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ABSTRACT. We have used a site-specific photo-cross-linking approach to identify direct interactions between
clathrin adaptor protein (APromplexes and small GTPases of the ADP-ribosylation factor (ARF) family
and to explore the specificity of this interaction on immature secretory granule (ISG) membranes. ISG
membranes are a well-characterized, highly enriched preparation of membranes that has previously been
shown to have the membrane-associated factors for ARF1 recruitment that are not present on artificial
liposomes. All three classes of ARF proteins could be recruited to ISG membranes, displaying differential
requirements for GTFS. We found that ARF1, ARF5, and ARF6 interacted directly withAheadaptin

subunit of AP-1 in the presence of G¥®. Furthermore, we observed a direct interaction between the
switch 1 region of ARF1 and the N-terminal trunk domaing efindS1-adaptin. In addition, both ARF1

and ARF6 but not ARF5 interacted directly with tfig- andd-adaptin subunits of AP-3. No interaction

was observed between AP-2 and any of the ARF proteins. Our results delineate the specificity and provide
evidence of a direct interaction between different ARF proteins and the AP complexes AP-1 and AP-3 on
natural ISG membranes and show that residues in the switch 1 region of ARF proteins can selectively
bind to the trunk domains of these complexes.

Vesicle formation in cells is driven by coat complexes or to the more diverse group of monomeric proteins including
recruited from the cytosol which deform the compartmental S-arrestin and the Golgi-localizing-adaptin ear homology
membrane into a vesicle. The assembly of coats on cellulardomain, ADP-ribosylation factor (ARF) binding protein
membranes occurs through multiple proteprotein interac- (GGA) family (GGA1 through GGA3) (for review see refs
tions between the coat subunits, membrane-associated pro3 and4).
teins, and the cargo proteirng (It is likely that coat assembly Clathrin coat assembly on both cellular membranes and
on distinct membranes arises from the contributions of all liposomes requires proteins from the ARF family of small
three components; however, the precise molecular detailsGTPases. The six highly related mammalian ARF proteins
dictating the restricted and specific assembly of coats areare grouped into three classes on the basis of size and
not known. Several families of coats exist which assemble sequence homology5). ARF1, ARF2, and ARF3 are
selectively on different intracellular compartments. Clathrin members of class |, ARF4 and ARF5 belong to class Il, and
coats, composed of an inner layer of adaptors and an outerARF6 is in class Ill. ARF1 recruitment is an early event in
layer of clathrin, form on Golgi membranes, on immature coat formation and is catalyzed by the membrane-bound
secretory granules (ISGspn endosomes, and at the plasma guanine nucleotide exchange factor (GEF), resulting in
membrane. While clathrin plays a structural role in the coat, conversion of the cytosolic GDP-bound form of ARF1 to
the adaptors recognize and bind motifs in cargo moleculesthe membrane-associated GTP foré). (The exchange of
(2). Adaptor proteins belong either to the heterotetrameric GDP for GTP results in a structural change in the orientation
adaptor protein (AP) complex family (AP-1 through AP-4) of the switch 1 (amino acids 4%4) and switch 2 (amino
acids 70-80) regions of ARF1, resulting in exposure of the
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To gain information about the potential interactions of all ARF-depleted cytosol was prepared by gel filtratid)(of
three classes of ARF proteins and AP complexes and therebybovine adrenal medulla cytosol using a Bio-Gel P60 equili-
increase our knowledge of how coats are initially formed brated in binding buffer (25 mM HEPESKOH, 25 mM
on membranes, we used a photo-cross-linking apprd@ch ( KCI, 25 mM MgOAc, pH 7.2). Trypsin digestion was
This approach identifies direct protetprotein interactions,  performed with TLCK-treated trypsin (Sigma) diluted in
in our case between ARF and the APs, only occurring in binding buffer for 10 min at 37C before the addition of
the environment of a bona fide intracellular membrane and soybean trypsin inhibitor (STI) using trypsin-to-protein ratios
not in solution or on liposomesl®). A photoactivatable  from 1:30 to 1:3.
analogue of phenylalanine was introduced into the switch 1 Sjte-Directed Mutagenesis and in Vitro Transcriptidine
domain of ARF1, ARF5, and ARF6 and used to cross-link ¢DNAs for mouse ARF5 and human ARF6 tagged at their
ARF-interacting molecules on ISG membranes. We then C-terminus with HA and polyhistidine, respectively, were
looked for interactions of ARF with AP-1 and AP-3 by obtained from Dr. S. Cockcroft (University College London,
specific immunoprecipitation with the relevant antibodies. U.K.). Site-directed mutagenesis was performed using Quick-
We have used the ISG membrane as the acceptor membranghange according to the manufacturer’s instructions (Strat-
as the ISGs are a highly enriched, homogeneous membranggene, U.K.). Isoleucine 46 in the mouse ARF5 cDNA was
fraction to which ARF1-GTP can be recruited?. In mutated to phenylalanine using the priméayagattgtcaccac-
addition, the availability of the cross-linking technology has ctagcccactatdnd its complement. Site-directed mutagen-
allowed us to re-explore the interaction of ARF1-GTP with esis of the human ARF6 cDNA at isoleucine 42 to pheny-
AP-1 to map the region of the large subunits and 31- lalanine was done using the priméc&gtcggtgaccacctagccc-
adaptin) that interacts with ARF1-GTP. actgtc3 and its complement.

Using controlled proteolysis with trypsin, we show that  In vitro transcription of cDNAs encoding wild-type ARF1,
the N-terminal domain of AP-g1-adaptin directly interacts ~ ARF5-HA, and ARF6-His, mutated ARF1-Phe-46, ARF5-
with the switch 1 domain of ARF1-GTP. We demonstrate Phe-46, and ARF6-Phe-42 was performed with T7 RNA
that, like class | ARF1, class Il ARF5 and class Ill ARF6 polymerase (Promega$,(18).
can be recruited to ISG membranes. Using antibodies specific - production of Supressor tRNA and in Vitro Translation.
for AP-1, we show that while botp-adaptin angg1l-adaptin - Supressor tRNA was produced by ligation of the supressor
subunits of AP-1 interact efficiently with ARF1-GTP, only  {RNA(—CA) with L-4'-(3-trifluoromethyl-3H-diazirin-3-yl)-
pl-adaptin interacts efficiently with ARF5-GTP and ARF6-  phenylalanine, abbreviated (Tmd)Phe, to produce the amber
GTP after recruitment to ISG membranes. Furthermore, AP-3 sypressor tRNA™Pre (8 18). In vitro translation was
exhibits a similar degree of preference as AP-1 for ARF1. performed using nuclease-treated rabbit reticulocyte lysate
ARF1-GTP and, to a lesser extent, ARF6-GTP, bind directly (Promega) in the presence @FSE]methionine (Amersham

to thed andﬂ3 subunits of AP-3. However, no interaction - Pharmacia Biotech) and ana]yzed as describ@ﬁj Before
between ARF5-GTP and AP-3 was detected. These experi-addition of the lysate to the binding assay, the lysate was

ments provide insight into the direct interactions between spun for 15 min at 140@Pat 4 °C.

the Qifferent classes of ARF proteins and the APs and Photo-Cross-Linking Binding assays and photo-cross-
contribute to our knowledge about how clathrin coats linking assays were performed as describe2).(Typically,
assemble on membranes. 10uL of the rabbit reticulocyte lysate containing the in vitro

translated P°S]methionine-labeled wild type or 28_ of the
EXPERIMENTAL PROCEDURES lysate containing the mutated mRNAs was incubated with

Antibodies Antibodies specific for the trunk gfl-adaptin 125 4L of ISGs in the presence of 106M nucleotide
were obtained from Transduction Laboratories and Sigma [GTPyS or GDEBS (Roche)] at 37C for 30 min. The ISGs
(100/1) and as a gift from Dr. T. Kirchhausen (Harvard Were isolated from th_e reaction by _centnfugatlon at 10@P00
University, Cambridge, MA). Antibodies specific for the @nd exposed to UV light as describeiB). After exposure
y-adaptin hinge were obtained from Sigma (100/3) or as to U.V_Ilg.ht the samples were either subjected to immun-
previously described (STO24:5); antibodies specific for ~ Precipitation or analyzed by either 7.5% or 15% StFRGE
they-adaptin trunk were generated using a recombinant GSTand processed for autoradiography.
fusion protein encoding amino acids 1264 of mouse/1- RESULTS
adaptin (STO160) or were a gift from Dr. M. Robinson
(Cambridge University, U.K.). An antibody specific for ~ ARF1 Interacts with the Trunk Domains of bgtit- and
a-adaptin (100/2) was obtained from Sigma. The @ati-  ,_Adaptin.Using the cross-linking assay previously described
adaptin antibody was produced in rabbits immunized with a (g, 12), which demonstrated that ti#eCOP subunit of COPI
GST fusion protein containing amino acids 7839 of  and both thg31 andy subunits of AP-1 interacted directly
o-adaptin (3). The antie3 antibody was produced in rabbits  yjth ARF1, we wanted to identify where ARF1 was binding
against a peptide (residues 16830 of 03B) (16). An to the AP-1 subunits. The four subunits of the hetero-
additional antibody specific fo}-adaptin was also obtained  tetrameric AP-1 are the large100 kDa subunitsy-adaptin
from Dr. M. Robinson. Immunoprecipitations under native andj1-adapting1-adaptin €50 kDa), andy1-adaptin <20
and denaturing conditions were performed as describ®d ( kDa). The other family members, AP-2, AP-3, and AP-4,

Preparation of ISGs, Purified AP-1, and Bioe Adrenal have equivalent subunits: The-subunit equivalent in
Medulla CytosolISGs were prepared from PC12 cells as AP-2, AP-3, and AP-4 is-, 6-, ande-adaptin, respectively,
previously described16). Purified AP-1 and cytosol was thef, u, ando subunits are named according to the AP to
prepared from bovine adrenal medulla as descridg?). ( which they belong2—/4, u2—u4, ando2—ag4). The large
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to in vitro translated¥PS]ARF1-(Tmd)Phe-46 in the presence
A 1 2 3 4 5 6 7 of GTPyS. An additional band is detected at 180 kDa (Figure

200 — i ke - i 1, lanes 2-6). Although addition of untrypsinized purified
S B S Trd AP-1 before cross-linking does not cause a substantial
116 — =i increase in the intensity of the 120 kDa cross-linked products
97 — e . = (see Figure 1, lane 3), immunoprecipitation with gnti-
69 — il ' - - adaptin antibodies had previously revealed that an increased

amount of AP-1 can be detected cross-linked to AREA.(
Addition of purified AP-1 which was preincubated with
B either 2 or 2Qug/mL trypsin for 10 min at 37C, followed
2] — — D D D G —— by STI, resulted in the appearance of new cross-linked

products at approximately 80 kDa and a minor band at 90

FiIGurRe 1. AP-1 core complexes are recruited to ISGs and directly kDa (Flgur_e 1A, Iane_s 4 and 5). As ?Xpeaed’ AP-1
interact with P5SJARF1-(Tmd)Phe-46. (A) A recruitment assay complexes |r_1cubated with STI before trypsin treatment gave
followed by cross-linking was performed with ISGs in the presence results identical to those of the untreated AP-1 (Figure 1A,
of GDP3S (lane 1) or GTPS (lanes 2-7). Purified AP-1 or purified compare lanes 3 and 6). The recruitment ¥BJARF1-
AP-1 incubated first with STI before the addition of 2@/mL (Tmd)Phe-46 to ISGs was GJB dependent and unaffected

trypsin was added to the assay before cross-linking (lanes 3 and 6, . e .
respectively). Purified AP-1 treated with 2 or 2@/mL trypsin, by the addition of purified AP-1, trypsin-treated AP-1, or

followed by STI, was added to the assay (lanes 4 and 5, STI (Figure 1B, lanes 16). Furthermore, we tested if the
respectively) before cross-linking. In lane 7, the recticulocyte lysate endogenous AP-1 present in the rabbit reticulocyte lysate
was treated with 2@g/mL trypsin, followed by STI, after in vitro  could also be recruited and cross-linked to ARF1 after trypsin

translation but before cross-linking. The proteolytic AP-1 products ~ ;
(80 and 90 kDa) cross-linked to ARF1-GTP are markeji & 100 treatment. To generate AP-1 core fragments, the rabbit

kDa product detected in lane 7 is marked)(and the arrowhead ~ 'eficulocyte lysate, after the in vitro translation reaction of
marks the 180 kDa cross-linked product. (B) Analysis of one-tenth ARF1-(Tmd)Phe-46, was treated with 2@/mL trypsin,
Zfégi t(O_I_ta|dC)l;ng]S-2%kibng r%acéiotn fr?m pan?_l /lz SdhotWi?SgéPﬁSgDs followed by STI, prior to cross-linking. The trypsin treatment
-(Imd)Fhe-26 bound, but not cross-inked, 10 156S. decreased slightly the amount 3f$]JARF1-(Tmd)Phe-46
PAGE was performed on (A) 7.5% or (B) 15% SBBAGE .
followed by gutoradiograph;s. 2I'he autoraélio)graphs were exposed bounq FO thg mgmbrapes (Figure 1B lane 7), but the amount
overnight on Biomax film (Kodak, U.K.). remaining is still active and sufficient to observe cross-
linking. Pretreatment of the lysate with trypsin, followed by
subunits have three domains, an N-terminal trunk (compris- ST|, resulted in the appearance of the cross-linked products
ing about two-thirds of the molecule), a short flexible hinge at 80 and 90 kDa, as described above, and a new product at
domain, and a C-terminal ear domain. Using chimeras of gpproximately 100 kDa (Figure 1A, lane 7). The appearance
the large AP-1 and AP-2 subunits it has been shown thatof the 100 kDa band correlates with the disappearance of
the N-terminal domain of AP-1 contains targeting informa- the 180 kDa band and may represent the proteolytic product
tion for recruitment to Golgi membrane$d). Experiments  of other coat complexes present in the reticulocyte lysate,
performed with AP-1 using trypsin to remove the append- g ch as COPI1?), AP-3 (see below), or AP-4.

ages, i.e., the ear and the hinge domaing-oéind S1-AP, A complementary experiment was performed by trypsiniza-
have demonstrated that the core complex (consisting of thetion of the whole reaction, containing ISGS§JARF1-

small and medium subunits and the trunk of the large : .
; : ) . (Tmd)Phe-46, rabbit reticulocyte lysate, and GER after
subunits) can be recruited to trans-Golgi membra2€. ( cross-linking, with 10ug/mL trypsin for 10 min at 37C

We exploited the ability of trypsin to cleave the large . ; .
adaptor subunits in the flexible hinge domain located betweenfOIIOWGd by STI (Figure 2). Trypsm treatment of the reaction
the trunk and the head of bofi1- andy-adaptin. Controlled resulted in aImo;t complete dlsappfearance of the group of
proteolysis of the heterotetrameric complex with trypsin 120 kDa cross-linked prodqcts (Figure 2A, lane 1) and
liberates the appendages &f- andy-adaptin, reported to ~ aPPearance of a set of cross-linked bands_ of molecular masses
have molecular masses of approximately 40 and 32 kDa, 80 and 90 kDa (F_|gure 2A, lane 3), agam with the 90 kDa
respectively, leaving the core containing the trunkpaf band bemg the minor band. Treatment W|th.lower amoupts
andy-adaptin, as well as the intael ando1 subunits. The of trypsin (1ug/mL) under the same conditions results in

the partial decrease in the intensity of the 120 kDa bands

trunk domain of thepl- and y-adaptin subunits have
p ’ y and the appearance of the 80 and 90 kDa bands (Figure 2A,

molecular masses of approximately 60 and 70 kDa, respec- ;
tively (21). We have confirmed that products of this size lane 2). No smaller cross-linked products were detected even

are produced in our assay conditions using either purified after prolonge_d exposure. These results are consistent with
bovine AP-1, PC12 cytosol, or rabbit reticulocyte lysate as 10S€ shown in Figure 1 and strongly suggest that the trunk
sources of AP-1 (data not shown). of the large subunits interacts with ARF1-GTP.

To determine if the AP-1 core complex can be recruited  To confirm that the 80 and 90 kDa bands appearing after
to ISG membranes and bind ARF1, we supplemented thetrypsinization were the large subunits derived from the AP-1
cross-linking assay with purified AP-1 either untreata) core complex, we performed immunoprecipitations with
or treated with trypsin, followed by soybean trypsin inhibitor trunk-specific antibodies for thg- andg1-adaptins (Figure
(STI). A set of cross-linked products with a molecular mass 2B). Samples were treated identically as in Figure 2A,
in the range of 120 kDa (Figure 1, lane 2) appears after solubilized under denaturing conditions, and used for im-
untreated adaptors (recruited from both the reticulocyte lysatemunoprecipitation. Without trypsin treatment antibodies
and the exogenous purified AP-1) on ISGs are cross-linked specific for y-adaptin and31-adaptin immunoprecipitated
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anti{31-adaptin antibodies, respectively (Figure 2C, lanes 5
and 6). As seen above (Figure 2A, lane 3) and in the total
sample (Figure 2C, lane 4) it is apparent that the amount of
the 90 kDa band, which ig-adaptin cross-linked to ARF1,
in the total cross-linked samples was much less than the 80
kDa band f1-adaptin cross-linked to ARF1). The different
intensities of the two bands are consistent with the ability
of fl-adaptin to be cleaved more readily by trypsin than
y-adaptin 21). During the trypsin digestion it is also likely
that the f°S]JARF1-(Tmd)Phe-46 is cleaved. At high trypsin
concentrations ARF cleavage may occur before cleavage of
the y-adaptin hinge, and this might explain why no full-
lengthy-adaptin cross-linked to ARF1 is detected in Figure
0 1 10 pg/ml trypsin 2, lane 3. The identity of the band at approximately 75 kDa
has not been investigated.
It has previously been shown that the COPI subunits are
B also cross-linked to ARF1, and tifie andy-COP subunits
Tot v Pl- cross-linked to ARF1 have a molecular mass in the region
bied of 120 kDa (2). We have found that trypsin treatment of
200- g purified COPI using the conditions described above results
116- — — in the complete digestion of thz andy-COPI subunits (data
97- not shown). Thus, the trunk of the AP-1 large subunits, which
are resistant to further digestion with trypsin either before
69 - or after cross-linking, gives rise to the bands at 80 and 90
kDa. We have observed that the AP-1 core complex can be
45 - recruited to ISG membranes and undergoes a direct interac-
tion with ARF1-GTP. Furthermore, recruitment and cross-
1 2 3 linking can occur with a partially digested heterotetramer
consisting of the trunk ofl-adaptin and intact, 1, and
C ol subunits or a core complex consisting of the trunk of
Tot Bl both 51- and y-adaptin, intactul, and ol subunits. The
ot ¥ T appendages, comprising the hinge and C-terminal ears, are
200- not required for recruitment to the ISG membrane or for
116- | ; interaction with ARF1-GTP. We could not detect any cross-
07— Sl P linking product which would correspond to either theor
69 - -— pLl appendage cross-linked to ARF1 in experiments per-
4 5 6

formed with preparations of trypsinized purified AP-1, which
contain both the core complex and the free appendages
followed by immunoprecipitation with hinge-specific anti-
bodies (data not shown). Consistent with this finding, we
have found that the appendage domainyeddaptin (the
FIGURE 2: A trypsin-resistant core of AP-1 is cross-linked to ARF1- hinge/ear domains, residues 59%P5 of mouse1-adaptin)

GTP viay- andfil-adaptin. (A) A recruitment assay followed by gynressed as a GST fusion protein does not cross-link to

cross-linking was treated with either no trypsin (lane 1)gImL -
trypsin (lane 2), or 1Qug/mL trypsin (lane 3). After addition of ARF1-GTP and does not compete for cross-linking of the

STI the reactions were subjected to SEFSAGE and autoradiog-  intact AP-1 (data not shown).
raphy. The positions of the three bands that appear after trypsin = ARF1 Interacts with AP-3iia lle-46 in the Switch 1
digestion are marked. The autoradiograph was exposed to XAR Region.In cross-linking experiments containin§$]ARF1-

film (Kodak, U.K.) for 1 week. (B) Untreated recruitment and cross- _ ;
linking assays or (C) trypsin-treated recruitment and cross-linking (Tmd)Phe-46, 1SGs, and G¥B we reproducibly detected

assays were solubilized under denaturing conditions. One aliquot& faint cross-linked product at 180 kDa (see Figure 1, lane
was solubilized and analyzed directly (Tot, lanes 1 and 4) while 2). Addition of increasing amounts of bovine adrenal medulla
the remainder was subjected to immunoprecipitation with antibodies cytosol, previously depleted of endogenous ARFs using gel
Zliegggic I%f(tlgﬁe’\é'gegr?é”g; %r?f;?igigv-v?gapéirrf]o(rlr?lgzsbz g”g)/?sgs filtration, increased the intensity of the cross-linked 180 kDa
PAGE ?ollowed by autoradiogra);hy. Langs land 4 v)\,/ere exposed band (Figure 3A, lanes+46). Three additional bands with a
to XAR film overnight, while lanes 2, 3, 5, and 6 were exposed Molecular mass between 100 and 70 kDa were also observed,
for 3 days. The films were scanned at the same settings for all but the appearance of these bands was not dependent on the
exposures. addition of GTP (Figure 3A, compare lanes 3 and 6). As
found for the cross-linked coat components at 120 kDa, the
the 120 kDa cross-linked proteipsadaptin anggl-adaptin,  appearance of the 180 kDa band was dependent on the
respectively (Figure 2B, lanes 2 and 3). In the trypsinized presence of GT§S (Figure 3A, compare lanes 3 and 5) and
reactions, conversely, immunoprecipitation of a cross-linked UV light (data not shown). There was no detectable change
product at 90 kDa and at a slightly lower molecular mass of in the amount of 120 kDa cross-linked bands with increasing

approximately 80 kDa could be observed with gntiand cytosol in the presence of GJB. As expected, the amount

45 -
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Ficure 3: AP-3 interacts directly with ARF1-GTP. (A) A recruit-
ment assay was performed wifi$]ARF1-(Tmd)Phe-46 and ISGs

in the presence of GOFS (lanes 1 and 3) or G (lanes 2, and
4—6). 200ug (lane 4), 50Qug (lanes 3 and 5), or 704g (lane 6)

of ARF-depleted bovine adrenal medulla cytosol was added to the
reaction during the recruitment, prior to cross-linking. The ar-
rowhead indicates the 180 kDa band which is increased upon
addition of cytosol. (B) Analysis of one-tenth of the cross-linking
reaction showing the un-cross-linked®*3]ARF1-(Tmd)Phe-46
bound to ISGs under conditions listed in panel A. (C) Immuno-
precipitation of the total cross-linked reaction done with 2Q0f
ARF-depleted cytosol (lane 1) with antibodiespt@adaptin under
denaturing conditions (lane 2) am@-adaptin under native condi-
tions (lane 3). Analysis for (A) and (C) was performed by 7.5%
SDS-PAGE and for (B) with 15% SDSPAGE, followed by

autoradiography. Panels A and B were exposed overnight; panel.

C, lane 1, was exposed for 1 week, and lanes 2 and 3 were expose
for 3 weeks and scanned as in Figure 2.

of [3*S]ARF1-(Tmd)Phe-46 bound to the ISGs membranes
was also unaffected with increasing cytosol (Figure 3B,
compare lane 2 with lanes 4, 5, and 6), confirming that the
cytosol had been efficiently depleted of ARFs which, if
present, would have competed for the binding®BJARF1-
(Tmd)Phe-46 12).

A likely candidate for the 180 kDa cross-linked product
is the larged subunit of AP-3 which has a molecular mass
of 160 kDa and is the homologue of thesubunit. It is also
possible thais3-adaptin cross-linked to ARF1 is present
within the 120 kDa region but cannot be identified in the
total sample because of the complexity of the cross-linked
products in that region. The potential direct interaction of
ARF1 and AP-3 was investigated using cross-linking fol-
lowed by immunoprecipitation with reagents specific for
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AP-3. We tested two polyclonal antibodies specific for
d-adaptin but were unable to observe a specific immuno-
precipitation of the 180 kDa band. This could be attributed
to a lower cross-reactivity of the antibodies with the bovine
and rabbit protein. However, under native immunoprecipi-
tation conditions using an antibody specific for th&
subunit, the homologue of thel subunit of AP-1, we were
able to immunoprecipitate the 180 kDa cross-linked band
(Figure 3C, lane 3). In fact, the native immunoprecipitation
with antibodies to the3 subunit resulted in the precipitation
of the 180 kDa band and a cross-linked doublet with a
molecular mass of approximately 120 kDa. The 120 kDa
species migrates slighty slower than the 120 kDa cross-linked
y subunit (Figure 3C, lane 2) and may be & subunit
isoforms, 33A- and 3B-adaptin 16, 22). The increase in
the cross-linking signal obtained after the addition of cytosol
may indicate that AP-3 is not as abundant in rabbit
reticulocyte lysate compared to bovine adrenal medulla
cytosol.

ARF5 and ARF6 Can Also Be Cross-Linked to AP-1.
Among the six different members of the ARF family there
is a high sequence conservation, suggesting that the different
ARFs have the same overall structugg. (This is supported
by the recent structural analysis of ARF1 and ARF6. Both
ARF1 and ARF6, members of the class | and class Il ARFs,
respectively, have, in their GTP-bound form, a conserved
structure in the switch region. We, therefore, examined the
ability of ARF5 and ARF6 to be recruited to the ISG
membrane and, if bound, their potential to directly interact
with the clathrin coat adaptors AP-1, AP-2, and AP-3. Liang
and colleagues have shown that recombinant purified prepa-
rations of all three classes of ARFs (ARF1, ARF5, and
ARF6) can be recruited to isolated Golgi membranes. Once
bound to isolated Golgi membranes ARF1, ARF5, and ARF6
could recruit both AP-1 and coatomet4j. Other lines of
evidence support the notion that ARF1-GTP is required for
AP-1 recruitment to Golgi membranes and ISGs both in vivo
and in vitro (2, 23), while AP-3 recruitment to Golgi
membranes was shown to require purified recombinant
myristoylated ARF1- and ARF5-GTRLY).

To perform cross-linking experiments on the surface of
the ISGs, we had to first determine if the in vitro translated
ARF5 and ARF6 could bind to ISG membranes and, if so,
modify the ARF5 and ARF6 cDNAs to allow for the
troduction of the cross-linker. We tested the binding of
wild-type in vitro translated 3fS]Met-labeled ARF5 and
ARF6 to ISG membranes and used in vitro translatés]{
Met-labeled ARF1 as a control (Figure 4). ARF5 and ARF6
were both able to bind to ISG membranes in a @$P
dependent manner; however, the binding of both ARF5 and
ARF6 was lower than that of ARF1. The binding of ARF1,
ARF5, and ARF6 was enhanced in the presence of TP
compared to GDPS by 3.2-, 1.8-, and 2.6-fold, respectively.
As ARF5 and ARF6 were able to bind to ISGs, we modified
their cDNAs to enable use of the cross-linking technology.
Using the wild-type ARF5 and ARF6 cDNAs, a point
mutation was introduced into the codon for the isoleucine
residue in ARF5 (lle-46) and ARF6 (lle-42) corresponding
to isoleucine 46 found in the switch 1 domain of ARF1 to
create an amber stop codat8]. Addition of the modified
supressor tRNA, ligated to (Tmd)Phe, to the translation
mixture allows supression of the amber stop codon and
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efficiently by [F*S]ARF6-(Tmd)Phe-42 (Figure 6C, lane 4)
Eg‘[?;i?‘ compared to the 120 kDa band. The 140 kDa band most
likely corresponds toy-COP (12). In addition, the high
molecular mass cross-linked band at 180 kDa seen with
ARF1 (Figure 6A, lane 4) was detected after cross-linking
with ARF6 (Figure 6C, lane 4) but was absent from the
ARFS5 reactions (Figure 6B, lane 4). All of the ARF mutants
displayed the same behavior under control conditions; i.e.,
. little cross-linking was observed in the absence of membranes
) ARFIT - ARFS ARF_(’ (Figure 6, lane 1), reduced amounts in the presence of
Ficure 4: Wild-type ARF5 and ARF6 bind to ISGs. cDNA GDP3S (Figure 6, lane 2), and with G without exposure

constructs for ARF1, ARF5, and ARF6 were in vitro transcribed . - .
and translated in a reticulocyte lysate. Recruitment of the wild- to UV light (Figure 6, lane 3). As seen for the wild-type

type ARFs from 1QuL of lysate to 125uL of ISG was performed ~ ARF5 (Figure 4), P"'SJARF5-(Tmd)Phe-46 recruitment, and
in the presence of GI#S (light bars) or GTPS (heavy bars). The ~ subsequent cross-linking, was less dependent on GTP than

amount of ARFs bound to the membranes was assayed afterthat of ARF1 and ARF6 (compare Figure 6B, lanes 2 and 4,
centrifugation of the ISGs, followed by 15% SB8AGE, and with Figure 6A,C, lanes 2 and 4)

quantified using a Molecular Dynamics phosphorimager. The T ’

amount of ARF5 and ARF6 bound to ISGs was normalized to the  After recruitment of ARF1, ARF5, and ARF6 to ISGs,
amount of ARF1-GTP bound to allow averaging of two independent followed by exposure to UV light, immunoprecipi-

experiments performed in duplicate. The binding of ARF5 and ; ; ; ; ; s
ARF6 was then expressed as percent maximum of ARF1-GTP. Thetatlon experiments were performed with antibodies specific

amount of ARF1-GTP, ARF5-GTP, and ARF6-GTP pelleting (© the AP-1, AP-2, and AP-3 complexes. Both APAD)(
nonspecifically in the absence of ISG membranes was 23%, 7%, and AP-3 (Figure 3) have been shown to interact with
and 10%, respectively, of the ARF1-GTP in the presence of ISGs. [3S]ARF1-(Tmd)Phe46. As shown in Figure 6, under
denaturing conditions antibodies fd-adaptin could immu-
production of full-length ARF5 and ARF6 containing noprecipitate f1-adaptin labeled by the335]methionine
(de)Phe at pOSitionS lle-46 and ”e-42, respectively. We photoactivated ARF1, ARF5, and ARF6. Howevﬁ{adap_
observed efficient translation of the mutated mRNA for tin which was cross-linked to ARF1 as expected, interacted
ARF5 and ARF6 in the presence df$]methionine and the  only weakly with ARF5 and ARF6 (Figure 6, lanes 5). The
modified supressor tRNA (Tmd)Phe (see Figure 5, lanes 1). 180 kDa band cross-linked to ARF1 and ARF6 in Figure
We performed recruitment and cross-linking assays on thega, C, likely to bed-adaptin, was immunoprecipitated with
ISGs after in vitro translation of the mutated mRNAs for anti»3 antibodies (Figure 7), confirming the interaction of
ARF5 and ARF6 and compared the results to mutated ARF1. op-3 with ARF1 and showing that AP-3 can interact with
[*SJARF5-(Tmd)Phe-46 andB]ARF6-(Tmd)Phe-42 bound  poth ARF1-GTP and ARF6-GTP. Similar to the results
to ISG membranes in a GTP-dependent fashion (Figure 5B,C,optained with AP-3-ARF1-GTP cross-linking reactions,
compare lanes 3 and 4) and remained bound after exposurgmmunoprecipitation of the AP-3-ARF6-GTP cross-linked
to UV light (Figure SB,C, lane 5). Like ARF1, low amounts  product revealed that thgs3 isoforms were labeled.
of ARF5 and ARF6 sedimented in the absence of ISGs Finally, no AP-2 could be detected by immunoprecipitation
(Figure 5B,C, lane 2), and little ARF5 and ARF6 were \ith anti-o-adaptin after cross-linking in the presence of

detected on ISGs in the presence of GBRFigure 5B,C, [33S](Tmd)Phe ARF1, ARF5, or ARF6 (data not shown).
lane 3). The cross-linking products were analyzed and

revealed differences in the 12040 kDa region (Figure 6).  DISCUSSION

In particular, the ratio of the 120 and 140 kDa bands initially

seen cross-linked to ARF1 (Figure 6A, lane 4) was altered. Past studies have documented the subcellular localization
[*°S]JARF5-(Tmd)Phe-46 was cross-linked with equal ef- of ARF (6) and clathrin AP 24) family members. However,
ficiency to the 140 and 120 kDa bands (Figure 6B, lane 4), there is a lack of available information about the specificity
whereas the 140 kDa band did not appear to be cross-linkedof the interactions between the ARFs and the APs which
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Ficure 5: Expression and membrane recruitment of ARF1-(Tmd)Phe-46, ARF5-(Tmd)Phe-46, and ARF6-(Tmd)Phe-42 to ISGs. In vitro
translation of amber stop codon mutants of ARF1-Phe-46, ARF5-Phe-46, and ARF5-Phe-42 in the predeSjoeetiijonine and supressor
tRNA-(Tmd)Phe results in the production f$]ARF1-(Tmd)Phe-46,3fS]ARF5-(Tmd)Phe-46, and§S5]ARF6-(Tmd)Phe-42 (panels A,

B, and C, respectively, lane 1). 20% of the amount added to the recruitment reactions used ir-Bmes20aded in lane 1. Recruitment

to ISGs was performed in the presence of GBRlane 3) or GTRPS (lane 4 and 5). Lane 2: recombinant ARFs-(Tmd)Phe and)STP

but no ISGs were added. The samples in lanes 2, 3, and 5 were then exposed to UV light. After cross-linking the total reaction mixtures
containing the?>S-labeled ARFs were analyzed by 15% SEFAGE followed by autoradiography and exposed to Biomax film overnight.
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FiIGURe 7: ARF1-GTP and ARF6-GTP directly interact with AP-3
B subunits. Recruitment and cross-linking assays were performed as
ARFS-phe 46 detailed in Figure 6 for samples in lane 4. After incubation and
cross-linking, the samples containing 1ISGs, G$Pand either¥S]-
1 2 3 4 5 6 ARF1-(Tmd)Phe-46 or3fS]JARF6-(Tmd)Phe-42 were analyzed

(Tot) or solubilized under native conditions, immunoprecipitated

with antibodies to thes3-adaptin, and analyzed by 7.5% SBS
200 PAGE followed by autoradiography. The total lanes were exposed

to XAR film for 1 week and the immunoprecipitates for 3 weeks.

g B é.},ﬁ membranesl(2). Both artificial liposomes and mature secre-
tory granules, which form from the ISGs and do not have a
-69 clathrin coat, did not enable cross-linking of ARF1-GTP
and AP-1 in the photo-cross-linking assay. These results
X—Linking V- B]_ suggested that ISGs have unique factors to facilitate the
ARF-AP interaction. Here, using ISGs, we show a direct
interaction of ARF1 with the core complex of AP-1 and
C intact AP-3 and identify interactions betwegh-adaptin and
ARF6-phe 4?2 ARF5-GTP as well as ARF6-GTP. Similarly, we show that
AP-3 directly interacts with ARF1-GTP as well as ARF6-
1 2 3 4 5 6 GTP but not with ARF5-GTP on ISG membranes. The
-200 interaction of ARF1-GTP and ARF6-GTP with AP-3 via the
- 0- and3-adaptin subunits supports the recent data demon-
strating a close structural homology between ARF1-GTP and
e =116 ARre.GTP 07).
=97 We have further explored the AP-1-ARF1 interaction using
. controlled proteolysis of the AP-1 complex. Previously, using
: B 1 l -69 Golgi membranes, the core complex of AP-1 was shown to
ey ' be recruited in the presence of GI® (20). However, as
X-Linking Y- Bl' these experiments did not investigate the direct interaction
FIGURE 6: ARF1, ARF5, and ARF6 interact witf1-adaptin. of the AP-1 core complex with ARF1-GTP, it was pOSSible_
Recruitment to ISGs was performed in the presence of G&8D(Rine that unidentified membrane-associated factors, perhaps in
2) or GTP/S (lanes 3-6), followed by cross-linking (lanes 2 and  addition to ARF1-GTP, were promoting recruitment of the

4-6) with [**S]ARF1-(Tmd)Phe-46 *)SJARF5-(Tmd)Phe-46, and  core complex. These factors were proposed to be binding to

[3°S]ARF6-(Tmd)Phe-42 (panels A, B and C, respectively). No ISGs _ . . .
were added to the reaction in lane 1, and the samples in lane 3the N _tel_'mlnal domain of t_hgz subumF €5). We show here.
were not exposed to UV light. After recruitment in the presence of thatitis indeed the N-terminal domain of the large subunits,

GTPyS and exposure to UV light, samples identical to those in y- and1-adaptin, in the AP-1 core complex that interacts
lane 4 were solubilized under denaturing conditions and subjecteddirectly with the switch 1 domain of ARF1-GTP. Future

to immunoprecipitation with antibodies teadaptin (lane 5) and experiments using the cross-linked photolabel as a tag may
pBl-adaptin (lane 6). The positions of the 140 kDa prodegiganels . - g . L
A and B) and the 180 kDa product (panels A and C, arrowhead) provide a means of identifying the precise location in the

are shown. Total samples or samples after immunoprecipitation trunk of the AP-1 subunits that interacts with ARF1-GTP.

were subjected to 7.5% SBFAGE followed by autoradiography. Recruitment of ARF to membranes requires interactions
All panels were obtained from XAR film exposed to the autorad- with GEFs and lipids in the membrang) (ARF6 has been
iograph for 4 weeks. extensively characterized and has been shown to be present

are required for coat formation on membranes. Here, we haveon the plasma membrane and not on Golgi membra2®)s (
exploited the site-specific photo-cross-linking approa@h (  However, as previous observations have shown that ARF1,
to probe for direct interactions of AP-1 and AP-3 with ARF ARF5, and ARF6 can bind to Golgi membranes in vittd)(
family members on membranes. Previously, we showed awe asked if different classes of ARF could interact with APs
direct interaction between AP-1 and ARF1-GTP on ISG on ISG membranes. We first demonstrated that ARF1-GTP,
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ARF5-GTP, and ARF6-GTP all bind to ISGs, suggesting AP interactions. While ARF1 is present on ISG membranes
the presence of factors on ISG membranes that are sufficientand functions to recruit AP-11§), it is not known if ARF5

for recruitment. In confirmation of previous resuly, the or ARF6 are present on ISG membranes, and the physi-
GTP dependence of ARF5 membrane binding was lessological significance of the recruitment of ARF5 and ARF6
pronounced than that of ARF1 or ARF6. Hence, the same to ISGs is unclear at present. Nonetheless, our results have
group of cross-linked products was detected at a similar demonstrated that once ARF proteins are bound to I1SGs,
efficiency with ARF5-GTP and ARF5-GDP while, in thereis a degree of specificity, for which the molecular basis
contrast, for both ARF1-GDP and ARF6-GDP a very low is not known. Future experiments will explore the specificity
signal of cross-linked products was obtained. Previous resultsof these interactions using hybrids of the various ARFs
demonstrated that ARF5 in the presence of @$MBut not proteins in site-specific cross-linking experiments.

GTP could interact with AP-31(1) on Golgi membranes and
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