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Abstract The novel ARF-like GTPase ARL?7 is a close relative
of ARL4 and ARL6 (71% and 59% identical amino acids). A
striking characteristic of these GTPases is their basic C-terminus
which, when fused to the C-terminus of green fluorescent protein
(GFP), targets the constructs to the nucleus of transfected COS-
7 cells. Full length ARL4 was detected in both nuclear and
extranuclear compartments, whereas a construct of ARL4
lacking its C-terminus was excluded from the nucleus. Nucleotide
exchange rates of recombinant ARL4, ARL6 and ARL7 were
similar and appeared considerably higher than those of other
members of the ARF family (ARF1, ARP). It is concluded that
ARL4, ARL6 and ARL7 form a subgroup within the ARF family
with similar, possibly nuclear, function.
© 1999 Federation of European Biochemical Societies.

Key words: ADP-ribosylation factor; GTPase; Ras-related;
GTP binding

1. Introduction

ADP-ribosylation factors (ARFs) were initially identified,
purified, and cloned because of their activity as stimulators
of the ADP-ribosyltransferase activity of cholera toxin [1-3].
They constitute a subfamily of the Ras-related GTPases and
regulate diverse cellular functions, e.g. vesicle traffic, endocy-
tosis, and activity of phospholipase D (reviewed in [4-6]). The
six mammalian ARFs have been divided into three classes [5];
class I (ARF1, ARF2, and ARF3), class Il (ARF4 and ARFS,
and class III (ARF6). In addition, seven cDNAs encoding
proteins with significant similarity to ARF (ARF-like (ARL)
1-5, ARF4L!/ARLG6, and ARF-related protein (ARP)) have
been cloned, most of them by PCR-cloning with degenerate
oligonucleotide primers [7-11].

Among the ARF-like proteins, ARL4 is particularly inter-
esting because of its differential expression in the differentiat-
ing 3T3-L1 preadipocyte cell line [8], and its strong expression
in testicular germ cells driven by a separate, testis-specific
promoter [12]. In Northern blots with ARL4 cDNA, we de-
tected an additional band at approximately 4 kb which ap-
peared to represent an alternatively polyadenylated ARL4
transcript. However, the possibility could not be excluded
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! The ARF-like GTPase ARL6 was also described as ARF4L
(ARF4-like) [13]; the designation ARLG is consistent with the nomen-
clature of the other ARF-like GTPases and is therefore preferred here.

that additional ARF-like gene with high similarity to ARL4
exists. Since the identification of this isoform was important
for planning the targeted disruption of ARF-like genes, we
extended our previous PCR-cloning approach to other tissues,
and searched the EST databases for sequences similar to the
known isoforms. In the present paper, we describe the identi-
fication of a new GTPase (ARL7) which, together with ARL4
and ARLG6, forms a small subgroup within the ARF family.

2. Materials and methods

2.1. RT- and RACE-PCR

5"-RACE (rapid amplification of cDNA ends) was performed with
a kit from Gibco BRL (Eggenstein, Germany) according to the in-
structions of the manufacturer. cDNA synthesis was performed by
oligo-dT priming. Primers for RACE amplification were designed
from the expressed sequence tags HSAA28756 and HS417358 (Gen-
Bank Acc. Nos. AA128756 and W68417). Samples of total RNA from
human bladder epithelium or testis were used as templates. For RT-
PCR amplification of a cDNA fragment comprising the full reading
frame of ARL7, a forward primer corresponding with the RACE-
products was used (5'-TCG CAG CCG CAG TGG CTG-3’; reverse
primer, 5'-CAT TCT TTC TTG ACG CAC TC-3'). The PCR was
allowed to proceed for 35 cycles of 94°C (1 min), 56°C (1 min) and
72°C (2 min). DNA fragments were isolated and subcloned into
pUCI18 with the Sureclone® kit (Pharmacia, Freiburg, Germany)
and sequenced in both directions.

2.2. Northern blot analysis

Northern blots of RNA from different human tissues were pur-
chased from Invitrogen (Carlsbad, CA, USA). The membranes were
hybridized under conditions of high stringency with cDNA probes
comprising the full coding region labeled with [*?P]JCTP by random
oligonucleotide priming [14]. Blots were hybridized at 42°C and
washed two times at 55°C with 0.12 M NaCl/0.012 M sodium cit-
rate/0.1% SDS.

2.3. Subcellular localization of GFP fusion constructs expressed in
COS-7 cells

Fragments of the cDNA of ARL4, ARL6, and ARL7 comprising
the 20 C-terminal codons were generated by PCR with primers intro-
ducing Sacl and EcoRI sites. The fragments were fused in-frame to
the C-terminus of GFP by subcloning into the respective sites of the
plasmid pEGFP-C1 (Clontech, Palo Alto, CA, USA). COS-7 cells
were seeded on coverslips and were transiently transfected with the
aid of the lipofection reagent DAC-30 (Eurogentec, Seraing, Belgium).
Twenty-four hours after transfection, cells were fixed with parafor-
maldehyde, embedded in fluoromount-G (Southern Biotechnology
Associates, Birmingham, AL, USA), and visualized with a Zeiss Ax-
iophot equipped for epifluorescence. Two—five independent transfec-
tions were performed with each fusion construct, and at least two
different samples were evaluated microscopically in each experiment.

2.4. Fractionation of cells
COS-7 cells transfected with the cDNA of ARL4 subcloned into the
vector pCMV were homogenized and fractionated as described pre-
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viously [10] with minor modifications (legend of Fig. 4). Immuno-
chemical detection was performed with a polyclonal antiserum against
the 12 C-terminal amino acids.

2.5. Preparation of recombinant proteins

Fragments of the cDNA of ARL4 (GenBank Acc. No. X77235),
ARLG6 (Acc. Nos. L38490 and U25771), and ARL7 comprising the
full coding regions were generated by PCR with primers introducing
BamHI and EcoRI sites, and were fused in-frame to the C-terminus of
glutathione S-transferase (GST) in the vector pPGEX-2TK (Pharmacia,
Freiburg, Germany). Recombinant proteins were isolated from Es-
cherichia coli 801-J by adsorption to GST-Sepharose (Pharmacia)
and cleavage with thrombin according to the instruction of the man-
ufacturer.

2.6. Assay of guanine nucleotide exchange
Guanine nucleotide binding to recombinant GTPases was assayed
by a previously described procedure [15,16].

3. Results

3.1. Identification and cloning of ARL7

A search of the EST databases for sequences similar to
ARL4 produced 26 sequence tags which corresponded to a
partial sequence of an unknown ARF-like cDNA which we
designated ARL7. Missing sequence information was obtained
by 5'-RACE, and a ¢cDNA fragment comprising the full open
reading frame was amplified by RT-PCR from human bladder
epithelium mRNA.

3.2. Sequence characteristics of ARL7

A database search indicated that 4RL7 represents a novel
gene. Its closest relatives, ARL4 and ARL6, contain 65% and
68% identical nucleotides, respectively, with stretches of 80%
identity; all other members of the ARF family exhibit consid-
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Fig. 1. Dendrogram of an alignment of human ARL7 with other
members of the ARF family. The alignment was performed with the
CLUSTAL program (gap penalty 5, open gap cost 10, unit gap cost
10). Bars denote the previously defined subclasses I-III and the
ARLA4 subgroup.
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Fig. 2. Sequence alignment of ARL7 with its closest relatives in the
ARF family. The alignment was performed with the CLUSTAL
program (gap penalty 5, open gap cost 10, unit gap cost 10). Identi-
cal amino acids and conservative substitutions are depicted by aster-
isks or periods, respectively, below the sequence. Asterisks above
the sequence denote residues which are highly conserved in the
known members of the ARF family; residues considered characteris-
tic for the family (G2, N48, W79, R100, and G165) are highlighted
by bold italics.

erably lower similarity. A comparison of the deduced amino
acid of ARL7 sequence with that of other Ras-related
GTPases indicates that the motifs presumably involved in
nucleotide binding and hydrolysis [17] are detectable in
ARL7 (see Fig. 2). Furthermore, several other amino acids
typical for the ARF subfamily [18] were found in ARL7, i.e.
glycine in position 2, and three residues which are conserved
in all previously isolated members of the ARF family (N48,
W79, R100, G165).

A multiple alignment of ARL7 with the other members of
the ARF family (dendrogram in Fig. 1) indicates that ARL4,
ARLG6, and ARL7 form a small subgroup within the family.
Individual alignments indicate 71% identity with rat ARLA4,
59% with human ARL6, 49% with human ARF1, and 43%
identity with rat ARL1. The multiple alignment of ARLA4,
ARL6 and ARL7 as depicted in Fig. 2 illustrates the high
degree of similarity between their sequences. The three
GTPases are essentially identical in the GTP binding motifs
and the effector loop; there are very few non-conservative
substitutions in all other parts of the sequence. A striking
common characteristic of the GTPases is their basic C-termi-
nus which harbors nine arginine or lysine residues; this C-
terminus exhibits a striking similarity to nuclear localization
signals [19].

3.3. Nuclear targeting of GFP constructs by the C-termini of
ARLA4, ARL6 and ARL7

In order to test whether the C-termini of ARL4, ARL6 and
ARL7 indeed harbor nuclear localization signals, we gener-
ated constructs of the 20 C-terminal codons of the GTPases
fused to the cDNA of GFP. COS-7 cells were transfected with
these constructs, and the subcellular localization of the fusion
proteins was examined by fluorescence microscopy (Fig. 3). In
control cells transfected with GFP (Fig. 3, upper left panel),
the fluorescence appeared evenly distributed within the cell. In
contrast, in cells transfected with the GFP fusion constructs
(upper right and middle panels), the fluorescence was concen-
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Fig. 3. Nuclear targeting of GFP constructs by the C-terminus of ARL4, ARL6 and ARL7. COS-7 cells were transfected with GFP fusion con-
structs of the 20 C-terminal codons of ARL4 (GFP-CTARL4), ARL6 (GFP-CTARL6), ARL7 (GFP-CTARL?7), with full length ARL4 (GFP-
ARL4), or with ARL4 lacking its C-terminus (GFP-ARL4AC). The following day, recombinant proteins were visualized by direct fluorescence

microscopy.

trated within the nucleus. It should be noted that the C-ter-
mini of ARL6 and ARL7 produced a nuclear accumulation of
GFP in speckles, whereas GFP fused to the C-terminus of
ARL4 was concentrated in larger patches within the nucleus.

Fig. 3 also illustrates that a full length ARL4 fused to GFP
was not exclusively targeted to the nucleus, but was clearly
detectable in extranuclear compartments (lower left panel).
Furthermore, a construct lacking the C-terminus was excluded
from the nucleus (Fig. 3, lower right panel). Thus, full length

ARL4 appears to be located in both a nuclear and an extra-
nuclear compartment.

3.4. Subcellular distribution of ARL4 as assessed by
fractionation of transfected COS-7 cells
In order to confirm the nuclear localization of ARL4 with a
second method, COS-7 cells were transfected with the full
length ARL4 cDNA and fractionated. Fig. 4 illustrates that
the ARL4 immunoreactivity was detected in both nuclear and
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Fig. 4. Immunochemical detection of ARL4 in membrane fractions
from transfected COS-7 cells. Cells were transfected with a full
length ARL4 cDNA, homogenized, and fractionated. Nuclei (N)
and plasma membranes (PM) were separated by sucrose gradient
centrifugation of a 600X g (N1, PM1) or 14000X g (N2, PM2) pel-
let. High-density (HDM) and low-density microsomes (LDM) repre-
sent 50000X g and 200000 X g pellets, respectively, of the 14000 X g
supernatant.

microsomal fractions, confirming the result obtained with the
GFP-tagged construct (Fig. 3, lower left panel).

3.5. Expression of ARL7 in different human tissues

Highest levels of a single 3.6 kb transcript detected with the
ARL7 probe were found in brain; lower levels were found in
spleen, thymus, esophagus, stomach, intestine and uterus
(Fig. 5). ARLG6 exhibited a different pattern of tissue distribu-
tion; highest amounts of ARL6 mRNA were found in kidney,
testis, esophagus, and uterus (Fig. 5). The tissue distribution
of the ARL7 mRNA is also different from that of ARL4
which is predominant in testis [12].

3.6. Guanine nucleotide exchange activity of ARL7, ARL4, and
ARL6

As is illustrated in Fig. 6, the GTPases rapidly bind radio-
labeled GTPyS in a saturable and magnesium dependent man-
ner. The exchange rates were considerably higher than those
of ARF or the ARF-like protein ARP [10]; they approached
the exchange rate of ARF in the presence of its exchange
factor mSec7-2/ARNO (Fig. 6). Furthermore, bound tracer
(GTPYS) could be exchanged for GTP or GDP in a similar
time course (Fig. 7).
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Fig. 6. Guanine nucleotide exchange (GDP/[**S]GTPYS) of recombi-
nant ARL4, ARL6, and ARL7 as compared with that of ARF1
and ARP. The recombinant GTPases ARL4, ARL6, ARL7, and
ARP were incubated with radiolabeled GTPyS in the presence (open
circles) or absence (filled circles) of magnesium (1 mM) for the indi-
cated times. ARF1 was incubated in the presence of magnesium
(1 mM) with (open circles) or without (filled circles) its exchange
stimulator mSec7-2/ARNO.

4. Discussion

The present data indicate that the ARF-like proteins
ARL4, ARL6, and ARL7 represent a subgroup of the ARF

Fig. 5. Northern blot analysis of human ARL7 mRNA in different tissues. Northern blots of total RNA from the indicated tissues were hy-
bridized with ARL6 and ARL7 cDNA fragments comprising the full coding regions. Equal amounts of RNA were present in each lane as

judged from ethidium bromide staining.
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Fig. 7. Guanine nucleotide exchange ([**S]GTPYS/GTPyS or
[PSIGTPYS/IGDP) of recombinant ARL4, ARL6, and ARL7 as
compared with that of ARP. The recombinant GTPases were pre-in-
cubated with radiolabeled GTPyS, and 200 uM (final concentration)
of unlabeled GTPYS or GDP were indicated at time zero. After the
indicated times, bound nucleotides were isolated by filtration
through nitrocellulose membranes.

family with similar structural and functional characteristics.
ARL4 has previously been cloned from 3T3-L1 cells as a
differentially expressed gene [8], and has later been shown to
be expressed in testicular germ cells under the control of a
separate promoter [12]. ARL6 has been identified as an open
reading frame in a genomic region comprising the BRCALI
gene [13,20]. ARL7 is a novel gene identified in this study,
and is the closest relative of ARL4 and ARL6 on the basis of
a sequence comparison. In addition to their structural simi-
larity, the three GTPases share a nuclear localization signal
and the unusually high guanine nucleotide exchange rate.

The C-termini of ARL4, ARL6, and ARL7 are capable of
targeting GFP to the nucleus of COS-7 cells. Therefore, it
appears safe to conclude that the stretches of basic amino
acids within the C-termini represent a nuclear localization
signal. Furthermore, ARL4 expressed in COS-7 cells is indeed
abundant in a nuclear fraction, and a construct lacking the
nuclear localization signal is excluded from the nucleus. It is
unclear whether the discrete differences in the patterns of sub-
nuclear distribution observed here between ARL4 and ARL6/
ARLY7 reflect a functional difference. However, it appears rea-
sonable to assume that the three GTPases are indeed targeted
to the nucleus and exert a specific, presumably related, nuclear
function.

We can only speculate on the specific function of ARLA4,
ARLG6 and ARL7. It might be assumed that the GTPases are
involved in protein transport between organelles, since mem-
bers of the ARF family have been shown to regulate cellular
trafficking (reviewed in [4,5,21]), and since ARF-like proteins
appear to be similar to the ARF isoforms in their functional
characteristics [22]. Transport through the nuclear pore com-
plex is GTP dependent and is regulated by the Ras-related
GTPase Ran (reviewed in [23,24]). Cargo proteins bind to
importins o and B by their nuclear localization signal; the
translocation and the subsequent dissociation of this complex
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appears to be regulated by Ran. Because of their nuclear
localization signal, ARL4, ARL6 and ARL7 appear to be
cargo proteins rather than Ran-like regulators of the interac-
tion of cargo proteins with the translocators importin o and
B. It is conceivable, however, that the GTPases represent
adaptors for specific cargo proteins that lack a nuclear local-
ization signal. Furthermore, the possibility has to be consid-
ered that the ARL isoforms exert a regulatory function within
the nucleus.
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