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Normal dynactin complex function during 
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ABSTRACT Mutations in DCTN1, a component of the dynactin complex, are linked to neuro-
degenerative diseases characterized by a broad collection of neuropathologies. Because of 
the pleiotropic nature of dynactin complex function within the neuron, defining the causes of 
neuropathology in DCTN1 mutants has been difficult. We combined a genetic screen with 
cellular assays of dynactin complex function to identify genes that are critical for dynactin 
complex function in the nervous system. This approach identified the Drosophila homologue 
of Arfaptin, a multifunctional protein that has been implicated in membrane trafficking. We 
find that Arfaptin and the Drosophila DCTN1 homologue, Glued, function in the same path-
way during synapse growth but not during axonal transport or synapse stabilization. Arfaptin 
physically associates with Glued and other dynactin complex components in the nervous 
system of both flies and mice and colocalizes with Glued at the Golgi in motor neurons. 
Mechanistically, membrane binding by Arfaptin mediates membrane association of the dy-
nactin complex in motor neurons and is required for normal synapse growth. Arfaptin repre-
sents a novel dynactin complex–binding protein that specifies dynactin complex function 
during synapse growth.

INTRODUCTION
Dynamic cellular processes, such as membrane trafficking, are pre-
dicted to use the precise spatial and temporal regulation of a vast 
array of proteins, including motor proteins such as kinesin and dy-
nein. The mechanisms underlying the precise regulation of motor 
protein function in neurons are incompletely described. One strat-
egy used to specify motor function is illustrated by the kinesins, 
which constitute a large and diverse family of proteins that have 
unique motor properties (Hirokawa et al., 2009). Thus the expres-
sion of different sets of kinesin genes can endow the cell with a 

unique collection of kinesin motor functions. For dynein, the 
diversity of dynein family members is less, and the specification of 
function within cells, including neurons, appears to use the binding 
of a diverse group of proteins to the dynein motor complex that 
serve to specify dynein function. A critical protein complex known 
to be involved in the specification of dynein function within cells 
and neurons is the dynactin complex. An emerging model is that 
the regulation of dynein function within the cell is achieved by the 
binding of a diverse set of adaptor proteins to the dynactin complex 
and that these individual adaptor proteins provide the specificity of 
dynein function (Kardon and Vale, 2009). This predicts that there 
exist adaptor proteins that specify dynactin complex function in 
neurons during established dynactin-dependent processes such as 
synapse growth and axonal transport.

In humans, mutations in the DCTN1 gene, a component of the 
dynactin complex, preferentially affect the nervous system resulting 
in a spectrum of adult-onset neurodegenerative diseases, including 
spinal and bulbar muscular atrophy, frontotemporal dementia, and 
Perry syndrome (Hafezparast et al., 2003; Münch et al., 2004, 2005; 
Puls et al., 2005; Farrer et al., 2009). Studies of the nervous system 
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RESULTS
Enhancer/suppressor screen for modifiers of dynactin 
complex function in motor neurons
A genetic screen of 3663 P-element insertion lines was performed 
to identify P-element insertions that specify dynactin complex func-
tion in motor neurons. To enrich for the recovery of insertions re-
quired for normal motor neuron function, we performed initial via-
bility screens in backgrounds in which the function of the dynactin 
complex is impaired only in motor neurons. Specifically, F1 flies 
were generated harboring a single-copy P-element insertion in-trans 
to a recombinant third chromosome harboring both the UAS-
DNGluedIIIA transgene and the D42 Gal4 driver (D42, DNGlued; 
Figure 1A; Parkes et al., 1998; see Materials and Methods). Glued is 
the Drosophila homologue of the P150/DCTN1 component of the 
dynactin complex (Waterman-Storer and Holzbaur, 1996). Expres-
sion of the UAS-DNGlued in fly motor neurons using the D42-Gal4 
driver results in animals with delayed larval development, reduced 
eclosion rates, and decreased survival, providing useful metrics for 
screening. Because a portion of the P-elements screened have the 
ability to drive the expression of nearby genes in response to the 
presence of the D42 Gal4, the recovery of both loss-of-function and 
gain-of-function alleles was possible (Rørth et al., 1998). F1 animals 
were scored for enhanced lethality within the following lethal phases: 
1) embryonic/larval, 2) pupal, and 3) eclosion/early adult. Note that 
although lethality is not an overly specific phenotype, in the context 
of our sensitized motor neuron backgrounds, the effects of these 
insertions on motor neuron health is strong enough to result in 
reductions in survival and therefore should identify candidate 
molecules that are critical for normal dynactin complex function in 
neurons.

Insertion lines were categorized as either enhancers or suppres-
sors based on the effects on the lethality compared with D42, 
DNGlued heterozygote controls. We performed two rounds of 
primary screening under low- and high-stringency conditions, result-
ing in the identification of 65 insertion lines that enhanced or sup-
pressed viability in D42, DNGlued mutants. Control screens found 
that 25 lines interacted only with the Gal4 driver (D42) line, and these 
were removed from further consideration. The resulting 40 insertions 
represent mutations in candidate genes for the regulation of dynac-
tin complex function within the motor neuron (Figure 1A; see later 
discussion).

Genetic dissection of dynactin complex functions 
in motor neurons
Our hypothesis is that the neuropathologies observed in glued-
mutant motor neurons represent a combination of genetically dis-
tinct dynactin-dependent neuronal processes. To test this possibil-
ity, we analyzed all 40 candidates as single-copy insertions in-trans 
to the heterozygote D42, DNGlued allele for effects on known dy-
nactin-dependent processes within the motor neuron: synaptic 
growth (determined by counting the number of 1b boutons at the 
neuromuscular junction [NMJ]), synaptic stability (determined by 
quantifying the number of presynaptic retraction events), and ax-
onal transport (determined by quantifying the extent axonal block-
age). These analyses found that 14 insertions significantly enhanced 
the synapse growth phenotype, resulting in significantly fewer bou-
tons compared with the heterozygote D42,DNGlued control (Figure 
1, B and C, and Table 1). Five of these also enhanced the number of 
synaptic retractions (footprints), a measure of synapse stability and 
an established synaptic phenotype of dynactin complex mutations 
in flies and mice (Figure 1C, indicated by E above bar; Table 1; 
Eaton et al., 2002; Pielage et al., 2005; Chevalier-Larsen et al., 2008). 

in dynactin complex mutants in mice and flies revealed a number of 
common neuronal pathologies, including reduced synapse growth, 
decreased synaptic stability, and impaired axonal transport (Eaton 
et al., 2002; LaMonte et al., 2002; Chevalier-Larsen et al., 2008; 
Laird et al., 2008). One interpretation of these results is that these 
neural pathologies are a secondary consequence of a primary etiol-
ogy such as impaired axonal transport (Chevalier-Larsen and 
Holzbaur, 2006; Duncan and Goldstein, 2006). A number of dynac-
tin-associated proteins have been implicated to have important 
roles in axonal transport (Engelender et al., 1997; Bowman et al., 
1999; Liu et al., 2003; Magnani et al., 2007; Zhang et al., 2009). 
An alternative interpretation is that the neuropathologies observed 
in dynactin complex mutants reflect the diverse set of cellular 
processes within the neuron supported by dynein function and that 
neurodegeneration is the result of a combined effect of these 
distinct pathologies. In support of this model, data from a DCTN1-
mutant mouse model suggest that the effects of dynactin complex 
mutations on synaptic defects are independent of the effects on 
axonal transport (Chevalier-Larsen et al., 2008). Only a few candi-
date molecules have been identified that specify dynactin complex 
function in neurons independent of axonal transport.

Here we present the results of a forward genetic enhancer/
suppressor screen designed to identify genes that function to 
specify dynactin complex function within the motor neuron during 
development. From a collection of >3600 individual P-element 
insertions we isolated 15 insertions that had significant effects on 
specific cellular phenotypes observed in dynactin complex 
mutants. Thus our screen data support a model in which neuro-
degeneration in dynactin complex mutants are the result of a 
combination of genetically distinct neuronal processes. To extend 
these genetic studies, we characterized the Drosophila homo-
logue of Arfaptin2 (arfaptin), which was identified in our screen as 
an enhancer of specific synaptic growth phenotypes. Arfaptin2 is 
a multifunctional protein that can bind small GTPases and con-
tains a BAR domain that is capable of inducing membrane curva-
ture, leading to the suggestion that this protein functions during 
membrane trafficking (Tarricone et al., 2001; Peter et al., 2004; 
Habermann et al., 2004). A role in membrane trafficking is sup-
ported by the findings that Arfaptin2 can bind to both Arf and 
Arf-like small GTPases known to be involved in vesicle formation 
(Man et al., 2011; Van Valkenburgh et al., 2001). In addition, re-
cent data demonstrated that Arfaptin2 is localized to the trans-
Golgi network (TGN) in HeLa cells, supporting a role during Golgi 
vesicle biogenesis (Man et al., 2011). Finally, Arfaptin2 also binds 
the Rho-family small GTPase Rac1, suggesting that Arfaptin2 
could function to coordinate membrane trafficking and cytoskel-
etal reorganization during vesicle formation (Shin and Exton, 
2001). The association of Arfaptin2 with any motor protein has not 
been previously demonstrated.

We find that Drosophila arfaptin (arfip) is required within 
motor neurons for dynactin-dependent synapse growth but not 
synapse stability or axonal transport. In addition to the genetic 
interactions observed between arfip and glued during synapse 
growth, we find that Arfaptin (Arfip) also biochemically interacts 
with dynactin complexes in flies and mice demonstrating a 
conserved biochemical interaction. Mechanistically, Arfip is a 
membrane-binding protein localized at the Golgi that is required 
for binding of the dynactin complex to membranes in the motor 
neuron. This membrane-binding property of Arfip is required for 
normal synapse growth, supporting a role for Arfip and the 
dynactin complex at the Golgi for normal motor neuron develop-
ment and function.
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The arfaptin gene encodes a modifier 
of dynactin-dependent synapse growth
Our screen recovered two P-element in-
sertions, P{EP}EY11874 (P1) and P{XP}
d04252 (P2), that map independently to 
the gene CG17184 (Figures 1C and 2A 
and Table 1). BLAST analysis of the pep-
tide sequence obtained from the transla-
tion of the putative gene product of 
CG17184 found that this gene encodes a 
homologue of the mammalian Arfaptin2 
protein (see later discussion of Figure 3A; 
Kanoh et al., 1997)). Thus we refer to this 
gene as arfaptin (arfip) and the gene 
product as Arfaptin (Arfip). To confirm the 
results of our screen identifying arfip as 
an important modifier of dynactin com-
plex function during synapse growth, we 
first repeated the genetic conditions of 
the screen using outcrossed arfipP1 and 
arfipP2 insertions and found that both in-
sertions still significantly enhanced the 
defect in synapse growth observed in 
D42, DNGlued heterozygotes (Figure 
2D). Analysis of arfip expression using in 
situ hybridization demonstrates that this 
gene is expressed within the developing 
nervous system, consistent with a role for 
Arfip in the nervous system during devel-
opment (Figure 2B).

The arfipP1 P element resides in the 5′ 
untranslated region (UTR) of arfip gene 
and could potentially drive expression of 
arfip when supplied Gal4 (Figure 2A). To 
investigate this possibility, we performed 
immunoblot analysis using an anti-Arfip 
antibody, which indicated that arfipP1 
could drive the expression of arfip in the 
presence of Gal4 (Supplemental Figure 
S1). This suggests that arfipP1 could func-
tion as a gain of function in our screen. In 
support, we found that crossing the arfipP1 
insert to the D42-Gal4 driver resulted in 
a similar effect on synapse growth as 
overexpression of transgenic Arfip (UAS-
ArfipWT; Figure 2D). We also observed that 
the UAS-ArfipWT transgene behaved as a 
strong enhancer in-trans to the D42, 
DNGlued allele, similar to what was 
observed with arfipP1 (Figure 2D). Thus 

the arfipP1 insertion phenocopies the effects of the UAS-ArfipWT 
transgene on synapse growth and supports the finding that arfipP1 
was isolated as a gain of function in our screen.

The arfipP2 insertion maps to the 3′ UTR of the gene and is 
predicted to be a loss of function. To improve the analysis of arfip 
loss-of-function phenotypes, we generated null mutations of arfip 
using P-element mobilization of P{EP}EY11874 (arfip71; Figure 
2A). A second loss-of-function excision allele was obtained from 
the Rothenfluh lab (arfip12; Figure 2A). Both of these mutations 
are semilethal, with a portion of mutants dying during pupal de-
velopment. Nonetheless, viable homozygotes can be isolated 
that are fertile and can reproduce. Newly eclosed homozygote 

We predict that the mutations in these genes have a generalized 
effect on dynactin complex function in the motor neuron. Six of the 
lines that enhanced synaptic growth dysfunction had no effect on 
stability, and three of these enhancer lines slightly suppressed the 
defect in synaptic stability (Figure 1C, suppression indicated by S 
above bar). Note that we believe that a certain amount of synapse 
growth is required for accurate analysis of retractions, so it is possi-
ble that severe impairment of synapse growth can indirectly sup-
presses retractions. Nonetheless, synaptic growth and synaptic sta-
bility are uncoupled in these six insertion lines. These alleles 
represent the best candidate loci for genes involved in specifying 
unique functions of the dynactin complex in the motor neuron.

FIGURE 1: CG17184 encodes Arfaptin, a modifier of dynactin complex function during synapse 
growth. (A) An enhancer-suppressor screen of 3663 individual P-element insertion lines 
identified 40 candidate insertions that enhance or suppress the toxicity of dominant dynactin 
complex mutations in the motor neuron (D42, DNGlued). Candidates were subsequently 
tested for specific effects on dynactin-dependent processes in the motor neuron. 
(B) Immunofluorescence images of the NMJs on muscle 4 stained with an antibody recognizing 
the presynaptic DVGluT synaptic vesicle protein in EY11874/+ (top), D42, DNGlued/+ (middle), 
and EY11874/D42, DNGlued (bottom) third-instar larvae. Scale bar, 10 μm. (C) Bar graph of the 
average number of boutons at the NMJ on muscle 4 in third-instar larvae of the indicated 
P-elements in-trans to the D42, DNGlued allele. The two P-elements residing in CG17184 
(EY11874 and d04252) are indicated. The P-elements resulting in significant reductions 
(enhancers; p < 0.05; green bars) or increases (suppressors; p < 0.05; red bars) of bouton 
numbers are indicated. The P-element insertions that also result in a significant enhancement 
(E, p < 0.05) or suppression (S, p < 0.05) of synaptic stability (footprints) are indicated above the 
bars. Bouton numbers for the D42, DNGlued/+ heterozygote control background are indicated 
by the gray bar. Significance was determined using Student’s t test for each line vs. control. 
Dashed line in C represents the wild-type synapse growth levels.
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Arfip interacts biochemically with the dynactin complex 
in cells and neurons
Our genetic data suggested that Arfip might physically interact with 
the dynactin complex in the motor neuron. To investigate this pos-
sibility, we took a biochemical approach. We first performed coim-
munoprecipitation experiments using Drosophila S2 cells coex-
pressing FLAG-tagged Glued and hemagglutinin (HA)-tagged Arfip. 
Cells were lysed, and FLAG-Glued was immunoprecipitated using 
anti-FLAG–coated beads (Figure 3B, lane 1, top). We found that 
Arfip was coimmunoprecipitated with FLAG-Glued from these cells 
(Figure 3B, lane 1, bottom). The coimmunoprecipitation of HA-Arfip 
depended on the coexpression of FLAG-Glued (Figure 3B, lane 3) 
and was completely inhibited by inclusion of a FLAG peptide during 
the immunoprecipitation (Figure 3B, lane 2). A similar interaction 
was observed between Arfip and the truncated DNGlued protein 
(Supplemental Figure S1). To investigate the specificity of this inter-
action, we extended the coimmunoprecipitation analyses to mouse 

arfip mutant animals have no obvious neurological phenotypes 
and are able to fly and wall climb. Western blot analysis of Arfip 
levels in flies homozygous for these mutations using a polyclonal 
antibody generated against full-length Arfip fail to detect Arfip 
protein, supporting the notion that these mutations are indeed 
null alleles (Figure 2C). To confirm the genetic interaction 
between arfip and glued, we analyzed synapse growth in a line 
harboring one copy of the null arfip12 allele in-trans to one copy 
of the strong loss-of-function gluedKG07739 allele. Although these 
alleles have no effect on synapse growth as heterozygotes, the 
transheterozygote combination of these alleles results in a signifi-
cant reduction in synapse growth (Figure 2E). We also observe 
that arfip12 behaves as an enhancer in-trans to the D42, DNGlued 
allele, similar to what we observe for arfipP2 (Figure 2B). Taken 
together, these data support the notion that glued and arfip work 
in the same genetic pathway within the motor neuron during 
synapse growth.

Insertion genotypea Boutons (average)b nc Footprints (%)d ne Axonsf ng Viabilityh

Control backgrounds

wild type (w1118) 17.7 24 3.1 102 — 12 —

D42,DNGlued/+ 10.63 16 44 148 ** 8 —

Enhancersh

P{EP}CG17184EY11874 6.66 16 26 119 * 8 Enhancer

PBac{PB}fanc04756 6.67 12 78 61 *** 6 Enhancer

P{EP}EY20330 6.88 8 37 47 * 5 Enhancer

P{EP}CoopEY13293 7.06 16 26 77 * 8 Suppressor

PBac{PB}Sirt2c03323 7.5 16 66 74 ** 8 Enhancer

P{EP}CG4562EY09703 7.71 14 61 70 * 7 Suppressor

P{EP}B4EY14645 7.71 21 55 82 ** 11 Suppressor

P{EP}nesdEY11086 7.75 16 47 78 * 8 Suppressor

P{EP}bbgEY05191 7.76 17 15 77 ** 8 Enhancer

P{XP}CG17184d04252 7.78 12 38 64 ** 7 Enhancer

P{EP}EY12448 7.78 14 68 68 ** 7 Enhancer

P{EP}klarEY01576 7.81 16 41 72 *** 9 Enhancer

P{EP}CG42575EY04050 7.81 16 48 73 ** 8 Suppressor

P{EP}TM9SF4EY00960 7.83 12 85 64 * 6 Suppressor

Suppresssorsh

P{EP}EY06888 14 9 15 54 *** Enhancer

P{EP}GRHREY11371 16.37 8 9 45 * Enhancer

All data from transheterozygotes consisting of single-copy insertion in-trans to the D42,DNGlued recombinant chromosome. See Supplemental Table S1 for more 
molecular and genetic information on inserts listed.
aGenotype for each P-element insertion obtained from FlyBase (http://flybase.org/). Enhancer and suppressor refer to the effects of the insert on bouton numbers.
bValues represent the average number of 1b boutons per synapse at the larval NMJ on muscle 4, segment 3, in transheterozygotes. All values listed are significantly 
different from the D42,DNGlued/+ control background. p < 0.05, Student’s T-test.
cTotal number of synapses counted for bouton number averages.
dThe percentage of all NMJs on muscles 6 and 7 from each animal that has a synaptic footprint as visualized by costaining NMJs with anti-VGluT and anti-Dlg. These 
events reflect instability of the presynaptic nerve terminal (Eaton et al., 2002; Pielage et al., 2005). Bold values are significantly different from the D42,DNGlued/+ 
heterozygote control background using a test of proportions (z).
eTotal number of muscle 6/7 synapses scored for synaptic footprints.
fRefers to the severity of axonal blockages observed in transheterozygotes compared with D42,DNGlued/+ controls. ***enhancement, **no change, *suppression of 
the blockage phenotype.
gTotal number of larvae inspected for axon blockages and bouton counts.
hRefers to the effects of inserts on viability when in-trans to D42,DNGlued/+ at 25°C. Enhancers (E) enhance the toxicity of the D42,DNGlued mutation, leading to 
reduced viability, and suppressors (S) reduce the effects of D42,DNGlued on viability.

TABLE 1: Genetic modifiers of synapse growth in dynactin complex mutants.
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system (Figure 3F, lane 3) compared with control flies (Figure 3F, 
lane 4). Taken together, these results support the notion that a por-
tion of Arfip associates with the dynactin complex in the neurons of 
flies and mice.

arfaptin is required within the motor neuron 
for normal synapse growth
Our genetic data and biochemical data suggest a model in which 
Arfip works with the dynactin complex specifically during synapse 
growth but not during synapse stabilization or axonal transport. 
This model would predict that Arfip is required within the motor 
neuron for normal synapse growth but be dispensable for axonal 
transport and synapse stabilization. To test this model, we first 
examined whether Arfip is required within the motor neuron for 
normal synapse growth. The chromosome deficiency, Df ED5518, 
lacks the region containing the arfip gene and was used as a null 
allele in these studies. We found that heterozygote mutations in 
arfip (Df ED5518/+, arfip71/+, and arfip12/+) have wild-type num-
bers of boutons at their respective NMJs (Figures 2E and 4F). We 
next observed that arfip71/Df ED5518, arfip12/71, and arfip12 mu-
tant NMJs have significant reductions in bouton numbers com-
pared with controls (Figure 4, B, D, and F). In these analyses, no 
difference in muscle size was observed in arfip mutants compared 
with controls (Figure 4H). We also observed reductions in synapse 
growth in second-instar larvae, supporting the notion that Arfip 
function is required throughout larval development for normal 
synapse growth (Figure 4I). In addition, the equivalent effect of 
these allelic combinations on synapse growth support the idea 
that arfip71 and arfip12 both function as null mutations, consistent 
with analysis of protein levels (Figure 2C). Although synapse 
growth is reduced, we observed little change in amount or mor-
phology of a number of presynaptic proteins at mutant synapses, 
including VGluT, CSP, and FasII (Figure 4, A and B, insets; data not 
shown).

brain, which expresses both Arfaptin1 and Arfaptin2 (Figure 3C). We 
observed that endogenous Arfaptin2 (Figure 3C, lane 2), but not 
Arfaptin1 (Figure 3C, lane 5), could be coimmunoprecipitated with 
mouse P150/DCTN1, demonstrating the specificity and conserva-
tion of the robust interaction between P150/Glued and Arfaptin2. 
These data support the notion that Arfaptin and Glued can interact 
biochemically, supporting the observed genetic interaction.

To investigate whether Arfip associates with the dynactin com-
plex, we first investigated the presence of Arfip in isolated dynactin 
complexes. The large size of the dynactin complex allows for the 
purification of intact complexes from fly tissues using sedimentation 
gradients (Haghnia et al., 2007). Gradient fractions are then ana-
lyzed using immunoblotting for the presence of dynactin complex 
components in the fractions corresponding to the predicted sedi-
mentation of intact complexes (∼17S, fractions 9–11; Haghnia et al., 
2007). Gradient fractionation of Drosophila S2 cells, which we find 
express Arfip, demonstrates that a portion of endogenous Arfip 
cosediments with dynactin complex components in the 17S frac-
tions (Figure 3D). Note that the observed distribution of dynactin 
complex components in our gradients is similar to what was demon-
strated for the sedimentation of dynactin complex components 
from Drosophila (Haghnia et al., 2007). Arfip is also found in 17S 
fractions from fly heads, supporting the notion that Arfip is associ-
ated with dynactin complexes in both cells and neurons (Figure 3E). 
To confirm this analysis, we investigated whether we could coim-
munoprecipitate components of the dynactin complex with Arfip 
from the 17S gradient fractions from homogenized fly heads. We 
subjected gradient fractions 9–11 from homogenized heads from 
flies expressing Arfip-HA in the nervous system (Figure 3F, lane 1) or 
from control flies lacking transgenic Arfip-HA expression (Figure 3F, 
lane 2) to immunoprecipitation using anti-HA coated beads. Immu-
noblot analysis demonstrated the coimmunoprecipitation of both 
the Glued and Arp1 components of the dynactin complex specifi-
cally from the flies expressing the Arfip-HA transgene in the nervous 

FIGURE 2: CG17184 encodes Drosophila arfaptin (arfip), a novel gene that functions with glued during synapse growth 
but not synapse stability. (A) A schematic of the CG17184 (arfaptin) locus including coding sequences (CDS), 
untranslated regions (UTR), and the locations of the two P-element insertions isolated in the screen. Breakpoints for 
arfaptin (arfip) deletion mutations arfip12 and arfip71 are indicated. (B) In situ hybridization of stage 15 Drosophila 
embryo showing mRNA expression of arfip within the developing nervous system. (C) Immunoblot analysis of wild-type 
(w1118) and homozygous arfip12 and arfip71 mutants probed with anti-Arfip antibody. (D) Graph represents the average 
number of boutons per NMJ (n = 16–20) at muscle 4 for the indicated genotypes. *p < 0.01 vs. ArfipP2/+ using one 
way analysis of variance (ANOVA); **p < 0.05 vs. D42, DNGlued/ArfipP2 using Student’s t test. Error bars, SEM; 
n = 16–20 NMJs. (E) Graph of the average number of boutons per NMJ (n = 16–20) at muscle 4 for the indicated 
genotypes. *p < 0.05. Significance determined vs. wild type using one-way ANOVA.
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To confirm that the reduction in synapse 
growth observed in the arfip mutants is due 
to the loss of Arfip function in the motor 
neuron, we performed rescue experiments 
by expressing a UAS-ArfipWT transgene in 
motor neurons of arfip12/71 mutants using 
both a panneuronal Elav driver (C155; 
Robinow and White, 1988) and a motor 
neuron–specific driver (OK6; Sanyal, 2009). 
We found that neuronal expression of wild-
type Arfip (ArfipWT) with either Gal4 driver 
line in arfip12/71 mutants robustly rescues the 
defect in synapse growth found in arfip 
mutants (Figure 4G). The ability of Arfip ex-
pression to rescue past wild-type levels is 
consistent with the ability of Arfip over-
expression to enhance synapse growth in 
wild-type neurons (Figure 2D) and is due to 
overexpression of Arfip in the rescue back-
ground. These data demonstrate that Arfip 
functions within the neuron during synapse 
growth.

arfaptin is not required for dynactin-
dependent axonal transport or 
synaptic stability
We next investigated whether arfip was re-
quired for normal axonal transport. We first 
assayed the presence of axonal blockages 
in arfip mutant axons (Figure 5A). These 
blockages were used previously to detect 
defects in axonal transport in motor protein 
mutants, including dynein and kinesin mu-
tants, and can easily be combined with ge-
netic pathway analysis (Bowman et al., 
1999; Martin et al., 1999; Gunawardena 
et al., 2003; Lee et al., 2004; Lorenzo et al., 
2010). Axonal blockages were analyzed 
in mutant third-instar larvae using immuno-
fluorescence microscopy with antibodies 
against the synaptic vesicle protein VGluT 
(our marker for axonal blockages) and the 
axonal membrane marker horseradish per-
oxidase (HRP; Figure 5A). Digital images 
were then analyzed to quantify the size of 
VGluT immunoreactive blockages (Figure 5, 
B and C). Using this approach, we found no 
difference in the size of VGluT puncta be-
tween controls and the homozygous arfip 
12/71 mutants or the gluedKG07739/arfip12 tran-
sheterozygote mutant (Figure 5C). Of im-
portance, we previously demonstrated that 
both the arfip 12/71 and gluedKG07739/arfip12 
genetic backgrounds had significant reduc-
tions in synapse growth (Figures 2E and 4F). 
We also determined the number of VGluT 
puncta per unit length of axon and did not 
see any significant difference between arfip 
mutants and controls (data not shown).

Because blockage analysis does not di-
rectly measure motor protein function, we 
directly analyzed the axonal transport of 

FIGURE 3: Arfaptin associates biochemically with dynactin complexes. (A) Schematic of Arfip 
protein structure reveals two functional domains: Bin-amphiphysin-Rvs (BAR) and GTPase-
binding domain (GBD). Percentages shown below protein schematic represent amino acid 
identity between Arfip and human Arfaptin2. (B) Immunoblots of coimmunoprecipitation 
analysis from S2 cells coexpressing FLAG-Glued and Arfip-HA fusion proteins incubated with 
anti-FLAG–antibody coated beads (lane 3). Inclusion of a competing FLAG peptide during 
incubation with beads completely abolished binding of Arfip-HA (lane 4). S2 cells only 
expressing Arfip-HA when incubated with FLAG beads showed no binding of Arfip-HA to 
FLAG beads (lane 5). Cell lysate of S2 cells coexpressing FLAG-Glued and Arfip-HA (lane 1) or 
Arfip-HA only (lane 2) shows equivalent amount of protein materials added in each 
coimmunoprecipitation experiment. (C) Immunoblots of coimmunoprecipitation analysis from 
mouse brain homogenate show that Arfaptin2, but not Arfaptin1, binds to mouse P150 
(compare lanes 2–5). Mouse brain homogenate containing endogenous P150, Arfaptin2, and 
Arfaptin1 proteins (lanes 1 and 4) was incubated with anti-P150 antibody–coated beads (lanes 
2 and 5) or control beads coated with mouse IgG (lanes 3 and 6). (D) Immunoblot analysis of 
gradient fractionation of Drosophila S2 cells. Sedimentation of the dynactin subunits was 
monitored by immunoblot of dynein heavy chain (DHC), dynein IC (DIC), Glued, and Arp1. 
Fraction numbers are indicated above blots, and sedimentation is monitored with protein 
standards for 10S and 17S sizes. Immunoblot of Arfip demonstrates the presence of Arfip in 
the 17S fractions known to contain dynactin complexes (fractions 9–11). Line graph represents 
the total protein load in each lane as determined by Coomassie protein staining of protein 
gels. Sedimentation values were determined by running parallel protein standards. 
(E) Immunoblot analysis of gradient fractionation of Drosophila heads. Sedimentation of the 
dynactin subunits was monitored by immunoblot of Glued and Arp1. Fraction numbers are 
indicated above blots, and sedimentation is monitored with protein standards for 10S and 
17S sizes. Immunoblot of Arfip demonstrates the presence of Arfip in the 17S fractions known 
to contain dynactin complexes (fractions 9–11). Line graph represents the total protein load in 
each lane. (F) Heads of flies expressing Arfip-HA in the nervous system were subjected to 
sucrose gradient sedimentation. Fractions 9–11 from gradients of heads from flies expressing 
Arfip-HA in all neurons (+Tg; lane 1) or fractions from control flies (-Tg; lane 2) were incubated 
with anti-HA beads. Immunoblot analysis of endogenous Glued and Arp-1 was used to 
evaluate specific coIP with Arfip-HA (lane 3 vs. lane 4).
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axonal transport was observed, and run 
lengths and velocities were easily deter-
mined using particle-tracking software 
(Susalka et al., 2000). We did not observe 
any differences in the density of syb-GFP 
punta or in the numbers of puncta moving 
in either the anterograde or retrograde di-
rection in arfip12/71-mutant axons compared 
with controls (Supplemental Table S2). Be-
cause of the known role of the dynactin 
complex during retrograde axonal trans-
port, we mostly focused on retrograde 
transport. This analysis found no significant 
difference in the average or instantaneous 
maximum retrograde velocities of syb-GFP 
transport in arfip-mutant axons compared 
with wild-type axons (Figure 5, E and G). In 
addition, no difference was observed be-
tween wild type and arfip12/71 mutants for 
average retrograde run lengths (Figure 5F). 
We also observe a normal distribution of 
both retrograde velocities and run lengths 
in arfip mutants (Figure 5, E and F). Finally, 
no difference was observed for anterograde 
transport between arfip mutants and wild 
type (Figure 5H). These analyses find no re-
quirement for arfip during retrograde or an-
terograde axonal transport and support the 
idea that the effects of arfip mutants on syn-
apse growth are not due to impaired axonal 
transport. This is supported by the lack of a 
tail-lift phenotype in arfip-mutant larvae, 
which is characteristic of mutations in motor 
proteins in larvae (Martin et al., 1999).

The prevalence of presynaptic retrac-
tions (footprints) is a quantitative measure of 
changes in synapse stability and is increased 
in dynactin complex mutants (Eaton et al., 
2002; Pielage et al., 2005; Koch et al., 2008). 
To investigate a role for arfip during synapse 
stabilization, we determined the number of 
footprints in arfip12/71 mutants and found no 
difference in the number of footprints ob-
served in arfip mutants compared with wild 
type (data not shown). Taken together, these 
data support that Arfip functions with the 
dynactin complex specifically during syn-
apse growth.

Arfaptin colocalizes with the dynactin 
complex at the Golgi
To determine where arfip and the dynactin 
complex function together in neurons, we 
next sought to determine the subcellular lo-
calization of Arfip within the motor neuron. 

Immunofluorescence microscopy of third-instar larvae with an anti-
Arfip antibody revealed specific staining within all neurons of the 
nervous system, including all neurons of the brain, sensory neurons, 
motor neurons, and developing neurons within the optic lobes that 
was absent in arfip mutants (Figure 6, A and B; and data not shown). 
Higher magnification of the motor neuron soma showed that Arfip 
is found near the nuclei in punctate structures that are distributed 

vesicles in arfip mutants using live video microscopy. Axonal tracts 
from control and arfip-mutant third-instar larvae expressing synapto-
brevin-green fluorescent protein (syb-GFP) in the motor neuron 
were imaged live using video microscopy to generate videos of the 
axonal transport of vesicles along the axon in both the anterograde 
and retrograde directions (Supplemental Movies S1 and S2 and 
Figure 5D). In general, the episodic nature of microtubule-based 

FIGURE 4: Arfaptin functions presynaptically during synapse growth. (A, B) Immunofluorescence 
image of NMJ at muscle 6/7 in wild-type and arfip12/71 mutant third-instar larvae costained 
with anti-VGluT (green channel) and anti–Discs-large (red channel) antibodies. High magnification 
of the marked regions stained for either (i) VGluT or (ii) Discs-large are shown (right). 
(C–E) immunofluorescence images of NMJ at muscle 4 in driver control line (C; C155; arfip12), 
transgene control line (D; UAS-ArfipWT/+; arfip12/71), and arfip rescue line (E; C155; 
UAS-ArfipWT /+; arfip12/71) stained for DVGuT. (F, G) Graphs of the average number of boutons 
per NMJ at muscle 4 for the indicated genotypes. *p < 0.01 vs. wild type determined using 
one-way ANOVA. **p < 0.001 rescue vs. transgene control as indicated determined by Student’s 
t test. (H) Graph of the quantification of the area of muscle 4 in third-instar larvae between wild 
type and arfip12/71 mutant. n = 8–10 muscles. (I) Graph of the average number of boutons/μm2 of 
muscle in early second-instar larvae between wild type and arfip12/71 mutant. Significance 
determined by Student’s t test (p < 0.05).
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throughout the soma (Figure 6, C and D). 
We were unable to detect any endogenous 
Arfip at the NMJ in wild-type larvae with our 
antibody (data not shown). We believed that 
the perinuclear staining represented local-
ization to the Golgi, so we investigated the 
colocalization of Arfip with the Golgi mark-
ers GM-130 and Lava lamp. We found that 
Arfip is juxtaposed to the GM-130 in motor 
neuron cell bodies (Figure 6, E and F) and 
S2 cells (see later discussion of Figure 9B). A 
three-dimensional reconstruction of Arfip 
and GM-130 staining in the ventral nerve 
cord (VNC) from a z-stack clearly demon-
strates the close opposition of these two 
proteins in motor neuron soma (Figure 6F). 
These data suggest that Arfip is primarily 
localized to cisternae distal to the cis-Golgi. 
This model is supported by Arfip staining in 
S2 cells, which reveals significant colocaliza-
tion of Arfip with the TGN-resident protein 
Lava lamp (Figure 7G; Papoulas et al., 2005; 
Repnikova et al., 2010). Pixel-based colocal-
ization analysis of high-magnification (160×) 
deconvolved three-dimensional (3D) images 
of S2 cells allows for the generation of a 
Manders overlap coefficient (R), a measure 
of the colocalization of two overlying chan-
nels (Manders et al., 1993). The R for the 
costaining of Arfip and Lava lamp within the 
Golgi region of S2 cells supports the partial 
colocalization of Arfip and Lava lamp at the 
Golgi (R = 0.71 ± 0.019; n = 9). Taken to-
gether, these data support the idea that 
Arfip in S2 cells and neurons is localized pri-
marily to distal cisternae of the Golgi, likely 
the TGN.

These localization data suggest the likely 
possibility that Arfip functions with the dy-
nactin complex at the Golgi. To investigate 
this model, we used immunofluorescence 
microscopy in S2 cells to determine whether 
Arfip and Glued colocalize at the Golgi. This 
analysis revealed partial colocalization of 
Arfip and Glued at the Golgi in S2 cells 
(Figure 7A). This is supported by colocaliza-
tion analysis in S2 cells costained for endog-
enous Arfip and transfected Glued, which 
found significantly higher R near the Golgi 
region (R = 0.64 ± 0.018; n = 7) than in the 
cytosol (p < 0.001; R = 0.296 ± 0.025). We 
further observed that Golgi morphology 
within the motor neuron soma is altered in 
arfip mutants compared with controls (Figure 
7, C and D). These images suggested that 
the Golgi in the motor neurons were be-
coming fragmented, a phenotype reported 
within the motor neurons of mice harboring 
a dominant mutation in the dynactin com-
plex (Laird et al., 2008; Teuling et al., 2008). 
We used segmentation analysis of decon-
volved 3D fluorescence images of Golgi 

FIGURE 5: Arfip is not required for normal axonal transport. (A) Inverted images of axonal 
segments at the midline in A4 of third-instar larvae of indicated genotypes stained with the 
anti-VGluT antibody. Axonal blockages are characterized by large aggregates of VGluT puncta as 
seen in D42, DNGlued/+ larvae. Scale bar, 10 um. (B, C) Frequency distribution of VGluT puncta 
surface area by indicated genotypes. Only D42, DNGlued/+ axons have significant increases in 
puncta size compared with all other genotypes. *p < 0.01, Mann–Whitney test between wild 
type and D42,DNGlued/+. (D) Kymograph of inverted still images from live imaging of syb-GFP 
in axons of motor neurons projecting from the VNC, demonstrating the retrograde (diamonds) 
and anterograde (triangles) movement of syb-GFP vesicles in wild-type larvae (note: other 
particles are also observed moving in these frames). (E) Normalized frequency distribution of 
instantaneous retrograde velocities of syb-GFP axonal transport in wild-type (black bars) and 
arfip12/71 (gray bars) larvae determined from analysis of live imaging. Inset graphs represent the 
average retrograde velocity of the distribution. For these analyses, 53 particles from eight 
animals for wild type and 68 particles from 11 animals for arfip mutant were analyzed. There is 
no significant difference in the average (as determined by Student’s t test) or the distribution of 
velocities (as determined by a two-sample Kolmogorov–Smirnov test). Error bars, SEM. 
(F) Normalized frequency distribution histogram of retrograde run length of syb-GFP –containing 
vesicles in wild type (black bars) and arfip12/71 (gray bars) axons. Inset graphs represent the 
average retrograde run length for the distribution. For these analyses, 49 particles from eight 
animals for wild type and 64 particles from 11 animals for arfip mutant were analyzed. Error bars, 
SEM. There is no significant difference in the average (as determined by Student’s T-test) or the 
distribution of velocities (as determined by a two-sample Kolmogorov–Smirnov test). (G) Graphs 
represent the average maximum instantaneous retrograde velocity of syb-GFP in wild-type 
(black bars) and arfip12/71 axons. (H) Graphs represent the average maximum instantaneous 
anterograde velocity (top) or average anterograde velocity (bottoms) of syb-GFP in wild-type 
(black bars) and arfip12/71 axons. For these analyses, 22 particles from eight animals for wild type 
and 22 particles from 11 animals for arfip mutant were analyzed. Error bars, SEM. There is no 
significant difference for either average anterograde velocity as determined by Student’s t test.
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in Golgi morphology (Figure 7, E and F). This phenotype is similar to 
what we observe for the Golgi in motor neurons of Glued1 hypo-
morphic mutants (Figure 7G). These data demonstrate that Arfip 
and Glued colocalize at the Golgi and that both proteins are re-
quired for maintenance of normal Golgi morphology in motor 
neurons.

Arfip mediates membrane binding of the dynactin complex
Drosophila Arfip, like mammalian Arfip2, contains two key functional 
domains in its C terminus, a GTPase-binding domain and a BAR 
domain (Figure 3A). Previous work on the BAR domain of mamma-
lian Arfaptin2, including structural analysis, showed that Arfaptin2 
forms a dimer that associates lipid membranes via interactions be-
tween specific amino acids and lipid head groups (Peter et al., 2004). 
These previous studies suggested that perhaps Arfip could be me-
diating the binding of the dynactin complex to internal membranes 
in neurons and S2 cells. To investigate this possibility, we performed 
membrane flotation assays to determine the amount of Glued re-
covered in membrane fractions from S2 cells treated with double-
stranded RNA (dsRNA) targeting arfip. S2 cells are ideal for this ap-
proach because S2 cells express both Arfip and the dynactin 
complex, and large amounts of homogeneous RNA interference 
(RNAi)–treated cells can be easily obtained. Under conditions in 
which we knocked down Arfip protein levels by ∼90% (Figure 8A), 
we found that the amount of Glued protein associated with mem-
branes is significantly reduced in S2 cells treated with arfip dsRNA 
compared with controls (Figure 8, B and C). A similar reduction in 
membrane binding of the dynein IC was observed in response to 
arfip dsRNA treatment (DIC; Figure 8, B and C). To determine 
whether Arfip has a similar function in neurons, we performed mem-
brane flotation analysis on ∼220 dissected larval ventral ganglions 
from wild-type and arfip mutants. In these assays we also saw signifi-
cant reduction in the amount of Glued on the membranes in arfip-
mutant neurons, similar to what we observed in S2 cells (Figure 8, D 
and E). These data demonstrate that Arfip binds the dynactin com-
plex to the Golgi membrane in motor neurons.

Membrane binding of Arfip is required for TGN localization 
and synapse growth
The foregoing data predict that membrane binding of Arfip will be 
required for dynactin complex function during synapse growth. Pre-
vious work on the BAR domain of Arfaptin2 showed that substitut-
ing acidic amino acids for key basic amino acids in the BAR domain 
completely abolished membrane binding (Peter et al., 2004). We 
made similar amino acid substitutions in the Arfip BAR domain to 
investigate the requirement of membrane binding for Arfip function 
in motor neurons (ArfipBAR; Figure 9A). Because of the possibility of 
transgenic mutant Arfip dimerizing with the endogenous Arfip, the 
following studies were performed in S2 cells treated with a dsRNA 
targeting the arfip 3′ UTR to allow for the transgenic expression of 
mutant Arfip in the arfip-knockdown cells. We first performed 
immunofluorescence microscopy on arfip-knockdown S2 cells and 
found that transgenically expressed wild-type ArfipWT correctly lo-
calized to the TGN (Figure 9B) but the transgenically expressed 
ArfipBAR mutant does not and appears to be diffuse throughout the 
cytoplasm (Figure 9C). We extended this analysis to the nervous 
system, where we expressed either the ArfipWT transgene or the 
ArfipBAR transgene within the motor neurons of an arfip12/71 mutant. 
Similar to S2 cells, we found that wild-type Arfip localizes properly 
to the Golgi in arfip-mutant motor neurons (Figure 9D) but the Arfip-
BAR protein fails to localize to the TGN and is diffuse within the motor 
neuron soma (Figure 9E). To confirm the effects of the BAR domain 

staining to determine the size of Golgi stacks in wild-type and arfip 
mutants and observed that arfip mutants have a reduction in the 
number of normal-sized Golgi, consistent with a substantial change 

FIGURE 6: Arfaptin is localized to the distal Golgi in motor neurons. 
(A, B) Immunofluorescence images of the larval VNC from wild type (A) 
and arfip12/71 mutants (B) stained with Arfip antibody, demonstrating 
the expression of Arfip within the VNC. Lack of Arfip staining in 
arfip12/71 mutants demonstrates the specificity of the Arfip antibody. 
(C, D) Higher magnification of ventral ganglions from wild-type (C) and 
Arfip12/71 mutants (D), showing the costaining of Arfip (red) and Eve 
(green), a protein that stains pools of motor neuron nuclei. 
(E) Immunofluorescence images of motor neuron soma from larvae 
expressing Arfip-HA in motor neurons costained for Arfip-HA (middle; 
green in merge) and GM-130 (left; red in merge). Right, merged 
image. Asterisks indicate position of Eve-positive nuclei. (F) Three-
dimensional reconstruction of z-stack images of the motor neuron cell 
bodies shown in E, demonstrating the exclusive localization of GM-130 
and Arfip. Asterisks indicate position of Eve-positive nuclei. Grid lines 
are separated by 1 μm. (G) Immunofluorescence images from an S2 
cell expressing Arfip-HA costained for Arfip-HA (middle; green in 
merge) and Lava lamp (left; red in merge). Right, merged image, 
showing partial colocalization of Arfip and Lava lamp. Asterisk 
indicates nucleus. Scale bar, 5 μm.
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mutations on the membrane binding of 
Arfip, we performed membrane flotation as-
says on S2 cells and found that wild-type 
Arfip (ArfipWT) is successfully recovered in 
the membrane fractions but the BAR do-
main Arfip mutant (ArfipBAR) is not (Figure 
9F). It is unclear why the mobility of the BAR 
domain mutant is different from the mobility 
of wild-type Arfip under standard SDS–
PAGE gel electrophoresis (Figure 9F). Note 
that all transgenes used were fully se-
quenced and verified. We also investigated 
the effects of BAR mutants on membrane 
binding of Glued and DIC and observed 
that rescue with wild-type Arfip restores 
Glued and DIC binding to normal levels but 
rescue with the BAR domain mutant is un-
able to (Figure 9F). Thus membrane binding 
of Arfip is required for the Golgi localization 
of Arfip and membrane association of the 
dynactin complex.

A model in which Arfip-mediated mem-
brane binding by dynactin is required for 
synapse growth predicts that Arfip harbor-
ing the BAR mutations should not be able to 
support normal synaptic growth. To test this, 
we expressed ArfipBAR within the motor neu-
ron in an arfip12/71-mutant background and 
assessed synaptic growth. This analysis re-
vealed that the ArfipBAR mutant protein, in 
contrast to ArfipWT, does not support syn-
apse growth in these rescue experiments 
(Figure 9G). It is important to note that this 
mutation in the BAR domain does not alter 
the ability of Arfip to bind small GTPases, 
supporting the notion that the primary ef-
fect of this mutation is membrane associa-
tion (Supplemental Figure S1). These data 
are consistent with the model that mem-
brane binding of Arfip (and the dynactin 
complex) at the TGN of the motor neuron is 
required for normal synapse growth.

DISCUSSION
An unbiased genetic screen in Drosophila 
designed to recover enhancers and sup-
pressors of mutant Glued (DNGlued) toxic-
ity was performed to identify genes involved 
in specifying dynactin complex function in 
motor neurons. This screen recovered two 

FIGURE 7: Arfip and Glued colocalize at the Golgi and are required for Golgi integrity. 
(A, B) Deconvolved fluorescence images from S2 cells are shown expressing FLAG-Glued and 
costained with anti-FLAG (A, left) and anti-Arfip antibody (A, middle) or with anti-FLAG (B, left) 
and anti–Lava lamp (B, middle). Merged images (A and B, right) representing the staining for 
FLAG-Glued (green channel) and endogenous Arfip (red channel) reveal partial colocalization at 
the juxtanuclear region between FLAG-Glued and Arfip (A, right) and between FLAG-Glued and 
Lava lamp (B, right). Insets show higher magnification of the regions indicated with arrows in A and 
B. Scale bar, 10 μm. (C, D) Immunofluorescence images of third-instar larval VNC costained with 
anti–Lava lamp (Golgi marker; green channel) and anti-Eve antibody (motor neuron nuclei; red 
channel), demonstrating that the Golgi appears smaller and more fragmented in arfip12/71 mutants 
(D) compared with wild type (C). (ii) Surface views of the deconvolved images from the top panels 
(i) are presented to highlight changes in Golgi integrity. (E) Example of a 3D surface rendering of 
Lava lamp staining in wild-type soma used to determine the size of Golgi stacks (voxels). Examples 
1–6 are indicated on image. On the basis of our image, we consider structures >1200 voxels as 
Golgi stacks in this analysis. (F, G) Analysis of Golgi stacks (>1200 voxels) from Eve-positive soma 

within the VNC demonstrates a significantly 
reduction in the average number of large 
Golgi structures in both arfip mutants (G, wild 
type vs. arfip12/71) and in Glued1 mutants 
(H, wild type vs. Glued1). *p < 0.05, 
significance of averages vs. wild type 
determined by a student’s t test. Error bars, 
SEM. For these analyses, total particle number 
is 428 for wild type, 700 for arfip12/71 mutants, 
and 1164 for Glued1 mutants from three 
ventral ganglia for each genotype.
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quired to define the pathogenic mechanisms associated with these 
mutant backgrounds.

Our genetic data are consistent with arfip and glued functioning 
in the same pathway during synapse growth within the motor neu-
ron. In support of a genetic interaction, we find that Arfip is physi-
cally associated with Glued and other components of the dynactin 
complex in the nervous system. Arfip can be coimmunoprecipitated 
with Glued from both S2 cells and fly brains. In addition, coimmuno-
precipitation of Arfaptin2 with P150/Glued, but not Arfaptin1, from 
mouse brain homogenates demonstrates both the specificity and 
the conservation of the biochemical interaction between Arfaptins 
and P150/Glued. Gradient fractionation demonstrates that a por-
tion of Arfip cosediments with dynactin complexes. The combining 
of sucrose gradient fractionation with coimmunoprecipitation clearly 
demonstrates that Arfip is associated with dynactin complexes in 
the fly nervous system. In addition, we find that the membrane as-
sociation of dynactin complex components is decreased in arfip mu-
tants and restoration of dynactin complex binding requires Arfip 
membrane binding via the BAR domain, which is also required for 
Golgi localization of Arfip. Not only do these membrane binding 
data support the model that Arfip biochemically associates with dy-
nactin complexes, they also support that this interaction results in 
membrane binding of the dynactin complex. Although the forego-
ing assays do not specify which population of membranes are being 
recovered, when combined with our colocalization studies, these 
data present compelling evidence that Arfip is a novel dynactin-
associated protein in neurons that regulates dynactin complex func-
tion binding to the Golgi membrane.

Previous data demonstrated that Glued and dynein bind to 
membranes independently, which is different from what we find 
here, that membrane binding of both Glued and dynein are reduced 
in arfip mutants (Holleran et al., 2001; Haghnia et al., 2007). We can 
imagine a number of explanations for the difference between the 
previous studies and what we observe in arfip mutants. First, in 
these previous studies the differences observed in membrane bind-
ing were revealed by either biochemical disruption of the dynactin 
complex (Haghnia et al., 2007) or under conditions of mild protein 
denaturation (KI treatment; Holleran et al., 2001). This is demon-
strated clearly by the change in sedimentation of Glued in Arp-1 
mutants (Haghnia et al., 2007). Thus the conditions that previously 
revealed these differences in binding are very different from what 
exists in arfip mutants, and the differences in binding of Glued and 
dynein were aided by disruption of the complex. In addition, there 
are large reductions in protein levels of Glued in arp-1 mutants but 
not of dynein (Haghnia et al., 2007). Therefore it is also possible that 
these differences in expression of Glued and dynein in response to 
arp-1 mutations contribute to the differences in membrane binding 
observed in arp-1 mutants compared with arfip mutants, where we 
do not see any effects on Glued expression levels.

Roles for the dynactin complex and Arfip at the Golgi 
during synapse growth
It has been established in motor neurons that dynactin complex 
function is required within the axon and nerve terminal for retrograde 
trophic signaling, which is critical for normal synapse function and 
neuronal health (LaMonte et al., 2002; Delcroix et al., 2003; Duncan 
and Goldstein, 2006; Chevalier-Larsen et al., 2008). In Drosophila 
motor neurons, dynactin-dependent retrograde trafficking of mus-
cle-derived bone morphogenetic protein (BMP) signaling is required 
for normal synapse growth and stability (McCabe et al., 2003; Eaton 
and Davis, 2005). Our data extend these observations by providing 
evidence that the dynactin complex, via its interaction with Arfip at 

independent heterozygotic insertions in the arfaptin gene 
(CG17184), the Drosophila homologue of Arfaptin2, which dramati-
cally reduced viability when placed in-trans to the DNGlued muta-
tion, a dominant hypomorphic mutation that impairs dynactin func-
tion in the motor neuron (Eaton et al., 2002). Assays of dynactin 
complex function in motor neurons found that both of these inser-
tions specifically enhanced the synapse growth defects observed in 
DNGlued mutants but not defects in synapse stability or axonal 
transport. Analysis of arfaptin mutants confirmed the specific role of 
Arfaptin during synapse growth and not during axonal transport or 
synapse stabilization. Similar genetic separation of these dynactin 
mutant pathologies is observed throughout the results of our screen, 
which taken together support a model in which multiple molecularly 
distinct neuropathologies contribute to pathogenesis in dynactin 
complex mutants. A more complete molecular understanding of the 
regulation of the dynactin complex within the neuron will be re-

FIGURE 8: Arfip mediates the membrane association of components of 
the dynactin complex in S2 cells and neurons. (A) Immunoblot analysis 
demonstrates reduced Arfip protein level in cell homogenate from arfip 
RNAi–treated S2 cells compared with control cell homogenate (PNS). 
(B) Images from immunoblots of membrane flotation analysis of arfip 
RNAi S2 cell homogenate (PNS), demonstrating the reduced recovery 
of Glued and dynein IC (DIC) in the light membrane fraction (LM) in 
arfip mutants. Syntaxin and actin were markers used to monitor 
fractionation of LMs and normalize protein recoveries during 
quantification. (C) Graphs of the average mean pixel intensities (m.p.i.) 
normalized to control of Glued or DIC protein signals recovered in 
membrane fractions from arfip RNAi–treated S2 cells (black bars) 
compared with controls (gray bars). Values were normalized for changes 
in expression (see PNS signal) and for changes in recovery of membrane 
(syntaxin signal). Values represent the average from three independent 
membrane flotation assays. *p < 0.01. Significance determined using 
Student’s t test. (D) Immunoblot analysis of homogenate from dissected 
third-instar ventral ganglion demonstrating loss of Arfip in arfip12/71-
mutant ganglions. (E) Images and immunoblots of membrane flotation 
analysis of ventral ganglions showing reduced Glued level from the LM 
fraction in arfip12/71 mutants compared to wild type.
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Recent studies in mammalian cells dem-
onstrated that localization of Arfaptin2 to 
the membrane of the TGN requires the 
small GTPase Arl1 and that this interaction is 
important for the tubularization of Golgi 
membranes (Man et al., 2011; Nakamura 
et al., 2012). The disruption of normal Lava 
lamp staining in the motor neurons of arfip 
mutants is consistent with a role for Arfip in 
maintenance of Golgi structure in the ner-
vous system. Of importance, the process of 
tubularization by BAR domain–containing 
sorting nexins was proposed to represent a 
mechanism for the sorting of membrane 
proteins (Wassmer et al., 2009; Brankatschk 
et al., 2011; Temkin et al., 2011; van 
Weering et al., 2012). By extension, this sug-
gests that Arfip in combination with the dy-
nactin complex could play a role in protein 
sorting at the TGN. Of interest, although 
arfip-mutant NMJs are smaller, the levels of 
all of the synaptic proteins we looked at 
were normal. These observations, in combi-
nation with the analysis of synaptobrevin-
GFP transport in the axon, support the idea 
that Arfip functions independently of the 
mechanisms involved in the delivery of syn-
aptic material to the synapse (Pack-Chung 
et al., 2007; Goldstein et al., 2008). Thus the 
effects that arfip mutants have on synapse 
growth are not due to defects in axonal 
transport or the delivery of materials to the 
growing synapse.

Although we do not know the identity of 
the protein(s) sorted by Arfip at the TGN, we 
can make some predictions from our pres-
ent data set. A potentially informative ob-
servation is that loss-of-function arfip mu-
tants have reduced synaptic growth and 
overexpression of Arfaptin results in in-
creased synapse growth. This would be con-
sistent with Arfip functioning at the Golgi to 
regulate the delivery of specific membrane 
proteins whose protein levels can directly 
influence the growth of the synapse. One 
possible class of proteins fitting this descrip-
tion is growth receptors. Although our data 
are not consistent with arfip mutants having 
impaired BMP signaling, there are other sig-
naling pathways implicated in synapse 
growth that might require Arfip function for 

normal signaling (Torroja et al., 1999; Packard et al., 2002; Collins 
et al., 2006).

Another class of membrane proteins that could be affected by 
arfip mutants is ion channel proteins required for normal neuron 
function and excitability. Previous data demonstrated that mutations 
in ion channels can result in both enhanced and reduced synaptic 
growth independent of axonal transport (Budnik et al., 1990; Lee 
and Wu, 2010). Although we do not present data supporting 
changes in ion channel composition in arfip mutants, recent data 
reported changes in ethanol-induced behavior in arfip-mutant flies 
consistent with altered neuronal activity (Peru Y Colón de Portugal 

the Golgi, has functions within the soma independent of BMP signal-
ing that are also required for normal synapse growth. In support are 
observations that mutations in the BMP signaling components mad 
and wit result in significant increases in synaptic footprints at larval 
NMJs that are not observed in arfip mutants (Eaton and Davis, 2005). 
In addition, wit mutants have impaired axonal transport, including 
increased axonal blockages, which we also do not observe in arfip 
mutants (Wang et al., 2007). These data demonstrate that the func-
tion of Arfaptin and the dynactin complex at the Golgi during syn-
apse growth is independent of role of the dynactin complex within 
the axon and nerve terminal during BMP signaling.

FIGURE 9: The BAR domain of Arfip is required for Golgi localization and synapse growth. 
(A) Schematic of Arfip protein, indicating region of the BAR domain containing four key residues 
(red in Arfip) previously shown in human Arfaptin2 to be required for membrane binding (Peter 
et al., 2004). We made similar substitutions in the BAR domain of Arfip (R243E, Q244E, R249E, 
and R256E, highlighted in red). Percentage amino acid identity shown is for Drosophila Arfip vs. 
human Arfaptin2. (B, C) Immunofluorescence images of arfip RNAi–treated S2 cells expressing 
HA-tagged wild-type Arfip (Arfipwt; B) or an HA-tagged Arfip harboring the BAR mutations 
shown in A (ArfipBAR; C) show that ArfipBAR disrupted localization. Golgi staining is normal in 
these cells, as demonstrated by GM-130 staining (red). Asterisks indicate nuclei. (D, E) 
Immunofluorescence images of HA-tagged Arfipwt (D) and HA-tagged ArfipBAR (E) expressed in 
the motor neuron cell bodies of third-instar arfip mutant larvae. (F) Immunoblot analysis of 
dynactin complex components (Glued, DIC) in membrane flotation assays from arfip RNAi–
treated S2 cells transfected with wild-type (WT) Arfip or BAR domain mutant Arfip, 
demonstrating that membrane binding of Arfip is required to reestablish membrane binding of 
Glued and DIC in arfip RNAi–treated S2 cells. (G) Graph of the average number of boutons per 
NMJ at muscle 4 in third-instar larvae for the indicated genotypes. Rescue was performed in the 
arfip12/71-mutant background using the indicated Gal4 driver and arfip transgene, demonstrating 
the lack of rescue of synapse growth by the arfipBAR transgene (ArfipBAR). *p < 0.01 vs. 
C155/+;;Arfip12/+. Significance determined by one-way ANOVA.
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mouse anti-GM130 (1:200; BD Biosciences, San Diego, CA), mouse 
anti-FLAG (1:500 and 1:1000; Sigma-Aldrich), and rabbit anti-HA 
(1:2000; US Biological). Secondary antibodies from goat were 
coupled to Alexa Fluor 488 or Alexa Fluor 555 and used at 1:400 
(Invitrogen). Goat anti-HRP was directly coupled to Alexa Fluor 647 
and used at 1:500 (Invitrogen). The following antibodies were used 
for immunoblot analyses: rabbit anti-Arfip (1:1000), mouse anti-
Glued (1:1000), rabbit anti-Arp1 (1:1000; gift of the Goldstein lab, 
University of California, San Diego), mouse anti-DHC (1:2000; gift of 
the Hays lab, University of Minnesota), mouse anti-DIC (1:700; 
Millipore, Billerica, MA), rabbit anti-GFP (1:1000; Invitrogen), rabbit 
anti-Arfip2 (1:400; Sigma-Aldrich), rabbit anti-Arfip (1:600; Santa 
Cruz Biotechnology, Santa Cruz, CA), mouse anti-P150 (1:800; BD 
Biosciences), rabbit anti-FLAG (1:1000; Sigma-Aldrich), and rabbit 
anti-HA (1:2000; US Biological).

dsRNA interference
Design and treatment of dsRNA constructs followed the protocols 
described in Rogers and Rogers (2008). Genomic template for arfip 
dsRNA was isolated by PCR amplification of a 543–base pair region 
corresponding to 3′ UTR of the predicted Arfip cDNA sequence 
(National Center for Biotechnology Information accession number 
NM_141801) using gene-specific primers with the T7 RNA poly-
merase sequence attached to the 5′ end of each primer to generate 
a product flanked with T7 binding sites (left primer: 5′-taatacgact-
cactatagggagaccac-tagacgcagttcgtcccttt-3′; right primer: 5′-taatac-
gactcactatagggagaccac-agctcgcaaaaacagtttcg-3′). Standard PCR 
was carried out on wild-type genomic DNA, and 5 μg of reaction 
products was used directly in an in vitro RNA transcription reaction 
with T7 polymerase using the T7 RiboMAX Large Scale RNA Pro-
duction System (Promega, Madison, WI). T7 transcription reaction 
was incubated in 37°C water bath for 20–24 h. Arfip dsRNA interfer-
ence in S2 cells was performed on six-well plates. Each well was 
seeded at 30–40% confluence with 2 ml of complete medium con-
taining 10 μg/ml arfip dsRNA (referred to as dsRNA medium). Fresh 
dsRNA medium was replaced daily for 5 d. Cells were harvested for 
analysis on day 6. To determine the effect of BAR mutation, dsRNA-
treated cells for 3 d were lifted from six-well plates and reseeded in 
new wells with 3 ml of fresh dsRNA medium. On day 4, transient 
transfection was performed as described. On day 5, transfected 
cells were washed once and allowed to culture in 10-cm plates with 
dsRNA medium for 48–72 h. Medium was replaced with fresh dsRNA 
medium daily until harvest on day 7.

Tissue culture and transfection
A polyclonal S2 cell line that constitutively expresses Gal4 was used 
for all experiments. S2 cells were grown in Schneider’s Drosophila 
medium (Invitrogen) supplemented with 10% fetal bovine serum 
(Invitrogen) and 1/100 dilution of penicillin–streptomycin–amphot-
ericin B (MP Biomedicals, Solon, OH) in a humidified atmosphere at 
25°C. Transient transfection of UAS-based fusion protein constructs 
in S2 cell culture was performed using a calcium phosphate–based 
method described in the Drosophila Expression System Kits and 
was used for both immunofluorescence and immunoblot analyses 
(Invitrogen). Transfected cells were washed once in complete 
medium and allowed to culture for 48–72 h. HeLa cells were main-
tained in DMEM (Cellgro, Manassas, VA) supplemented with 10% 
fetal bovine serum (Invitrogen) and 1/100 dilution of penicillin–
streptomycin–amphotericin B (MP Biomedicals) in a humidified 5% 
CO2 atmosphere at 37°C. For immunofluorescence localization 
analysis of GFP-Arfip in HeLa cells, cells were transfected using 
PolyFect Transfection Reagent (Qiagen, Valencia, CA).

et al., 2012). In addition, Arl1 mutant yeast have been reported to 
have defects in potassium homeostasis resulting in a hyperpolarized 
cell membrane, suggesting that in yeast Arl1 functions to sort mem-
brane proteins important for ion transport (Munson et al., 2004; 
Marešová and Sychrová, 2010). Nothing is known about the in vivo 
functions of Arl1 in the nervous system, but data from cell systems 
and yeast support the notion that Arl1 plays an important role in the 
sorting of proteins during vesicle formation (Rosenwald et al., 2002; 
Munro, 2005; Liu et al., 2006). On the basis of our data, we propose 
that the interaction between the dynactin complex and Arfaptin re-
sulting in membrane binding at the TGN regulates the sorting and 
delivery of specific proteins to the cell surface, possibly to the soma 
or dendritic compartments, that is required for normal synapse 
growth during development.

MATERIALS AND METHODS
Genetics and fly stocks
All fly stocks were maintained at 25°C on normal lab food. C155-
Gal4 and OK6-Gal4 lines were used for targeted expression of 
transgenes in the nervous system. Transgenic UAS-Arfip-HA lines 
were generated by microinjection into w−1118 (Rainbow Transgenics 
Flies, Camarillo, CA). arfip-null alleles were generated by mobilizing 
the P{EPgy2}EY11874 insert in the presence of the Δ2-3 transpos-
ase. White-eyed flies indicating P-element excision were screened 
by genomic PCR for deletions in CG17184 using primers to flanking 
gene regions, and breakpoints for deletions of both Arfip12 and 
Arfip71 were determined by sequencing of mutant gene loci.

Molecular biology
A full-length cDNA for arfip (LD44124) was used as a PCR template 
for directional TOPO cloning into pENTR (Invitrogen, Carlsbad, CA). 
All subsequent tagging of Arfip was to the N-terminus using the 
Gateway cloning system (Invitrogen) and appropriate pUAS-based 
destination vectors for microinjection (Drosophila Genomics Resource 
Center, Indiana University, Bloomington, IN). For HeLa expression, 
Arfip-GFP was cloned directly into pcDNA3.1 (Invitrogen). pUAS-
Glued-FLAG encodes an N-terminal FLAG epitope attached to full-
length Glued protein and was generated by recombinant cloning 
from the glued cDNA (RE24170) into pUASt.

Antibody production
Full-length recombinant GST-tagged Arfip was purified from bacte-
ria using glutathione beads and injected into rabbits. Arfip-positive 
serum was affinity purified using a histidine-tagged Arfip bound to 
nickel column. An N-terminal Glued peptide (amino acids 1–190) 
tagged with a hexahistidine epitope was purified from bacteria us-
ing a nickel column and injected into mice to generate a polyclonal 
mouse antibody. Immunoglobulin G (IgG) fractions were purified 
from positive mouse serum. Antibody production was carried out at 
the Antibody Core at the University of Texas Health Science Center 
at San Antonio.

Immunocytochemistry
The following antibodies were used for immunofluorescence analy-
ses: 1/5000 rabbit anti-DVGluT (1:5000, peptide antibody made as 
described; Daniels et al., 2004), mouse anti-DLG (1:200; Develop-
mental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), 
rabbit anti-GM130 (1:400; Abcam, Cambridge, MA), rabbit anti–
Lava lamp (1:400; gift of Papoulas lab, University of Texas, Austin), 
mouse anti-HA (1:500; US Biological, Swampscott, MA), mouse anti-
HA (1:1000; Covance, Berkeley, CA), mouse anti-GFP (1:400; Invitro-
gen), rabbit anti-TGN46 (1:400; Sigma-Aldrich, St. Louis, MO), 
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parallel gradient to monitor the fractionation profiles of 10S and 17S 
protein complexes, respectively. TCA precipitation was monitored 
by adding 5 μg of carbonic anhydrase to each fraction before pre-
cipitation and monitored with Ponceau S staining of blots.

Coimmunoprecipitation
For coimmunoprecipitation (coIP) two 80% confluent 10-cm dishes 
of cells cotransfected with pUAS-Glued-3XFLAG and pUAS-Arfip-
3XHA were homogenized in cold IP buffer (IPB; 50 mM Tris, pH 7.4, 
50 mM NaCl, 1% TX-100, 1 mM MgCl2, and protease inhibitors). 
Supernatant from the cell lysate was incubated with preblocked 
anti-FLAG–antibody coated beads (Sigma-Aldrich) and incubated at 
4°C for 2 h on rotation. For FLAG peptide inhibition, excess amounts 
of FLAG peptides were added to bead incubation. Beads were ex-
tensively washed, and bound proteins were analyzed by standard 
SDS–PAGE and Western blot. For coIP of HA-Arfip and dynactin 
complexes from fly brains, a sucrose density gradient was first per-
formed as described using ∼300 fly heads from either C155/+; UAS-
Arfip-HA/+ or C155/+ control flies. Fractions corresponding to the 
17S fractions (fractions 9–11) were collected and combined (∼3 ml). 
Buffer conditions of the 2.5 ml of combined fractions were supple-
mented (50 mM Tris, pH 7.4, 100 mM NaCl, 1% TX-100, 1 mM 
MgCl2, and protease inhibitors) and incubated overnight at 4°C with 
anti-HA coated beads (US Biologicals). The remaining 0.5 ml was 
TCA precipitated and reserved for immunoblot analysis. The bound 
protein material was washed and analyzed by SDS–PAGE and im-
munoblot. To perform CoIP of P150 and Arfaptin2, half of brain from 
2-wk-old mice was homogenized in homogenizing buffer (0.32 M 
sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
[HEPES], 2 mM EDTA, pH 7.4). A high-speed supernatant was pre-
pared by centrifugation of sample at 53,000 rpm for 45 min in a 
TLA120.2 rotor (Beckman Coulter). The resulting supernatant was 
incubated with either anti-P150 antibody–coated or control IgG-
coated Dynabeads Protein G (Invitrogen) according to the manufac-
turer’s protocol. The bound protein material was washed and ana-
lyzed by SDS–PAGE and immunoblot.

Membrane flotation
Membrane flotation assay was performed as previously described 
(Haghnia et al., 2007). Third-instar larvae were individually dissected 
and ∼200 brains were collected in dissection saline (70 mM NaCl, 
20 mM MgCl2, 4.8 mM KCl, 5 mM HEPES, 10 mM NaHCO3, 0.1 M 
sucrose, 20 mM EGTA, and protease inhibitor). The brains were ho-
mogenized in acetate buffer (Haghnia et al., 2007). For flotation 
analysis of S2 cells, three to four 10-cm dishes of Arfip dsRNA–
treated cells and non–dsRNA-treated control cells were homoge-
nized in homogenization buffer (8% sucrose and 3 mM imidazole, pH 
7.4). A postnuclear supernatant (PNS) was obtained by centrifuging 
at 1000 × g for 7 min in standard tabletop microcentrifuge (Labnet, 
Edison, NJ). The resulting PNS was brought to 40% sucrose, bottom 
loaded, and overlaid with two cushions of 35 and 8% sucrose. The 
gradient was centrifuged at 28,000 rpm for 1 h in a TH641 rotor 
(Beckman Coulter). The fractionation separates proteins into the fol-
lowing classes: light membranous organelles, soluble proteins, and 
heavy membranes. Equal amounts of protein from each fraction 
were analyzed by SDS–PAGE and immunoblotting. Protein quantifi-
cation was performed from scanned autoradiographic films by mea-
suring the pixel intensities of individual bands (corrected for back-
ground) with ImageJ (National Institutes of Health, Bethesda, MD). 
Background was determined by drawing an equal-sized rectangle 
near the band that was to be quantified. Only subsaturation bands 
were included in the analysis as determined by sample dilution.

Microscopy
All fixed images were captured with a 63× oil Plan-Neofluar (numeri-
cal aperture [NA], 1.25) objective using an Orca-2 backcooled 
charge-coupled device camera (Hamamatsu, Hamamatsu, Japan) 
attached to a Zeiss Axiovert 200M (Carl Zeiss, Jena, Germany), ex-
cept for HeLa and S2 cells, which were imaged on the same micro-
scope using a 100× oil Plan-Chromomat (NA 1.4) objective. For 
analysis of axonal transport of Synaptobrevin-GFP, wild-type and 
arfip-mutant larvae expressing UAS-synaptobrevin-GFP under 
control of the OK6 Gal4 driver were dissected and imaged live in 
Schneider’s media supplemented with 7 mM l-glutamic acid. Live 
imaging was performed with the 100× oil Plan-Chromomat (NA 1.4) 
objective on an Axiovert 200M microscope equipped with the Orca2 
camera set to 2 × 2 binning. Images were captured using a 200-ms 
exposure at 3.6 Hz. All imaging and postimage analysis was done 
using Slidebook software (3I, Denver, CO). Syb-GFP particles were 
tracked manually from coded files to generate “blind” data. For 
generation of R, z-stack images of S2 cells were generated at 160× 
and deconvolved using a constrained iterative algorithm that uses a 
theoretical point-spread function. The 3D deconvolved images were 
then analyzed pixel by pixel within designated regions of interest to 
generate R. R = 0 means no overlap of signals, and R = 1 means 
perfect and compete overlap. All deconvolution and colocalization 
analyses are built-in features of the Slidebook software that controls 
our imaging system.

Axonal blockage analysis
Third-instar larvae of indicated genotypes were dissected and fixed 
as previously described (Eaton et al., 2002). The larvae were stained 
with rabbit anti-VGluT and goat anti–HRP-Alexa 647. Goat anti-rab-
bit Alexa 488 was used to visualize VGluT staining. The z-stack im-
ages were collected using the 63× objective and deconvolved using 
a constrained iterative algorithm (Slidebook software). Individual 
VgluT-positive puncta were masked by intensity values and sub-
jected to quantitative analyses of surface area. From 10 to 14 larvae 
were dissected and analyzed for each genotype. The quantification 
analysis consists 950–1200 objects per genotype.

Sucrose density gradient
Sucrose density gradient was performed as previously described 
(Haghnia et al., 2007) with slight modifications. Flies were killed by 
freezing in −80°C for a minimum of 5 min. Approximately 250 fly 
heads were collected on ice and homogenized in 1 ml of PMEG buf-
fer (0.1 M piperazine-N,N′-bis(2-ethanesulfonic acid), pH 6.9, 5 mM 
ethylene glycol tetraacetic acid [EGTA], 0.9 M glycerol, 5 mM 
MgSO4, 0.1 mM EDTA, 0.5 mM dithiothreitol, and protease inhibi-
tors; Hays et al., 1994). A high-speed supernatant was prepared by 
centrifugation of sample at 53,000 rpm for 1 h in a TLA120.2 rotor 
(Beckman Coulter, Brea, CA). Supernatant was then overlaid on a 
continuous 5–20% sucrose gradient and centrifuged at 35,000 rpm 
for 16.5 h in a TH641 rotor (Beckman Coulter). For sucrose density 
gradient analysis of HeLa cells, three 10-cm dishes (∼80% conflu-
ency) of GFP-Arfip–transfected cells were homogenized in 1 ml of 
buffer A (50 mM Tris, 150 mM NaCl, pH 7.4, and 0.5 mM EDTA) 
plus protease inhibitors and centrifuged sequentially for 10 min at 
1000 × g, 10 min at 10,000 × g, and 50 min at 100,000 × g. The 
supernatant was overlaid on a continuous 5–20% sucrose gradient 
prepared in buffer A and centrifuged at 35,000 rpm for 16.5 h in a 
TH641 rotor. For all gradients, 1-ml fractions were collected, and 
total proteins were precipitated using trichloroacetic acid (TCA) and 
analyzed by SDS–PAGE and immunoblot. Protein molecular weight 
standards for 10S (amylase) and 17S (apoferritin) were run on a 
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