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ADP-ribosylation factors (ARFs) are a family of small GTP-binding proteins that are
proposed to be involved in the formation of coated transport vesicles. Although six ARF
sequences have been reported in mammals to date, it has been unclear how many ARF
members are present in a single organism. In this study, we provide the first direct evidence
by ¢cDNA cloning for the presence of all six ARF members in mouse. These proteins are
highly conserved across mammalian species and Northern blot analysis revealed that
mRNAs for all the members were expressed ubiquitously. Transfection of cells with
epitope-tagged ARFs revealed that ARFs 1-3 displayed a perinuclear Golgi localization,
while ARFs 4-6 appeared to be widely dispersed throughout the cytoplasm. These results
suggest that although all the ARF proteins play fundamental and critical roles in cellular
function, they are involved in different vesicular transport processes.
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Multiple small GTP-binding proteins belonging to the Rab,
ADP-ribosylation factor (ARF), and Sarl subfamilies, and
heterotrimeric G proteins are key regulators of vesicular
trafficking through the exocytic and endocytic pathways in
eukaryotic cells (for reviews, see Refs. 1-7). Genetic and
biochemical studies have revealed that Rab proteins play an
essential role in various vesicular transport steps. Distinct
Rab proteins are associated with almost every intracellular
membrane compartment, suggesting that these small
GTP-binding proteins function in vesicular targeting and/
or fusion (I, 3, 4, 6). Sarl is required for vesicle budding
from the endoplasmic reticulum (ER) (8-10).

The ARF family includes six members of ARFs and
several structurally related ARF-like proteins (11-14; for
reviews, see Refs. 7 and 15). ARF was first discovered as
the cofactor required for the cholera toxin-catalyzed
ADP-ribosylation of the @ subunit of the heterotrimeric G
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protein, Gy (16, 17). More recently, ARF proteins have
been shown to play a critical role in vesicular trafficking
along the exocytic and endocytic pathways (18-23). Vesicle
formation is triggered by the attachment of cytosolic ARF
to the membrane of donor compartments. The exchange of
GDP for GTP on ARF, which is inhibited by a fungal
metabolite, brefeldin A (24-26), promotes membrane
binding of ARF, the binding of which is apparently a
prerequisite for the membrane binding of coatomer, a
complex of seven COP proteins (27), and that of HA-I/
AP-1 clathrin adaptor, a complex of four adaptor proteins
(28), from the cytosol (5, 29-31). Subsequently, budding
of COP-coated vesicles from the Golgi and that of clathrin-
coated vesicles from the trans-Golgi network occur (32).
Furthermore, recent evidence suggests that ARFs are
capable of activating phospholipase D (33, 34). The stimu-
lation of phospholipase D activity by ARFs could promote
vesicle budding at distinct membrane domains, possibly by
acting to direct coat protein binding in transport vesicle
assembly (35).

Although six ARF sequences have been reported in
mammals (for reviews, see Refs. 7, 15, and 36), there is
uncertainty with respect to the number of ARF family
members in a given organism. Bovine ARF1 and ARF2 (37,
38) and human ARFs 1 and 3-6 (11, 12) have been cloned
to date, but there has been no report of human ARF2. In
this study, however, we cloned ¢cDNAs for all the ARF
members from mouse, demonstrating that ARFs 1-6 are
present in a single organism.

The six ARF proteins are highly homologous to one
another and are assigned to three classes on the basis of the
sequence similarity: class I, ARF1, ARF2, and ARF3; class
IT, ARF4 and ARFS5; class ITI, ARF6 (12, 36). Owing to the
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high sequence similarity of ARFs, antibodies that speci-
fically recognize each ARF member are not available,
though recently D’Souza-Schorey et al. (23) have raised
antiserum that reacts specifically with ARF6, and have
shown that ARF6 is localized at the cell periphery and is
involved in receptor-mediated endocytosis. One way to
approach this problem is the epitope-tag method. Using
this method, ARF1 has been shown to be localized in the

A. ARF1

GGGAGCGAMCCAACGCCTGGC TOGGAGCAGCGCOGUBGAGG TCTTTGGCCAGTATCGATTCCACCTE TCLACAAMC
ATOGGGAATATCTTTOCAAACCTCTTCAAGGOCCT T T T TGGCAMAMMGAATGCGCATTC TCATGGTGGACC TGGATOC TOCAGGGANG
M@ GNIFAMNLFKSGELFGKKEMRBRILDNYGLDAAGEK

ACAMCAATTCTAT ACAAMC TGAAGC TEGGCGAM TTGTGACCACCAT TCCCACCATTGG TT TCAA TG TRGAGAC TG TTGAATACAMGAAT
TTILYKLEKLSBEIYTTIPTIGFMNVYETVYEYKHN

ATCAGCTTCACCG TG TGOGA TG TGGGLHGCCAGGACANGA TILGGCCIHC TG TROCECCAC T AC TTCCASAMCACCCAASGC TTGATCTTC
I SFTVY®"DVYGGODKIRPLWRARHYFONTOGLIF

g zB =z 3

GTAG TOGACAGCAA TGACAGAGAGCGTGTEAACGASGCCOG TRAAGAGCTCATGAOGATOCTAGC TGMGA TEAGCTCLGAGATGLTGTT 438
YYVDSMWNORERYNEAREELMMRBRULAEDELRDAY 120

CTCTTGGTGTTTOCCAACAAGCAGGACC TOCCCAA TGCCA TGAA TOCGGOCGAM TCACAGACAAGC TGGGGC TOCAC TCTCTACGLLAC
LLYFANKOQODLPMNAMNNAAEITOKLGLHSLAH 19

8

AGGAACTGGTACATTCAGGCCACC TG TRCCACLAGCGGGACEEGE TCTATEAMGGAC TAGATTOOCTOTC TAMTCAGCTCCOGMICAS 618
RNWY I QATCATSGDSGLYEGLD®TLSNAGLRNOQO 180

AGTOAMCCAGACCCCTCCC TCCCCCTCAC TTCC TCTTC TCOBCCC TCAGC TTTOCTCTCATG TGRCAMMCGTEOBACTCTE TGGTCL TG 708
K 181
AGTOCCAGAAGCTGTCTCCATOOGT TGG TCACAGTETOCA TCGCACCGTRE TETACATG TGCAGACOCAGCCTGCAGCCAGE TTTTTATT - 798
TAATGTAMTAGTTTCTGTTTCCACTOAGGCAGTTTCTGGTACTCCTATECAMTATTACTTAGCTTTTTTATTGTAMAMGAGAMTCAA. 888
TCAACTOTCAGT ACTGAGAAGGGATTTO0GTGT AGGGGCACC TUGCC TCCGGGAGCCATTAOOC TG TAGAC TGGTGTCOGTATCCATTTG 878

GTGGTTGGTTTTTAACCCAMCTCAGTOCATTTTTTAMAATAGTTAMAMTAL 103

B. ARF2
TCOOCOBAGTAGCATTTTCS TRAG TR TTTG TRAGGTOTTCGC TRCEGAGACAGGTTACAGMTTCAGCTACA 75
ATGOOGAATETCTT TGAMASCTETTTAAMMAGCCTATTTOIGAMAAGGAAA TACGOATTCTCATGETOGGCTTAGATECAGCTORCAM 163
M GNYFEKLFKSLFGKKEIMRILNYGLDAAGSGTK X
ACGACGATCTTGTACAAMTTGAAGC TAGGAGAGATTG TGACMCCATCCCTACCATAGG TTTCAATGTOGAGACAGTAGASTACAMAME 255
TTILYKLEKLGEIVIYTTIPTI GFMNVYETVYEYKHN ®
ATCAGCTTCACAGTCTOUGATE T TGGTGRCCAGACAMATTTAGACC TTTGTOGCGACA TTACTTCCAGAMCACTCAMGGTCTBATTTTC - 345
{ SFTVY®RDYOGG6CGDKIARPLWRHYFOGNTAQGLIF 20
GTOGTTGACAG TAATGACCOAGAGCGIG TCAA TRAGGCCTGIEAAGAA TTEACCAGAATGE TAGCAGAGA TGAGCTCAGAGATOCAGTC 435
YVYDSNDRERAYMNEAREELTAUNELAEDELARARDAY 12
TTGTTOGTGTTTGTAAMCAAMCAGGATCTTCCTAATOCT ATRAATGCAGCAGAGA TCACAGACMGCTTOGCTTACACTCCCTTU00CAG 525
LLYFYNKOQDLPNAMNNAAEITDKLGLHSLAQG 1%
AGAAMLTGGTACATTCAGOCTACC TGTGUGACCAGTOGAGA TOGGC TTTACGAAGOCCTOGAC TGGCTCTCCAMCCAGCTCAMMECCAS 615
RNWY |1 ATCATSGDGLYEGLDRLSHNGLKNEG 1®
705

AAGTGATCAGAMGCAACCCATTCCLCATOCA TT GTOGCAAMSCCAGE TOBCL TTTOCCETE TOCA TOTGAGCG TG TEAGGAGCLLAGGGS
K n
GCTGTGTGOCTOGAGTGRGHGCAGCTTTCTCACACCG TGCL TTATACACOC TATACGAMACCAGTATTCCATTTTAMGAMACCAGTGT 785
TACATTTTGAATGCTACCTTCCATTTCACTAGCTTTGATGGTCATTTTTGL TGAGRCC TS TASCCAGAICATCTCTAC 885
CTOGAMAGAAGAAMGCAGGAGCCAGACAGGTCLTETTGTTCCAACCTGGGTC TOBCCTC TCCATACACCLAGAATTCTGTTGRACGTC 975
AGTGTCCTTTTATAMAGGAAMOGANGGATC TGTCATTCTTTCCATTGTGCCAMGC TAGCAGC TCACTTGTAGTGCTTTAMGCTCICG 1065
AGAGAAMAGATGCATTATTACCACGOGTTTGAGGAGG T TCAGAGGGEGCTACTCCCCCAMGTTCTR TTAGC TCAGACTEACTCATTTA 1185

C. ARF3

TCACCGOGGTCOOGTCS 17
¢ GOOGAGGHGAGGCAGCOOCCGGAGARCCOGHC L TOCOBGGECEGAGRCAGCRG THGRCAGCLRGGCGCASOGARCAG 107
GGG TCAAGTCC TCLA TACCAAGGACCAGGCTAMMCCAGA TTACAC TGLCCCTCCCTROGCCC TATTBAC TTAMGCAGCCACTSTAATC 197

ATOGGCAATATCTTTGGGAACC TTC TGAAGAGCCT AATCGRCAAGANGGAGA TIOGCA TCC TGATGITGGUCC TEGATOC TBCCEGGANG

M GNIFGMNLLKSLI G6GKXEUWRILNYGLDAAGEK
ACANGCTGAAMC TOOGGGAGA T TG TCACCACCA TOLOGACCA TTOOGTTT

TTILYXLKLGEIVYTTIPT 1 GFNYETVYETYEKHN

ATCAGCTTCACAG TCTOOGACHT AGGTOOCCAGGACANGA TTLOGCOCE TC TRGAGACACT ACTTCCASAACACCCAMSOC TTGATATTY

7
©
ACMCATCCTCT. MTUTUGAGNCAGTIGAMTATMGAAT 377
1]
&7
I SFTYRDYGGODKIRPLWRHYFONTQGLIF %0

GTGGTTGACAGCAATGATCOGGAGCGAG TRAMCGAGGOCCGGGAAGAOC TEATGAGGA TGL TOGCOGAGEA TEAGC TCCGOGATEC TOTG
YVYDSMNDRERYNEAREELWNRBLAEDELRDAY 120

CTCCTTETGTT TGCAACAAMCAGGATTTGCOGAA TGCTATRAA TOCTGC TGAGA TCACAGACAAGC TGOGAC TGCACTCCCTOOGTTAC 647
LLYFANKOQDLPNAMNRAAEI TDXKLGLHSLAH 19

COCAATTGGTACATTCAGGCCACCTTOCTACCAGCEO0GACOAGC TGTATGAMGOC TTGGAC TOGCTGGOCAM TCAGC TCAMAMCANG 737
R HNWY | OATCATSGDGLYEGLDUEWNLANOLIEKNEK 1%
AAGTGAGAGCCAGGCAGCCCTCTCTGACTACCLEACCE ™™
K 181
Fig. 1. Nucleotide and deduced amino acid sequences of

mouse ARF1 (A), ARF2 (B), ARF3 (C), ARF4 (D), ARF5 (E), and
ARFS$ (F).
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Golgi region, and ARF6 in the cell periphery and endosomes
(39, 40). However, little is known about the subcellular
localization of other ARF members. In the present study,
we also applied this method and determined the subcellular
localization of all the ARF proteins.

D. ARF4

CCAGACCCCCTCCTTTTGACCETCAAGTGCCACCACOGCT 40
ATGGGCCTCACCATCTCCTCTCTCT TCTOGOGCC TGTTCOGCAMNGAAGCAGA TGCGCATTTTGATGG TTGGATTAGATGCTOCTGGEAMG 130
¥ 6LTISSLFSRALFGKKOW®RARAILNYGLDAAGEK kY

ACGACAATTCTETATAMACTGAM TTAGGAGAMT AGTCACCACCATTCCTACCATTOGTTTTAA TG TGGAMCASTAGAATATAMGAME 220
TTILYKLKLGEIYTTIPTIGFNYETVYEYEKN 60

ATTTGTTTCACAGTATGGGATGTTEGTGGTCAAGA TAMAT TAGGCC TCTCTOGAGGCA TTACTTCCAGAA TACCCAGGGTCTCATTTTT 310
| CFTYR®RDVYG6EGAODKIRAPLWYRHYFONKTOGLIF %0

GTGGTAGATAGCAATGATCGTGAAMGAATCCAGGAAOGAGCAGCTGTGL TGLAGMAMT GCTTCTGGAAGA TGAGCTOCAGGATGCAGTS 400
YYDSMNDRERIQGEGAAYLOGKNLLEDELOGDAY 12

CTGCTCCTTTTTGCAAMCAAMCAGOA TCTGCCAMCOCTATGGCCA TCAG TGAGA TGACAGACAAGC TAGGTC TGCAGTCTCTCCGAML
LLLFANKQCDODULPNAMNAI|SEWMNTDKLOELOSLAN 10

AGAACATOGTATGTCCAMGCCACTTG TG TACACAMGGAAC TGGTCTGTA TRAGGEAC TGGATTGGE TE TCAM TGAACTTTCAMAMCGT

RT®RYYQATCATOQOG6TG6LYEGLDWLSHNELSKR 180
TAMTGAMGCTGGATATCTAMCCAAGGACATGTTTGATAGMTTGGTCTAGGCTTGTTACAMEAMATTAGTTTGCATCTTGGTTATTAA
AGCATATCTGAGACAGS TT TGOGCAGAM TTACAGCE TTTAMACTTGTT T TGTTGOCAATTATTGTTTACCAAGMCAATGTTRCTATT
TAGCAATATOCTTGOGTTT AMGAGAMATTCTCL TTEGBAMEAMAGTATCCATTATTATGCTTCCCTTGAACC TAMTGCC TGGATACA
GAGCTATCCTOACACCT TTAGACAGA TCTGAGTGG TT TT TOAGCCCAAMMACAATAATGT TTTAMGTTATTCCCTTGATACTTTACTGAS
ACCTTTATCATTCCTCAGACAGTCTGCTGATTTAMATETAGCATTCCATTTGTATTTATTTCTACCCTTTGCCAAMMGATTTTTCTA 1030
ATAATGCTTGTACAGGCCAAGOCC TOG TCCMAMCACTATTCASTT TTCTTGTACTGAGGAT CCOCCCACCCCACC 1107

£833

E. ARFS

CASCCCTCOCCCCGOG TCOCC TRCCORBUCCO0ACCC066RCCLIGIt 49
ATGEGCCTCACAGTGTCOGCGC TCTTT TCQ00GATCT TCHGGAAGAAGCAGA TOCOGATCC TTATGG TTOGC TTGGATOCGGC TORCAMG 139
W G6GLTYSALFSRIFGKK aUSWRILNYGLDAAGK k)

ACTACCATCCTOTACAAC TEAMG TTGOOGGAGA TTETCACCACCATCCCCAC TATAGGCTTCAA TG TGGAMCAG TOGAMTATAMGAMC 229
TTHLYKLKLGEIYTT I PTIGFNKYETVEYKHN -1

ATCTOTTTCACAGTGTGOGATGT TOGAGGCCAGGA TAMMGATTCOICC TC TG TGRUGGCAC TACTT CCAGAACACTCAGGGCCTCATCTTT 319
I CFTYWDVY6GAODKIRPLWRHYFOQGQNTOAOGL I F %0

GTGGTAGACAGCAMCGACCGGGAGCOOGTCCAGGAGTCTGC TGATGAAL TCLABAMGATC TGCAGGAGGA TGAQC TCOOGGATOCEG TG 409
YYVDSNDRERYOQESADELOK®NLOEDELARDAY 120
CTOCTGE TG TTTACCAACAAGCAGGACAT GUOCAA TRCCATGLCCG TGAGCAGE TRAC TGACANGE TEGGCC TTCAGCACCTGUGTAGS

LLYFAMNKOQDNPNANPYSELTDKLGLOHLRS 15

CGCACGTGGTACH TCLASGOCACCT GTGCCACCCAAGRCACASOCLTGT A TGA TGOGC TRGAC TROC TS TCCCACRAGC TG TCAMOCGL
RTNYVYQATCATOG6TG6LYDGLODWLSHELSKR 1%

TAGCLAGCCAGGRGCAGGCCCC TGC TRCLCOGAAGC TCCLHCG TGCA TCCLOG0A TGACCAGAC TCCCOGAC TCCTCAGGLAGTGCLCTT - 678
CCTCCCCACTCTTCC TCCCCACAGACAGICE TC TOCTCCTRCGCC TRCC TBCATRCTCTCTCT TG TCGTTOGASCC TOGAGCCTTECTCT 769
CTGOGCACAGAGOGCTCTOCTCTCC TOCC TOC TOOGACC TG TGGATGGGE TTCC TOGCCAAGBCCCCCTCTTOCAGGGGAGGAGCAGOGA 859
TCTOGATTTATTTGGTTTTOST TTTGGTTTTTTGATITITITITCTTTTI T T ICTITCY TRV TTGT TG 913

F. ARF6

»

12

218

06

39

435
ATGGGGAAGGTRCTATCCAAGATCTTCOGGAMCAMGGAA TECGGATCCTCATEC TGRGOC TGGACGLAGCCRGCANGACAACGATCCTG 578
WG6GKXKYLSKIFOMNKEBRBRI{ILWLGLDAAGKTTIL k1]
656

60

76

€0

848

120

938

TACANGTTEAMICTROGCLAA OB TRACCACCA TCCCCACHG TROGCT TCAASE TOGACACOS TGAC TTACAAMAMCG TCAMGTTCAAL
YKLKLGOSYTT I PTVYGFNYETYTYKNVKEFN

GTGTGOGATGTGEGCEG0CAGEALAAGA TTACTACACCEOGACCCAGOGTCTGATCTTCGTOG TABACTGE
VEDYGEGEGOQDKIRPLYRHYYTGTOGLIFYVYDC

GUCBACTACGACCOCA TOGACGAGGCCCGCLAGGAGC TGCACCACATTA TCAA TRACOGOGAGA TGAGGGACGCTA TCATCCTCATCTTC
ADRDAIDEARGELHRI I NDRENRADAIILIF

GOCAMCAMGCADGACL TECCCGA TRCLA TGAAMCCCCA TGAGA TULAGGAGAAAL TGGOCT TGACCLGGA T TCOOGACAGGAAC TGETAT
ANKQOLPODAUWMKPHEIQEKLGLTRIRADRNYY 19

GTOCAGCCCTCC TG TECCACC TCCGGOGABGAC TCTATGAGGAOC TCACATOG TTAACC TCTAACTACAMATCCTAATGAGCS TCCTCE 1026
YOPSCATSGDGE6LYEGLTRLTSNYKS 175
ACCCAGCCCCUGRAMNGGAGAGAA TCCAMMMOTTA TTCC TAGGATTA TOGCCACC TCCATCACCTCTTTGAATTGCCACTCTCTTTTTTG 1116
ATCTGMCTCTEGAGTTACTGTTCTACAGTTTAGTGOGGT TGGGGG TTTTCTTTGTTTCCTI T TTTTTT T TTTTTTICCTCTTO0CTT 1208
TOCGTTAGGATEC TCTGATC TGACA TT FGACACGAA TACAGTGCT AGATOCL TG TGACTTOCAGCAMOGGOG TGGGGTAMTAGCAACT 1296
CTTCGTAMGTCCTTTATAATAMTOGTTTGATTTTTTTATTTCGAGAGAATCTTCOCCOCCATGTATGC TTTTTTTCCTTTTTGOCCAGG 1396
TICTTATCACTTECTGTAGATOGC TTATTTTCCATTCATECAGACTATG TTCCAAGTC TG TTTCATC TAGTAME TGAMATTATTGCTT 1478
AATCAMCTOCCGTTTETCTTTTATATTTANGGCC 151
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Cloning and Intracellular Localization of Mouse ARFs

EXPERIMENTAL PROCEDURES

Cloning of Mouse ARF ¢cDNAs—Approximately 5x10°
phages of a mouse brain library in the 1gt10 vector (41)
were screened using a bovine ARF1 cDNA fragment
covering the entire coding sequence (a kind gift from Dr.
Richard A. Kahn, Emory University School of Medicine,
Atlanta, GA; 37) under low stringency conditions. The
number of obtained cDNA clones for each ARF is shown in
Table I. By this screening, cDNAs covering the entire
coding sequence were obtained for ARFs 1, 3, 4, and 6,
while all the cDNAs for ARF2 and ARF5 were partial.
Therefore, ~2X10° phages of mouse liver library (41)
were then screened using the partial ARF2 and ARF5
¢DNAs, and full-length ones for both ARFs were obtained.
The cDNAs were separately subcloned into the Notl site of

815

pBluescript-II (Stratagene, La Jolla, CA) and sequenced
using a BcaBest sequencing kit (Takara Shuzo, Kyoto).
Northern Blot Analysis—Total RNAs (10 ug) isolated
from mouse tissues and cell lines were denatured with
glyoxal, electrophoresed on a 1.5% agarose gel, and blotted

TABLE I. ARF cDNA clones isolated from mouse brain
library. Approximately 5 X 10° clones were screened as described in
“EXPERIMENTAL PROCEDURES.”

ARF Number of clones isolated
ARF1 7
ARF2 3
ARF3 6
ARF4 8
ARF5 1
ARF6 5
Total 30

mARF1 MGNIFANLFKGLFGKKEMRILMVAAI VY TTILYKLKLGEIVTTIPTIGFNVETVEYKNI 61
DBARFY]1 cceccscvcccccccoscrsccccce+ NENENENEIC ¢0000000000000000000s00000s0ss 61
MARF2 oseeVeEKe o oSeocecescvvccces HENNNNIG ¢ 000000000600 00600000060000000000 61
DARY2 oeoeVeEKe o oeSeovesscocceocof NNENENNEIC ¢000000000006000000000000p00000 61
MARF3 occeee(JeceLoSeToecrcccsoce s HENNENEIC ¢060600006000000060000000000000000 61
BARF3 eccee@oeLoSeTeoscoccesof SRNNENEIG ¢600000600060060606006000006000600660s ¢ 61
MARF4 *eLTISS8eeSRecceecQococos [ NERNNNIec0o0000000000000000000000000000 61
hARF4 ¢ +¢LTISZ8ee8RevecceceQoccco+[ENNENNIsccec0c0000000000000000000000000 61
MARYS ¢ oLTVSAe eSRIceeeQocccc o[ ERNEENNEIe 0000000000000 000000000s0000000 61
hARFS5 ¢ +sLTVSAs eSRIcceeeQeccsccslERRENNIcesccccscsovsccsoscssssssscssonse 61
MARFG6 ¢ ¢eKV----LSKIeoNeococooe+L[RERENNIeocsosccesscoFeccssceVecscososeTeooseV 87
hARF6 ¢ oKV----LE8KIesNesoooos+LIRERNENIe cso0ceoseosQBecosceoVessosococToseVy 57
LA ] [ AR R X E RN X E RS EEREEE SRR S X ] (IR X AR R EEEREEE IR R
mARF1 SFTVWAYdeODKIRPLWREYFQNTQGLIFVVDSNDRERVNEAREELMRMLAEDELRDAVLL 122
hARY1l cc oo oefEENIc0000000000000000000000000000000000000cc00ccsscsccce 122
MARF2 ccsoccefEENIcccccccrccsccsscocccccccescescscsssocscscscscscscesToooccccevscccees 122
DARF2 ccecooe[EENIcocevsessccccccccecscscscccsncsscscccscscsssoceToecccccocrcsccce 122
MARY3 ccceceeflEENIcecee0000000000060600000000000000000c000000000s0cc0sccse 122
HARF3 000 ¢[RENKIc 000000000008 000006060000000000000000000000s0csscccsccce 122
mARF4 CoeoecelRNNIe 0co0000000c000cscocscccscvcceeIQeGAAVeQKe sLiovseoQoeere 122
hARF4 Cecoo[EEN]e cRevooeKeosooscosccoccsccssscselIQeVADe eQKeoLVeoosoooonse 1232
mARFS c.oooo-ooooooo.-.oooo.tt-ooooooooooooooQosADo.QK..Q.........O 122
hARPFS CoooolNNN]e o0e0secss00000000000000s0seeesQe8ADeeQKee(Qecovscscose 122
MARFG6 KeNe of[RERIs 0000000 s0eoYTGeooeesoseCAeoDoIDoeeQe eHeIINDReNMeooIIe 118
hARFG6 KeNe o[ RNN]e cooocvoeeeoYTGeoocesecoeCAcoeDeIDeceQeeHoeIINDReMooeoITe 118
* AAhSERERN LA R 2 2 * & (AR R R RRDRJ h & * L 4 * LB 4 *
mARF1 VPA G LPNAMNAAEITDKLGLESLRERNWYIQATLGSGDGLYEGLDWLSNQLRNQK 181
hARF1l ceo[EKENleccccccccecssscscccccocsccsccccocof[lfRIccccccccccccssvsccosne i81
MARF2 e oVIEREIe o 0sooos0csscccsosscococcscscoce[lMIleccccscscccsocssccssscKoeooe 181
DARF2 o +VIEENIe o0 cocv00cccssccsscscsocQecccsnsoos[REIocccscccvcsccsccoosKooe 181
MARF3 ecco[NNNIc e cocesovcvsccsscscscvsvvcesssvsccco[NNIcccccccscscscoloeeKeKe 181
hARF3 ecco[EEEIc 00 e0000000c000cev0ssstcscscccsccoe[NEIcecscsccscssccecooecKoKe 181
MARP4 Le o[NNRIe o 0o s s AISeMoecsoseeQeceNosTeoVeoo[REIIesTooeocoosceesEe-SKR 180
DARF4 Le o[ENENIe s s oo AIGeMeososeQosoNeTe oeVeoos[HEINeToss0scssesseEe~-SKR 180
MARFS5 oo o[HEEMe oo sPVGeLoeesoeeQHes eSeTe oVeoo[REIGeTo o eDoeceosessHEs-SKR 180
hARFS ¢+ o[ EENERIe oo sPVEeLoeoseeQHe o8eTe oVeoosolHEKIoTe o eDoecssesHEes -SKR 180
mARYP6 Ie o[ HERIe eDe e KPHe eQEe e e eTRIeDoveoeVePSIEEIecooeoeoeTe ¢eTESN--YKS 175
hARPF6 IeofNRNle eDo eKPHe eQEe oo eTRIeDosooVeDPIINEIe 0 0osooeseTe ¢eTIN--YKS 1758

Fig. 2. Comparison of mouse ARF amino acid sequences with those of other species. Amino acids identical with those of mouse ARF1
are indicated by dots, and gaps introduced for optimal alignment are indicated by hyphens. Asterisks indicate the positions of amino acids

* SEhE * N * kW d * & w& * hhd & wER Ak AR

identical in all the ARFs. Consensus sequences for GTP-binding and hydrolysis are shown in dark boxes.
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onto a GeneScreenPlus membrane (Du Pont-NEN, Boston,
MA) as described previously (42). The blot was hybridized
with the following cDNA fragments of 5- or 3'-untrans-
lated region specific for each mouse ARF: ARF1, nucleo-
tides 727-954; ARF2, nucleotides 962-1155; ARF3, nu-
cleotides 1-170; ARF4, nucleotides 871-1086; ARF5, 640-
860; ARF6, nucleotides 43-510.

DNA Construction—A vector for expressing COOH-ter-
minally influenza hemagglutinin (HA) epitope-tagged pro-
teins in mammalian cells (pCMV-HA) was constructed by
subcloning of a double-stranded oligonucleotide coding for
the HA-epitope sequence (YPYDVPDYA) between the
Xhol and Xbal sites of pPReCMV (Invitrogen, San Diego,
CA). Each ARF ¢cDNA having an Xhol recognition sequence
immediately behind the codon for the last amino acid,
which was generated by a PCR-based method, was subclon-
ed into pPCMV-HA.

DNA Transfection and Indirect Immunofluorescence
Microscopy—The expression vector for the COOH-termi-
nally HA-tagged ARF thus constructed was transfected into
monkey kidney Vero cells by using a CellPhect transfection
kit (Pharmacia LKB Biotechnology, Uppsala, Sweden).
The cells were cultured for 24 h, and then trypsinized,
plated onto wells of eight-well Lab-Tek chamber slides
(Nunc, Roskilde, Denmark), and cultured for a further 24
h. The cells were fixed, permeabilized, and blocked as
described previously (43). The cells were then incubated
with monoclonal mouse anti-HA antibody (12CA5, Boeh-
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ringer Mannheim GmbH, Mannheim, Germany) and
polyclonal rabbit anti-8-COP antibody (a kind gift from
Dr. Yukio Ikehara, Fukuoka University School of Medicine,
Fukuoka; 44), followed by FITC-labeled donkey anti-
mouse IgG (Chemicon, Temecula, CA) and Texas Red-
labeled donkey anti-rabbit IgG (Jackson Immuno Research
Laboratories, West Grove, PA). The stained cells were
observed with a laser-scanning confocal microscope
(TCS4D, Leica Lasertechnik, GmbH, Heidelberg, Ger-
many).

RESULTS AND DISCUSSION

By screening at low stringency of ~5 X 10°® clones from a
mouse brain library (41) with a bovine ARF1 c¢cDNA
fragment covering the entire coding sequence, 30 positive
clones were obtained. Restriction endonuclease mapping
and partial nucleotide sequence analysis revealed that
these included cDNA clones for all known ARFs (Table I).
Since the cDNAs for ARF2 and ARF5 were partial, a mouse
liver library (41) was then screened with the partial
cDNAs, and full-length ones for both ARF2 and ARF5 were
obtained. It is particularly noteworthy that cDNAs for all
six ARFs were obtained from the same library. There has
been uncertainty regarding the number of ARF family
members in a given organism although six ARF sequences
have been reported in mammals (for reviews, see Refs. 7,
15 and 36); bovine ARF1 and ARF2 (37, 38) and human
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Fig. 3. Northern blot analysis. Total RNAs (10 xg) of the mouse tiasues and cell lines indicated were analyzed as described under
“‘EXPERIMENTAL PROCEDURES.” Positions of ARF transcripts are indicated by arrowheads. Neuro 2A, a neuroblastoma cell line; AtT-20,
a corticotrophic tumor cell line; NIH 3T3, an embryo cell line; 1.929, a connective tissue cell line; MING, an insulinoma cell line.
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ARFs 1 and 3-6 (11, 12) have been cloned to date, but there
has been no report on human ARF2. In this study, however,
we cloned ¢cDNAs for all the ARF members from mouse,
demonstrating that ARFs 1-6 are present in a single
organism.

Figure 1 shows the nucleotide and deduced amino acid
sequences of the six mouse ARFs. Alignment of the mouse
ARF sequences with those of other mammals (Fig. 2)
revealed that the ARFs are highly conserved proteins. The
deduced amino acid sequences of mouse ARFs 1-3, 5, and 6,
were in complete agreement with those of the human and
bovine counterparts so far reported. By contrast, seven out
of 180 amino acids of mouse ARF4 were different from
those of human ARF4. The very high sequence conservation
suggests that the whole region of each ARF protein plays a
critical role in its function.

It is curious that only the mouse ARF4 sequence is not
identical with that of other species. This could imply that
we cloned one isoform of ARF4 and there may exist another
ARF4 isoform that we failed to isolate. Nonetheless, we
think that the cDNAs we cloned encode the sole mouse
counterpart of ARF4, since the partial nucleotide sequences
containing both the translated and untranslated regions of
eight cDNA clones for ARF4 isolated from the brain library
and five clones from the liver library were identical with
one another (data not shown).

We then performed Northern blot analysis to examine
the tissue and cellular distribution of the ARF members. In
this analysis, we used a fragment covering an untranslated
region of each ARF c¢cDNA to detect specifically mRNA
transcripts of each member, since the nucleotide sequences
in the coding region of ARFs 1-6 are highly homologous to
one another. The analysis revealed that all ARF transcripts
were expressed in all examined mouse tissues (liver,
kidney, intestine brain, lung, heart, testis) and cell lines
(NIH 3T3, L929, AtT-20, MIN6, Neuro2A) (Fig. 3),
suggesting all the ARF proteins play a fundamental role in
cellular function.

Although there have been many reports on the subcel-
lular localization and function of ARFs, most studies have
been restricted to ARF1; the functions of other ARFs have
not been defined. One of the reasons for this is the lack of
antibodies that specifically recognize individual ARF
members, since the ARF proteins are highly homologous to
one another (see Fig. 2). For example, a widely used
monoclonal antibody to ARF, 1D9 (45), recognizes all the
ARF members (data not shown). To circumvent this
problem, we first constructed expression vectors for ARFs
with a COOH-terminal extension of the influenza HA
epitope, since the HA epitope tag has been shown not to
alter the intracellular localization of ARF1 and ARF6 (39,
40), although we could not completely exclude the possibil-
ity that such a tag affects the localization of other ARFs.

Monkey kidney Vero cells were transiently transfected
with these ARF-HA constructs and were examined to
determine the intracellular localization of each ARF using
monoclonal anti-HA antibody (12CA5) by indirect im-
munofluorescence microscopy (Fig. 4). In cells expressing
class I ARFs, ARF1 (panel A), ARF2 (panel D), and ARF3
(panel G), the staining was mainly restricted to a perinu-
clear region. For ARF1, a similar staining pattern was
observed when it was tagged COOH-terminally with the
human myc epitope in place of HA (data not shown). The
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staining of class I ARFs was superimposed on that of
S-COP, a component of the coatomer protein complex,
suggesting that these class I ARF's are localized in the Golgi
region (panels A-I). Teal et al. (39) showed, by expressing
HA-tagged ARF1 in COS-1 cells, that ARF1 colocalizes
with 8-COP in the perinuclear region. Our results thus
showed that this is also the case with other class I ARFs,
ARF2 and ARF3. Our results are also compatible with the
previous report showing that ARF1 binding is a prerequi-
gite for binding of coatomer to the Golgi membranes (29),
and suggest that ARF2 and ARF3 play similar roles.

The staining patterns of ARFs 4-6 were different from
those of ARFs 1-3. The class II and class III ARFs were
localized in punctate structures throughout the cytoplasm
and at the cell periphery (panels J, M, and P). Although the
punctate staining was relatively intense in the perinuclear
region, it was not completely superimposed on the 8-COP
staining (panels J-R). While this study was in progress,
D’Souza-Schorey et al. (23) and Peters et al. (40) showed
using an antibody specific for ARF6 and using the epitope
tag method, respectively, that ARF6 is localized in endo-
some-like structures and in the plasma membrane, in
accordance with our finding for ARF6. For ARFs 3-6,
relatively intense nuclear staining was also observed, but
its significance is currently unknown. We are now address-
ing this question.

In this study, we showed that ARFs constitute a protein
family that is highly conserved across mammalian species
and expressed ubiquitously. These findings indicate that
ARF proteins play fundamental and critical roles in cellular
function. However, ARF proteins belonging to classes I, IT,
and III appear to show different subcellular localizations,
suggesting that they are involved in different vesicular
transport processes. Experiments are under way in our
laboratory to address this issue.

We would like to thank Dr. Richard A. Kahn for providing bovine
ARF1 ¢DNA, Dr. Yukio Ikehara for providing anti-8-COP antibody,
Dr. Alex Franzusoff for a critical reading of the manuscript, and Dr.
Kunio Yamane for encouragement.
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