg.
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2.2 Protein purification
Human myrArf1 protein was expressed in and purified from bacteria as described [34]. His10
[325–724]ASAP1 and [1–415]Arf GAP1-His was expressed and purified asdescribed [22].
Coatomer was purified from rat liver according to [35]. [1–521] Arf GAP2 His6 was expressed
in E. coli and purified from inclusion bodies. One liter of the bacterial pellet was suspended in
50 ml of 20 mM TrisHCl pH 8.0 with one protease inhibitor tablet (Complete™, RocheApplied
Science), and then lysed using a French press operated at 12,000 psi. The lysate was spun at
10,000 × g for 10 min at 4° C. The pellet containing inclusion bodies was washed twice with
20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM DTT. The inclusion bodies were collected by
centrifugation at 10,000 × g for 10 min. The protein was solubilized in 24 ml of 20 mM Tris-
HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole and 6 M guanidine-HCl at room temperature.
After centrifuging the lysate at 10,000 × g for 10 min at 4° C, the supernatant was applied to
a 1ml His column (GE Healthcare), eluted using an imidazole gradient from 20 to 600 mM in
20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM DTT and 6 M guanidine-HCl. The fractions
containing Arf GAP2 protein were dialyzed against 20 mM Tris-HCl, pH 8.0, 500 mM NaCl
and 2 mM DTT at room temperature for 3 hrs. The precipitated protein was removed by
centrifugation at 100,000 × g at 4° C for 15 min. The supernatant was applied to a 1 ml mono
Q column (GE Healthcare) and proteins were eluted with a NaCl gradient from 0–1000 mM
in 25 mM Tris-HCl, pH 8.0 and 2 mM DTT.

2.3 Large Unilamellar Vesicles (LUVs)
Lipids were purchased from Avanti Polar Lipids. LUVs for most experiments were formed by
serial extrusion through filters with pore sizes of 1.0, 0.4, 0.1, 0.05, and 0.03 μm as described
[22,34,36] and consisted of 40% phosphatidylcholine (PC), 25% phosphatidylethanolamine
(PE), 15% phosphatidylserine (PS), 7.5% phosphatidylinositol(PI),10% cholesterol with 2.5%
phosphatidylinositol 4-phosphate (PI4P) or 2.5% phosphatidylinositol 4,5-bisphosphate
(PIP2). In some experiments, 10% PI was used without PI4P or PIP2.

2.4 GAP assays and kinetic analyses
To determine the C50 (the concentration of [1–521] Arf GAP2 His6 necessary for 50% of the
maximal observed hydrolysis of GTP bound to myrArf1 in a fixed time), Arf GAP was titrated
into a reaction mixture containing a total phospholipid concentration of 500 μM. For most
experiments, 0.6 μM Arf1•[α-32P]GTP were used as the substrate and the reaction was stopped
after 3 min. Coatomer titrations and cargo peptide titrations were done with a fixed
concentration of Arf GAP, [α32P]GTP•Arf1 as a substrate and a fixed time point assay. For
time courses, the amount Arf GAP2 and other additions are indicated in the figure legends. For
experiments using [α32P]GTP, the extent of hydrolysis was analyzed as described [13,37,38].
Saturation kinetics were performed as described following the reaction by changes in
fluorescence or by using [α32P]GTP•Arf1 as a substrate [22,34,37,39]. In the assay using
fluorescence, corrections were made for a time dependent change in fluorescence of Arf GAP2
and Arf GAP2 with coatomer.

2.5 Determination of Arf1•GTP levels in vivo
Cos7 cells were cultured in DMEM with 10% FBS and were transfected with plasmids directing
expression of Arf1-HA and myc tagged p25 as indicated. 24 hours after transfection, cellular
levels of Arf1•GTP were determined as described [40]. Briefly, purified recombinant GST (30
μg) or GST-GGA3 (30 μg) were immobilized on glutathione-Sepharose 4B beads for 1 hour
at room temperature. After 3 washes with ice-cold PBS, the immobilized GST fusion proteins
were incubated overnight at 4°C with equal amounts of lysates from Cos7 cells. The beads
were collected by centrifugation and washed 3 times with ice-cold PBS. Proteins were eluted
from the beads by boiling in SDS-PAGE sample buffer and detected by standard
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immunoblotting using rabbit anti-HA (Covance, PRB-101P) and rabbit anti-Myc (Covance
PRB-150P) antisera. Signals from the immunoblots were quantified by densitometric scanning
and the signals normalized to the Arf1 signal from a fixed quantity of the cell lysates.

2.6 Protein binding to LUVs
A coatomer enriched soluble fraction from rat liver was prepared. Frozen rat liver was lysed
in 25 mM Tris-HCl, pH 8.0, 500 mM KCl, 250 mM sucrose, 2 mM EGTA, 1mM DTT with
protease inhibitors using a Polytron™ homogenizer for 2 X 30 seconds. The lysate was clarified
by centrifugation at 15,000 × g at 4° C for 30 min. The supernatant was collected and clarified
by centrifugation at 100, 000 × g at 4° C for 1 hr. The supernatant from the 100,000 × g
centrifugation (30 mg/ml protein) was fractionated on a Superdex 200 column equilibrated and
run in 20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM DTT. Fractions containing coatomer were
pooled and used for the experiments. Sucrose loaded LUVs were prepared as described in
[36]. The LUVs (total lipid concentration was 1 mM) were incubated with 26 μg protein of the
coatomer enriched soluble fraction from rat liver and either no Arf or 0.5 μM
myrArf1•GTPγS in a total volume of 100 μl. The samples were incubated for 5 min at 30°C
and then the vesicles were separated from the bulk solution by centrifugation at 100,000 × g
for 15 min at 4°C. β-COP associated with the vesicles was determined by immunoblotting.
Purified Arf GAP2, at a concentration of 1 μM, was incubated with the LUVs under the same
conditions. Protein associated with the LUVs was fractionated by SDS-PAGE and visualized
with Coomassie Blue dye. Arf association with the vesicles was determined both by
immunoblotting and by staining with Coomassie Blue dye.

2.7 Peptides
2.7.1 Synthesis of palmitic acid-WRMRHLKSAAEAKKLV and
WRMRHLKSFFEAKKLV—N-α-9-fluorenylmethyloxycarbonyl (Fmoc) protected amino
acids and preloaded Fmoc-Valine Wang resin were purchased from Nobabiochem (San Diego
CA). Chemicals including palmitic acid and solvents were obtained from Sigma-Aldrich (St.
Louis, MO) and American bioanalytical (Natick, MA). Peptide syntheses were carried out by
solid-phase synthesis with an Applied Biosystem 431A peptide synthesizer. Peptides were
assembled on Wang resin using Fmoc synthetic strategy. Coupling was accomplished using
the HBTU-HOBt method. Coupling of palmitic acid at the N-terminus was performed with
diisopropylcarbodiimide, N-hydroxysuccinimide, and N-methylmorphorine. Cleavage of the
peptide from the resin was achieved with trifluoroacetic acid/water/ethanthiol/
triisopropylsilane (94/2.5/2.5/1, v/v%) for 3 hours at room temperature. After removing the
resin by filtration, the filtrate was concentrated by nitrogen gas flashing, and crude peptides
were precipitated by diethylether. Crude peptides were purified by using preparative RP-
HPLC. The homogeneities and structures of synthetic peptides were verified by analytical RP-
HPLC and MALDI-TOF MS.

2.7.2 Other peptides—Sequences of the peptides from p23, p24 and p25 cytoplasmic tails
are shown in Figure 6A. They were synthesized by AnaSpec, Inc (San Jose, CA).

3 Results
3.1 Purified Arf GAP2 is less active than purified Arf GAP1

We started our analysis by comparing enzymatic activity of Arf GAP1 and Arf GAP2. All of
our assays used large unilamellar vesicles (LUVs) as a reaction surface. LUVs were extruded
through either 1.0 μm or 0.03 μm pores, resulting in different size distributions [41]. Arf GAP2
and Arf GAP1 were titrated into reactions containing myrArf1 to determine the maximum
hydrolysis of GTP bound to myrArf1 and the amount of Arf GAP to achieve 50% of the
maximum observed hydrolysis (referred to as the C50) in a fixed period of time. Arf GAP2
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had little activity compared to purified Arf GAP1 (Figure 1A and Table 1). Arf GAP1 was
greater than 100-fold more active than Arf GAP2 (Figure 1A)1. The time dependence for GTP-
hydrolysis catalyzed by 3.4 μM Arf GAP2 was determined. The data were fit to a first order
rate equation. The rate constant was three-fold greater on the smaller vesicles than on the larger
vesicles (Figure 1B) but was less than 1/100th the kcat that has been determined for Arf GAP1
[22]. The effect of vesicle size on activity was not the result of differences in recruitment to
vesicles; we did not detect an effect of vesicle size on either Arf GAP2 or Arf1•GTP binding
to vesicles (not shown).

3.2 GAP activity of Arf GAP2 is dependent on coatomer
Purified Arf GAP2 might have low activity because activity is dependent on a regulatory
interaction. Arf GAPs have been found to be regulated by coat proteins and phospholipids. We
examined coatomer, a positive regulator of Arf GAP1 [17,22] that also binds to and activates
Arf GAP2 [18,32,33], and phosphoinositides as regulators of Arf GAP2 (Figure 2 and Table
1). Coatomer significantly stimulated activity, reducing the C50 and increasing the extent of
GTP hydrolysis (Figure 2A and Table 1). Phosphatidylinositol 4-phosphate (PI4P), which is
found in the transGolgi, had no effect by itself (Figure 2A and Table 1). Phosphatidylinositol
4,5-bisphosphate (PIP2) affected the extent of hydrolysis but not the C50 (Table 1); however,
PIP2 is not abundant in the Golgi and may not be relevant to Golgi function [5,30].

The possibility of synergy between coatomer, phosphoinositides and curvature was examined
(Figure 2B and C and Table 1). Phosphoinositides had small effects on coatomer-dependent
activity, increasing the extent of GTP hydrolysis by 2- to 4-fold. PI4P also reduced the C50
by 2-fold when coatomer was present. Although the magnitude of the effects was not sufficient
to conclude that the phosphoinositides have a regulatory role, we included PI4P in subsequent
assays to study the GAP reaction under optimal conditions. Similarly, curvature had a small
effect on coatomer dependent activity. The extent of GTP-hydrolysis was 2-fold greater with
LUVs extruded through 0.03 μm pores than with LUVs extruded through 1 μm pores.

The dependence of Arf GAP2 enzymatic activity on coatomer concentration was determined.
Consistent with the predictions from a model in which coatomer is an allosteric modifier of
the GAP activity and, at higher concentrations, can sequester the substrate Arf1•GTP [22], the
effect of coatomer was biphasic (Figure 3). The half maximal stimulatory effect was observed
with ≈ 50 nM coatomer. Activity peaked at 100 – 200 nM coatomer and diminished at coatomer
concentrations of greater than 500 nM. Maximum hydrolysis was greater and the second
inhibitory phase was smaller in the presence of the smaller LUVs than with the large LUVs.

Using optimal coatomer concentrations and lipid conditions, the kinetics of the Arf GAP2/
coatomer induced GTP hydrolysis were determined. First, the time dependence of hydrolysis
of GTP bound to Arf1 was examined. LUVs of two sizes were used (Figure 4A and B, Table
2. Note, the figure also includes data examining the effect of the cargo p25, which is discussed
in section 3.3). The rate of hydrolysis was greater with smaller vesicles. The data were fit to a
second order rate equation. The slow and fast rates were similar with both vesicle sizes;
however, a greater fraction of the GTP was hydrolyzed with the faster rate with the smaller
vesicles. The faster rate was 20- to 60-fold greater than the rate observed in the absence of
coatomer.

1The estimate of 100 fold more activity was based on the amount of enzyme required to achieve a fixed amount of hydrolysis. The C50
for Arf GAP1 was 31 and 35 nM for the two vesicle sizes. Therefore between 15 and 25 nM enzyme was required to achieve 25% – 40%
hydrolysis, the extent of hydrolysis observed with the highest concentration of Arf GAP2 used in the reaction, 3.4 μM. 3.4μM is more
than 100 fold greater than 25 nM.
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The second order rate observed in the time dependence might be related to the effect of vesicle
size. For instance, coatomer recruitment and productive interaction with Arf GAP2 might
depend on vesicle size. In this case, the heterogeneities in the vesicles [41] could result in
multiple rates. To test this possibility, coatomer association with vesicles of two different sizes
was measured. We found that coatomer binding to vesicles was dependent on Arf1•GTP, but
we did not detect a significant effect of vesicle size on coatomer binding (Figure 4C). Given
the heterogeneity of the sizes within a preparation of vesicles [41], we cannot completely
exclude differential binding based on size.

The two phases comprising the second order rate could also result from Arf1•GTP being
sequestered by coatomer or by being recruited to vesicles that did not contain Arf GAP2 with
coatomer. If sequestered by coatomer, slow release would account for the slow phase in the
progress curve. To test for sequestration, the time dependence of GTP hydrolysis was examined
at a concentration of Arf1•GTP that was much greater than the concentration of coatomer
(Figure 4D). If Arf1•GTP sequestration by coatomer were the reason for the slower rate,
increasing Arf concentration to significantly exceed the coatomer and Arf GAP2
concentrations should increase the fraction of GTP bound to Arf that was hydrolyzed with the
faster rate, which is what we found2. Together with the biphasic coatomer dependence, this
result supports the idea that some Arf is sequestered by coatomer. Also consistent with
sequestration by coatomer was the first order rate of hydrolysis observed in the absence of
coatomer (see Figure 1B). However, there were still two clearly distinguished phases at high
Arf concentrations, especially with larger LUVs, which favors the idea that coatomer, Arf
GAP2 and Arf1•GTP may be differentially recruited to vesicles based on size. Although we
were not able to conclusively address the molecular basis for the effect of vesicle size, the
results indicate that optimal activity is observed with the smaller vesicles, which we have used
to further characterize the enzyme.

We carried out saturation kinetics under optimal reaction conditions, ie. LUVs containing PI4P
and extruded through 0.03 μm pores (Figure 5 and Table 3). We used two different assays for
measuring GAP activity, which gave qualitatively similar results although there were
quantitative differences. In one assay, which is frequently used in the literature (eg. in ref
[22–24,32,33]), the conversion of Arf1•GTP to Arf1•GDP was followed by tryptophan
fluorescence. For this assay, changes in fluorescence on mixing Arf GAP2 with coatomer
independent of Arf1 were observed. At high concentrations of 2 In panels A and B, 100%
hydrolysis is 0.6 μM Arf1•GTP, which is less than the Km for the reaction (see Table 3). In
panel D, 100% is 6.7 μM Arf1•GTP, which is greater than the Km. Because the enzyme is
saturated, the fractional rates are slower in panel D than in panels A and B; however, the
absolute rate (ie. μM Arf1•GTP converted/sec) is faster at the higher Arf concentration. Arf
GAP2, its fluorescence changed on the time scale of the experiments. We corrected for these
changes and were able to follow a change in fluorescence dependent on Arf1. From those plots,
initial rates were determined, which were plotted against Arf concentration (Figure 5A–C and
Table 3). The data were fit to the Michaelis-Menten and Hill equations (apparent cooperativity
results from coatomer binding both the enzyme and the substrate, as described in [22]). The
Hill coefficient was not significantly greater than 1; therefore, we report the analysis using the
Michaelis-Menten equation. We found that coatomer decreased the Km and increased the
kcat (the kcat calculated from the Vmax is presented in Table 3) with an increase in enzymatic
power of approximately 30-fold. We also followed the reaction using [α32P]GTP•Arf1 as a
substrate (Figure 5D-F and Table 3). This method directly follows the hydrolysis of GTP. In
the absence of coatomer, we titrated up to 13 μM Arf1•GTP without achieving saturation. The

2In panels A and B, 100% hydrolysis is 0.6 μM Arf1•GTP, which is less than the Km for the reaction (see Table 3). In panel D, 100%
is 6.7 μM Arf1•GTP, which is greater than the Km. Because the enzyme is saturated, the fractional rates are slower in panel D than in
panels A and B; however, the absolute rate (ie.μM Arf1•GTP converted/sec) is faster at the higher Arf concentration.
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reaction saturated in the presence of coatomer. The Km was smaller and the kcat greater at
higher coatomer concentrations. We could not estimate the kcat in the absence of coatomer
because we could not reach a saturating concentration of Arf1•GTP; however, by comparing
the amount of Arf GAP2 required to achieve a rate at a given Arf1•GTP concentration, we
were able to estimate the increase in enzymatic power due to coatomer to be greater than 300-
fold. As a second means of determining if coatomer affected the Km, Arf GAP2 was titrated
into a reaction containing a fixed amount of coatomer and limiting Arf1•GTP (equations 1–3
in appendix) (Figure 5G). In this case, if the effect of coatomer were only on the kcat, ArfGAP2
that was not in complex with coatomer would bind to and sequester the substrate. Consequently,
the titration would be biphasic with an initial increase in GAP activity until all the coatomer
was in complex with Arf GAP2. At higher concentrations, activity would decrease. If there
were an effect on Km, the dependence on enzyme concentration would be hyperbolic. These
predictions are independent of substrate binding by coatomer. We found that the dependence
on Arf GAP2 was hyperbolic. Taken together, our results indicate coatomer decreases the
Km and increases the kcat for Arf GAP2 catalyzed hydrolysis of GTP bound to Arf1.

3.3 Peptides from p24 cargo proteins increase coatomer-dependent activity of Arf GAP2
Peptides derived from p24 cargo proteins have been reported to inhibit the activity of Arf
GAP1. We examined cargo peptides (Figure 6A) derived from three p24 family proteins: p23
(also called p24δ1), p24 (also called p24β1) and p25 (also called p24α2). p24 has been the
focus of previous studies on inhibition of Arf GAPs [28,42]. It has the lowest affinity for
coatomer among the three [43]. The peptide from p24, at concentrations greater than 100 to
200 μM, has previously been reported to inhibit Arf GAP1 [22,28,42,43]. The peptide from
p24 did not affect Arf GAP2. In contrast, peptides from p23 and p25 stimulated GAP activity
with half maximal effects at 0.6 ± 0.3 μM (mean ± range for duplicate experiments) p23 peptide
and 0.5 ± 0.2 μM p25 peptide (Figure 6B). The effect of p25 decreased at concentrations greater
than 25 to 50 μM. In cells, the short cytoplasmic tails of the p25 proteins bind to coatomer at
the membrane surface. We also examined the effect of a p25 peptide with a three amino acid
extension on the N-terminus to which a palmitate was covalently linked. The palmitoylated
peptide associates with the lipid bilayer. The peptide with the three amino acid extension
stimulated activity with the half maximal effect observed at 1.8 ± 0.5 μM peptide. Like the free
peptide, the palmitoylated peptide stimulated activity (Figure 6C) with the half maximal effect
observed at 2.4 ± 0.6 μM peptide.

Stimulation of GAP activity by p25 depended on the presence of coatomer. The effect of p25
on 11.4 nM Arf GAP2 with and without 124 nM coatomer was determined (Figure 7A). p25
increased the activity in the samples containing both Arf GAP2 and coatomer. No activity was
detected in the absence of coatomer. We also examined the effect of p25 on 3.4 μM Arf GAP2
(Figure 7B). At the higher concentration of Arf GAP2, activity was detected in the absence of
coatomer. p25 had no effect. The enzymatic activity of Arf GAP1, which also binds to
coatomer, was also stimulated by p25 when coatomer was present (Figure 7C). In contrast, the
activity of ASAP1, which does not bind coatomer, was inhibited by coatomer, which was likely
due to sequestration of Arf1•GTP. The coatomer-dependent inhibition was increased by p25.
p25 had no effect in the absence of coatomer (Figure 7D).

We further analyzed the effect of p25 on the kinetics of Arf GAP2 enzymatic activity to confirm
that it stimulated activity. Arf GAP2 was titrated into a reaction containing a fixed
concentration of coatomer and p25. p25 decreased the C50 by approximately 10-fold (Table
1 and Figure 8A). We also titrated coatomer into reactions containing Arf GAP2 and p25
(Figure 8B). Two sizes of LUVs were used. p25 increased the extent of hydrolysis. With the
larger LUVs, peptide increased activity at every coatomer concentration we examined. With
the smaller LUVs, the greatest effect of the peptide was observed when the concentration of
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coatomer was less than 250 nM. p25 peptide shifted the peak activity from 250 nM to 100 nM
coatomer.

The effect of p25 on the time dependence of Arf GAP2/coatomer-dependent GTP hydrolysis
was also consistent with a stimulatory effect of the peptide. p25 accelerated hydrolysis. As
previously described, the progress curve was fit to a second order rate equation. The fraction
of GTP hydrolyzed at the faster rate was increased and the magnitude of the rate constant was
increased when using smaller vesicles (Figure 4 and Table 2).

We also determined the effect of cargo peptide on kinetic parameters. In these experiments,
myrArf1•GTP was titrated into a reaction containing 25 μM peptide, 124 nM coatomer and
LUVs extruded through 0.03 μm pores. Consistent with the effect on the rate of GTP hydrolysis
in progress curves, analysis of saturation kinetics both using the fluorescent based assay and
by following hydrolysis of [α32P]GTP revealed that p25 increased the kcat of the reaction (Table
3 and Figure 8C and D).

The result that cargo accelerated GAP activity was unexpected. To test whether cargo had the
same effect in vivo, we expressed myc-p25 in cells and measured Arf1•GTP levels. If cargo
accelerated GAP activity, relative Arf1•GTP levels should be less than in control cells. As
predicted, we found that Arf1•GTP levels were lower in the cells expressing myc-p25 than in
the controls (Figure 9).

4 Discussion
We examined the effects of known regulators of Arf GAPs on the activity of Arf GAP2, whose
kinetics had not been characterized previously. In common with Arf GAP1, Arf GAP2 was
regulated by coatomer. However, Arf GAP2 was more sensitive to coatomer than Arf GAP1
and, different than previous reports describing Arf GAP1, peptides from cargo proteins
accelerated GAP activity dependent on the presence of coatomer. Based on these properties of
Arf GAP2, we propose a model for membrane traffic that accounts for a number of observations
in the literature that have not been accommodated by prevailing paradigms.

We were able to detect increases in Arf GAP2 activity due to coatomer of 30- fold when
examined by changes in Arfs tryptophan fluorescence and more than 300-fold when GAP
activity was followed by hydrolysis of radioactive GTP. The effect of coatomer was consistent
with its function as an allosteric modifier that can also bind to the substrate. Coatomer
dependence, as previously reported for Arf GAP1 [22], was biphasic, with an initial stimulatory
phase, consequent to coatomer binding the Arf GAP, followed by a phase of diminishing
activation, which is thought to be a consequence of coatomer binding and sequestering the
substrate Arf1•GTP. Arf GAP2 has higher affinity for coatomer, which could explain a
stimulatory phase of greater amplitude. More coatomer – Arf GAP complex could be formed
at concentrations of coatomer that did not significantly sequester Arf1•GTP in the in vitro
assay. The difference in sensitivity to coatomer may be involved in differential regulation of
these two Arf GAPs.

Peptides derived from p24 cargo proteins were found to accelerate catalytic activity of Arf
GAP2. Relatively high concentrations of free peptides were used for most experiments.
However, the half maximal effects were observed with less than 1 μM peptide. A palmitoylated
p25 peptide, which partitions to the membrane mimicking the cytoplasmic tail extending from
the membrane for the full length protein, also stimulated activity. The effect of cargo was
dependent on the presence of coatomer and shifted the coatomer dependence to the left.
Expressing full length cargo protein reduced Arf1•GTP levels in cells. Taken together, these
results support the idea that cargo is a positive regulator of Arf GAP2 activity. Based on these
results, we hypothesize that cargo affects GAP activity by changing the conformation of
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coatomer to a form that more efficiently binds to and/or activates Arf GAP2. Consistent with
this idea, cargo has been previously reported to affect the conformation of coatomer [44,45]
and of clathrin adaptor protein-1 [46]. Cargo peptide also stimulated Arf GAP1 when coatomer
was present leading us to postulate that the effect of cargo we have described for Arf GAP2
and coatomer may extend to other Arf GAP/coat pairs.

Cargo did not stimulate the activity of ASAP1, an Arf GAP that does not bind coatomer; instead
it increased the inhibition of ASAP1 GAP activity by coatomer. Inhibition is likely the result
of Arf1•GTP sequestration by coatomer as has been observed with GGA [47]. Cargo may have
increased the affinity of Arf1•GTP for coatomer, similar to the cargo dependent change in
affinity of Arf1•GTP for clathrin adaptor protein-1 [46]. Cargo may not inhibit Arf GAP2
activity because it has a different effect on Arf GAP-coatomer-Arf1 complex. For instance,
coatomer may form part of the substrate binding pocket with Arf GAP, similar to a model
previously proposed [17], with cargo acting as an allosteric modifier increasing the activity of
the coatomer/Arf GAP complex. The effect of p25 to increase the affinity of coatomer for
Arf1•GTP could account for the diminishing activity that was observed in titrations when
coatomer concentration was greater than Arf GAP2 concentration; coatomer could then bind
Arf1•GTP independently of Arf GAP2. The second phase in the coatomer dependence curve
was not as steep in the absence of p25.

Although the saturation kinetic data were qualitatively consistent, we found quantitative
differences between kinetics assayed using fluorescence to follow changes in Arf1•GTP levels
and kinetics in which [α32P]GTP•Arf1 was used as a substrate. The fluorescent assay is
complicated by a number of factors. The tryptophan fluorescence of all the proteins in the assay
could change due to conformational changes or microaggregation. Because a high mass of
coatomer is present in the reactions, the fluorescent signal from coatomer is significant
compared to the signal from Arf1. Although we could partly correct for these changes, we do
not know if there were changes in the GAP or coatomer fluorescence that were dependent on
Arf1. In addition, protein association and dissociation from vesicles can cause changes in light
scattering, which can interfere with fluorescent signals. Blunting of the fluorescent signal from
Arf1 by these factors could account for difference in parameter estimates from those
determined by the assay following hydrolysis of radioisotopically labeled GTP. Nevertheless,
the data using either assay supported the conclusion that coatomer decreased the Km and that
coatomer and p25 increased the kcat of the reaction and the sum of experiments in the paper
are consistent with coatomer and p25 increasing enzymatic activity.

Some cargo peptides, when present at high concentrations, were found to inhibit Arf GAP
activity. The effect is nonspecific [22], seen with Arf GAP1 and ASAP1 and was independent
of coat protein [22,42]. One possible mechanism for the inhibition is that cargo peptide, at high
concentrations, can bind to and sequester Arf1•GTP [48]. Another possibility is that the peptide
at high concentrations is a chaotrope, nonspecifically disrupting protein structure.

Arf GAP2 does not have an ALPS domain; therefore, curvature sensitivity was not anticipated.
In a recent paper, Arf GAP2 was reported to be stimulated by coatomer but was not affected
by curvature [33]. The differences could be attributable to the assays used. Wieland and
colleagues used only an assay based on tryptophan fluorescence, which has some confounding
factors as described above, whereas we primarily used an assay using radioactive GTP. Even
if we can explain the difference in results from the two groups, the effects we observed were
relatively small, which raises a concern of physiological relevance of this particular in vitro
result. We have speculated about mechanisms that can explain the result and that may be related
to possible cellular function. First, the GAP may more efficiently penetrate a highly curved
bilayer, and be more active in the hydrophobic environment. This explanation is consistent
with our observation of an effect of vesicle size on Arf GAP2 activity when no coatomer was
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present. Second, Arf1•GTP may be more available or exposed on a curved surface than on a
flat surface, also consistent with the effect on Arf GAP2 with no coatomer present. Third, there
may be differential recruitment, with Arf GAP2 and/or coatomer preferentially recruited to
smaller vesicles. Fourth, surface curvature may influence the conformation of coatomer.
Because coatomer binds directly to both Arf GAP2 and Arf1•GTP, the change in conformation
may affect one or both proteins. On going studies are focused on first determining whether the
small curvature dependence is physiologically relevant and second discerning among the
possible explanations for the curvature dependence.

Based on our results and those in the literature in which GTP hydrolysis has been found to be
required for generation of cargo laden transport vesicles [20,42,49], we propose a model for
the function of Arf GAPs in cargo sorting and generation of transport vesicles [50]. Two current
models for the regulation of Arf GAPs in membrane traffic do not offer complete explanations
for reported observations related to these processes. In one model, cargo inhibits Arf GAP
activity, slowing hydrolysis of GTP on Arf1•GTP, which maintains coat protein on the
membrane, allowing it to polymerize. Although this model accounts for cargo sorting, it cannot
explain the control of GAP activity within the transport vesicle in which the inhibitory cargo
is concentrated nor does it explain the effect of cargo to accelerate Arf GAP1 hydrolytic activity
in vivo (this paper and [51]). In a second model, Arf GAP activity is regulated by the
recruitment of Arf GAP to the curved membrane surface induced by formation of the transport
vesicle [23,24]. This model also fails to explain the requirement for GTP hydrolysis for sorting
and, except by extensions of the model, does not account for sorting. We have previously
described a model, consistent with the results reported here [8,50], that can explain the
requirement of GTP hydrolysis for sorting. In the model, Arf1 in membrane traffic has a
function analogous to EfTu function in one model for proofreading in protein synthesis. EfTu
has been proposed to hold a tRNA in the acyl site for a finite period of time. If the tRNA
matches the codon, a conformational change in the ribosome leads to hydrolysis of GTP on
EfTu with dissociation of EfTu and elongation of the polypeptide chain [52]. We propose that
in membrane traffic, Arf1•GTP holds the coatomer/GAP complex on the membrane for a finite
period of time during which cargo can be recognized. If the appropriate cargo is present, a
conformational change in the coatomer/GAP complex leads to GTP hydrolysis on Arf and
simultaneous polymerization of coatomer into COPI. This mechanism would provide a
proofreading function, contributing to concentration of cargo into transport intermediates, and
is consistent with reports in the literature of vesicle formation [19,20] and cargo concentration
[19,20,42,53–55] requiring GTP hydrolysis. It is also consistent with reports that cargo
accelerates AP-1 polymerization and Arf GAP1-mediated GTP hydrolysis at the trans Golgi
[51] and is required for the formation of COPI retrograde transport vesicles [56]. This model
may apply to other Arf GAP families such as the AGAPs which bind to clathrin adaptor proteins
[57–59].

5 Conclusions
We examined the kinetics and regulation of Arf GAP2. We consider two findings particularly
relevant for understanding the role of Arf GTP-binding proteins and Arf GAPs in membrane
traffic. First, Arf GAP activity was highly dependent on the vesicle coat protein coatomer.
Second, peptides from proteins that are transported by coatomer (cargo) stimulate coatomer-
dependent GAP activity. Based on these results together with previous work, we propose that
cargo binding to coatomer triggers a conformational change in both Arf GAP and coatomer,
leading to increased rates of GTP hydrolysis and coat polymerization. This model departs from
the current paradigms for the role of Arf in membrane traffic.
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6 Appendix
Reference [22] presents the derivation of equations assuming rapid equilibrium and assuming
that Arf GAP concentration are much less than the substrate myrArf1•GTP and less than Km.
Here we derive an equation describing the dependence on Arf GAP concentration assuming
the substrate and coatomer are limiting.

Abbreviations:

E=ArfGAP2

S=myrArf1•GTP

C=coatomer

Kd=affinity constant for coatomer-Arf GAP2 complex

Km1= Michaelis constant of Arf1•GTP for uncomplexed ArfGAP2

Km2= Michaelis constant of Arf1•GTP for Arf GAP2 in complex with coatomer

kcat1= catalytic constant for Arf GAP2 that is not bound to coatomer

kcat2= catalytic constant for Arf GAP2 that is in complex with coatomer

We assume S<C<E. Then

Consider two extremes. If kcat1 ≪kcat2, then the equation becomes ,
which describes a biphasic dependence on E.

If Km1≫Km2, then the equation reduces to the hyperbola:
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Figure 1. Arf GAP2 activity
GAP activity using myrArf1•GTP as a substrate was determined in the presence of LUVs
formed by extrusion through membranes with pores of the indicated diameters. Total
phospholipid concentration was 500 μM. A. Comparison of recombinant purified Arf GAP1
and Arf GAP2. [1–521] Arf GAP2 His6 and [1–415]Arf GAP1-His6 were titrated into a
reaction containing [α32P]GTP•myrArf1. The fraction of GTP converted to GDP in 3 min was
determined. B. Time dependence of GTP hydrolysis. 3.4 μM of [1–521] Arf GAP2-His6 was
incubated with 0.6 μM myrArf1•GTP for the indicated times and extent of GTP hydrolysis
was determined as described in “Materials and Methods.”
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Figure 2. Effect of vesicle size, coatomer, PI4P and PIP2 on GAP-induced hydrolysis of GTP bound
to Arf1
[1–521]Arf GAP2-His6 was titrated into a reaction with LUVs containing either 10% PI, 7.5%
PI and 2.5% PI4P (indicated +PI4P) or 7.5% PI and 2.5% PIP2 (indicated +PIP2). A.
Interaction of coatomer and PI4P. Reaction contained LUVs extruded through 1.0 μm pores
with PI4P where indicated and 124 nM coatomer where indicated. B. Effect of vesicle size on
PI4P- and coatomer-dependent GAP activity. GAP activity was determined in reaction
mixtures containing 124 nM coatomer and LUVs containing PI4P and extruded through
membranes with pores of the indicated diameters. C. Effect of vesicle size on PIP2- and
coatomer-dependent GAP activity. GAP activity was determined in reaction mixtures
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containing 124 nM coatomer and LUVs containing PIP2 and extruded through membranes
with pores of the indicated diameters.
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Figure 3. Coatomer dependence of Arf GAP2 activity
Coatomer was titrated into reactions containing LUVs extruded through 0.03 and 1 μm pore
filters, 11.4nM of [1–521] Arf GAP2 His6, and 0.6 μM myrArf1•[α32P]GTP. The reaction was
followed by the conversion of [α32P]GTP to [α32P]GDP as described in “Materials and
Methods.”

Luo et al. Page 17

Cell Signal. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Analysis of the time dependence of coatomer-dependent Arf GAP2 activity A. Time
dependence of GTP hydrolysis and effect of p25 cargo peptide with small LUVs
The reaction mixture contained LUVs, with PI4P and extruded through membranes with 0.03
μm diameter pores, 0.6 μM Arf1•[α32P]GTP, 8.6 nM [1–521] Arf GAP2 His6, 62 nM coatomer
and, where indicated, 25 μM p25. B. Time dependence of GTP hydrolysis and effect of p25
cargo peptide with large LUVs. The reactions contained LUVs with PI4P and extruded
through membranes with 1.0 μm pores, 0.6 μM Arf1•[α32P]GTP, 34.2 nM [1–521] Arf GAP2
His6, 62 nM coatomer and, where indicated, 25 μM p25. C. Effect of Arf1•GTP and
curvature on coatomer binding to LUVs. Sucrose filled LUVs extruded through either 0.03
or 1 μm pore membranes were incubated with a gel filtered soluble fraction from rat liver
containing coatomer but excluding Arf and either no Arf1•GTP or 0.5 μM Arf1•GTPγS for 5
min at 30°C. The LUVs were separated from bulk solution by centrifugation and coatomer
associated with the LUVs measured by immunoblotting. The data are the means and standard
deviations from 7 determinations. *, different than binding to 0.03 μm LUVs, p<0.05. D. Time
dependence and effect of p25 cargo peptide with small LUVs and 6.7 μM Arf1•GTP.
Experiment similar to that described in A except Arf1•GTP concentration was in 100 fold
excess of coatomer.
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Figure 5. Effect of coatomer on kinetics of Arf GAP2-catalyzed GTP hydrolysis. Panels A – C.
Saturation kinetics performed with fluorescent based assay
The conversion of Arf1•GTP to Arf•GDP was followed using tryptophan fluorescence in a
reaction containing LUVs with PI4P and extruded through 0.03 μm pores and either (A) 750
nM [1–521] Arf GAP2 His6, (B) 5 nM coatomer with 200 nM [1–521] Arf GAP2 His6 or
(C) 124 nM coatomer with 114 nM [1–521] Arf GAP2 His6. Initial rates were estimated, and
the plot of initial rate versus myrArf1•GTP was fit to the Michaelis-Menten equation to estimate
the Km and Vmax. The Km and the kcat, calculated from the Vmax, are presented in Table 3.
Panels D – F. Saturation kinetics performed following [α32P]GTP hydrolysis. [α32P]
GTP•Arf1 was titrated into reactions containing LUVs with PI4P and extruded through 0.03
μm pores and either (D) 3.4 μM [1–521] Arf GAP2 His6, (E) 5 nM coatomer with 100 nM [1–
521] Arf GAP2 His6 or (F) 124 nM coatomer with 10 nM [1–521] Arf GAP2 His6 as indicated.
Initial rates were estimated, and the plot of initial rate versus myrArf1•GTP was fit to the
Michaelis-Menten equation to estimate the Km and Vmax. The Km and kcat, calculated from
the Vmax, are presented in Table 3. Panel G. Arf GAP2 concentration dependence in the
presence of limiting coatomer. [1–521] Arf GAP2 His6 was titrated into a reaction containing
LUVs containing PI4P and extruded through 0.03 μm pores, 0.6 μM of [α32P]GTP•myrArf1
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and 20 nM coatomer. Reactions were stopped after 3 min at 30°C. Three experiments are
summarized.
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Figure 6. Effect of peptides from p24 cargo proteins on Arf GAP2 activity. A. Sequence of peptides
used. B. Peptide titration
Peptides fromp23, p24 and p25 were titrated into a reaction containing LUVs containing PI4P
and extruded through 0.03 μm pores, 0.6 μM [α32P]GTP•myrArf1, 11.4 nM [1–521] Arf GAP2
His6 and 124 nM coatomer. Reactions were terminated after 3 min at 30 °C. C. Effect of
palmitoylated peptide. P25 peptide with palmitic acid- WRM or WRM modifying the N-
terminus was titrated into a GAP reaction as described in B. The data were fit to a one site
binding model with an offset.
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Figure 7. Effect of cargo peptide on Arf GAP depends on coatomer
GTP hydrolysis in a 3 min reaction at 30°C was determined. Reaction mixtures contained LUVs
with PI4P and extruded through 0.03 μm pores, 0.6 μM [α32P]GTP•Arf1 and, where indicated,
124 nM coatomer and 25 μM p25 peptide. The type and concentration of Arf GAPs used are:
A. 11 nM [1–521] Arf GAP2 His6; B. 3.4 μM of [1–521] Arf GAP2 His6; C. 28 nM [1–415]
Arf GAP1 His6; and D. 1 nM of His10[325–724]ASAP1. The data from each panel were
analyzed by one way ANOVA followed by a Newman-Kuels post test. *, different than GAP
alone, p<0.05; ***, different than GAP alone, p<0.001; +, different than GAP+coatomer,
p<0.05; ++, different than GAP+coatomer, p<0.01; +++, different than GAP+coatomer,
p<0.001.
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Figure 8. Effects of p25 peptide on the kinetics of coatomer/Arf GAP2 catalyzed GTP hydrolysis.
A. Titration of Arf GAP2 into reaction with fixed concentration of p25 peptide and coatomer
[1–521] Arf GAP2 His6 was titrated into a reaction mixture with LUVs containing PI4P and
extruded through membranes with either 0.03 or 1.0 μm pores, 0.6 μM of [α32P]GTP•myrArf1,
0.124 μM coatomer and 25 μM p25 peptide at 30° C. Reactions were terminated after 3 min.
B. Effect of p25 on coatomer dependence of Arf GAP2 activity. Coatomer was titrated into
a reaction mixture with LUVs containing PI4P and extruded through either 1.0 μm or 0.03
μm pores, 0.6 μM of [α32P]GTP•myrArf1, 11.4 nM [1–521] Arf GAP2 His6 and 25 μM p25
peptide at 30° C. Reactions were terminated after 3 min. C. Effect of p25 on Arf1•GTP
dependence of Arf GAP2 activity determined using fluorescent based assay. The
conversion of Arf1•GTP to Arf•GDP was followed using tryptophan fluorescence in a reaction
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mixture with 114 nM[1–521] Arf GAP2 His6, LUVs containing PI4P and extruded through
0.03 μm pores, 124 nM coatomer and, where indicated, 25 μM p25 peptide. D. Effect of p25
on Arf1•GTP dependence of Arf GAP2 activity determined following [α32P]GTP
hydrolysis. The conversion of [α32P]GTP bound to Arf1 to [α32P]GDP was followed. The
reaction mixture contained the indicated concentration of Arf1•GTP, 10 nM [1–521] Arf GAP2
His6, LUVs containing PI4P and extruded through 0.03 μm pores, 124 nM coatomer and, where
indicated, 25 μM p25 peptide.
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Figure 9. Effect of overexpressing p25 on cellular Arf1•GTP levels
Cos7 cells were transfected with plasmids directing the expression of Arf1-HA and myc-p25
as indicated. 24 hours after transfection cells were lysed and cellular levels of Arf1•GTP were
determined by selective precipitation of Arf1•GTP with GST-GGA as described in “Materials
and Methods.” The primary data from one experiment is shown in panel A and a summary of
three experiments in which signal was quantified as described in “Materials and Methods” is
shown in panel B. **, different than control, p<0.01 by Student t-test.
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Table 2
Effect of coatomer and cargo on kinetics of GTP hydrolysis

Size of LUVs 0.03 μm 1.0 μm

constant Coatomer coatomer+p25 coatomer coatomer+p25

A1 (%) 38.1±2.0 60.1±1.4*** 11.9±0.4+++ 24.8±1.1***,+++

A2 (%) 58.8±2.0 35.0±1.4 83.1±0.35 70.24±1.1

k1 (min−1) 2.3±0.39 6.7±0.87*** 2.2±0.26 1.7±0.29

k2 (min−1) 0.012±0.0026 0.027±0.005*** 0.005±0.0005 0.004±0.0012

Progress curves from Figure 4 were fit to the 2nd order rate equation % GTPHydrolyzed = A1 · (1 − e −k1t) + A2 · (1− e−k2t). Reactions contained 0.6

μM [α32P]GTP•Arf1 as a substrate, LUVs containing PI4P and extruded through 0.03 μm or 1.0 μm pores, 124 nM coatomer and 25 μM p25 peptide as
indicated. Values are the means ± SD from three experiments. Three ANOVA analyses (one for each of A1, k1 and k2) followed by Bonferroni post tests
were performed.

***
indicates greater than coatomer without p25, p<0.001.

+++
indicates less than 0.03 μm vesicles, p<0.001.
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Table 3
Effect of coatomer on kinetic parameters of Arf GAP2

A. GTP hydrolysis followed with tryptophan fluorescence

0 coatomer 5 nM coatomer 124 nM coatomer 124 nM coatomer + p25 peptide

Km (μM) 1.7 ± 0.4 (4) 0.74 ± 0.22 (3) ** 0.6 ± 0.2 (6)*** 0.38 ± 0.1 (3) ***

kcat (sec−1) 0.014 ± 0.001 (4) 0.043 ± 0.005 (3) 0.19 ± 0.03 (6)*** 0.36 ± 0.03 (3)***,+++

B. GTP hydrolysis followed using radioisotopic tracer

0 coatomer 5 nM coatomer 124 nM coatomer 124 nM coatomer + p25 peptide

Km (μM) >13# (3) 4.8 ± 0.97 (4) 1.3 ± 0.39 (3) *** 1.6 ± 0.24 (3) ***

kcat (sec−1) NC (3) 0.50 ± 0.043 (4) 1.9 ± 0.18 (3) *** 3.5 ± 0.4 (3) ***, +++

Initial rate as a function of Arf1•GTP concentration was fit to the Michaelis-Menten equation to estimate the Km and Vmax. The kcat was calculated
from the Vmax. The reactions contained the indicated concentration of coatomer and, where indicated, 25 μM p25 peptide. A. GAP assayed by changes
in fluorescence. Arf1•GTP to Arf1•GDP conversion was followed using tryptophan fluorescence. The parameters are the means and SD from fitting data
presented in Figures 5 and 8. The number of experiments is indicated in parentheses. ** indicates different than 0 coatomer, p<0.01; *** indicates different

than 0 coatomer, p< 0.001; +++, indicates different than 124 nM coatomer alone, p<0.001. B. GAP reaction followed by conversion of [α32P]GTP to

[α32P]GDP. Data from three experiments presented in Figures 5 and 8 were fit to the Michaelis-Menten equation. The parameter estimates are presented

as means ± SD for the number of experiments indicated in parentheses. #, did not saturate with reaction velocity linearly related to Arf1•GTP concentration

in the range of 0.5 to 13 μM. NC, Not calculated because did not achieve saturation. ***, different than 5 nM coatomer, p<0.001, +++, indicates different
than 124 nM coatomer alone, p<0.001.
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