
Supervised approach-and-retract cycles (10) in 
SWT containing different concentrations of Ca2+ 
and Mg2+. 

10. Approach-and-retract cycles are sometimes called 
force distance curves or force plots. While the can- 
tilever deflection was permanently monitored, the tip 
was slowly moved (0.1 Hz) toward the substrate until 
contact and was then retracted. The hysteresis is a 
direct measure of the adhesion force. The stiffness of 
the cantilevers (Park Scientific Instruments, Moun- 
tain View, CA) was verified within 30% by taking 
approach-and-retract cycles on top of three different 
Si levers that had been individually calibrated by the 
manufacturer. 

11. For steric and statistical reasons, the approach-and- 
retract cycles did not always result in an adhesion 
peak. The frequency is a measure of interaction 
~robabilities. 

12. D. J. Rice and T. Humphreys, J. Biol. Chem. 258, 
6394 (1 983). 

13. This length assumes that the 9200 acidic glycan had 
the extended structure of a hyaluronate polyanion 
[W. T. Winter and S. Arnott, J. Mol. Biol. 11 7, 761 
(1 977)l. 

14. A Lennard-Jones (1 2-6) potential has two free pa- 
rameters that can be adjusted with respect to the 
experimental parameters: binding energy (348 kJ/ 
mol) and binding length (0.154 nm). For an individual 
CG bond, the gradient of the potential is the nega- 
tive force and the calculated maximum is the rupture 1 
force. 

15. The Archimedes force, gV(p,, - p*), equals 0.1 5 
to 0.35 pN, where g is the accelerat~on due to gravity 
(9.81 N/kg), V is the volume of a cell (for example, a 
sphere 10 Fm in diameter), p,,, is the density of a cell 
[measured as in C. Gutierrez et a/., J. Immunol. 
Methods 29, 57 (1979)], and pMw is the density of 
seawater (1 020 kg/m3). 

16. We selected imaging of physiosorbed rather than 
covalently attached APs because (i) on a nonfunc- 

tionalized mica substrate the polysaccharide AP 
arms are also attached to the surface, and (ii) the 
smoothness of the mica facilitated imaging of the 
very fine AP arms. For the EM images, the mica was 
charged by incubation in 3-aminopropyltriethoxy;i- 
lane (APTS) (Fluka) for 4 min at room temperature. 
Images are similar to those in S. Humphreys, T. 
Humphreys, J. Sano, J. Supramol. Strvct. 7, 339 
(1977). 

7. We thank D. Hartman, 2. Markovic, and G. De Libero 
for helpful discussions and critical reading of this 
manuscript, M. Dreier and M. Hegner for useful com- 
ments, E. Paris for technical assistance, and M. 
Haner for the EM imaging. Supported by Swiss Na- 
tional Science Foundation grants 2000-037496.93 
(to H.-J.G.), 31 00-037733.93, and 31 00-039721.93 
(to G.N.M.), and Cancer League Basel grant 5354 (to 
G.N.M.). 

1 1 October 1994; accepted 20 December 1994 

A Regulatory Role for ARF6 in mechanisms of action are less clear. Here, 
we demonstrate that ARF6 is localized to 

Receptor-Mediated Endocytosis the cell periphery and that overexpression 
of ARF6 or ARF6 mutants (but not 

Crislyn D'Souza-Schorey, Guangpu Li, Maria I. Colombo, ARF1) causes dramatic alterations in en- 
Philip D. Stahl* docytic traffic. 

Our studies were carried out in a Chinese 
Adenosine diphosphateribosylation factor 6 (ARFG), ARF6 mutants, and ARFl were hamster ovary cell line that overexpresses 
transiently expressed in Chinese hamster ovary cells, and the effects on receptor-me- the human transferrin receptor (TRVb-1) 
diated endocytosis were assessed. Overexpressed ARF6 localized to the cell periphery (9). We t d i e n t l y  expressed ARF6 by using 
and led to a redistribution of transferrin receptors to the cell surface and a decrease in Sindbis virus as an expression vector (10). 
the rate of uptake of transferrin. Similar results were obtained when a mutant defective To monitor the expression of ARF6 and to 
in guanosine triphosphate hydrolysis was expressed. Expression of a dominant negative determine its intracellular distribution, rab- 
mutant, ARF6(T27N), resulted in an intracellular distribution of transferrin receptors and bit antiserum to ARF6 was raised against a 
an inhibition of transferrin recycling to the cell surface. In contrast, overexpression of ARFl peptide corresponding to the COOH-termi- 
had little or no effect on these parameters of endocytosis. nal region of the protein. This antiserum 

reacted specifically with ARF6, and no cross 
reaction was observed with any of the other 
ARF proteins tested, including ARFl, 

Intracellular membrane trafficking in- during the formation of transport vesicles ARF3, ARF4, and ARF5, as shown by pro- 
volves a series of membrane budding and (5). The ARFs are also implicated in endo- tein immunoblot analysis (Fig. 1). The anti- 
fusion events. These are regulated by spe- plasmic reticulum to Golgi transport (6), body was used to localize ARF6 by confocal 
cific cytosolic and membrane-associated nuclear vesicle fusion (7), and endosome immunofluorescence microscopy in TRVb-1 
protein factors, among which are a group of fusion (8). In these cases, however, the spe- cells overexpressing ARF6. The overex- 
Ras-like small guanosine triphosphatases cific ARFs involved and their molecular pressed protein exhibited a peripheral distri- 
(GTPases) called adenosine diphosphate 
(ADP)-ribosylation factors (ARFs), origi- 
nally identified as cofactors required for the Fig. 1. (A) Specificity of the ARF6 antibody. . " " s ' " $ @ ' @  cholera toxin-catalyzed ADP ribosylation BL21 (DE3) bacteria coexpressing ARF pro- A ? 
of Gas  ( I ) .  The ARF family consists of 15 teins and N-myristoyltransferase were Coomassie blue 

ie.s-- 
structurally related gene products that in- grown in 2 of Luria broth to an absor- 
elude 6 ARF proteins and 11 ARF-like bance at 600 nm of 0.8 and were then in- 
proteins (2). ne ARF are divided duced with isopropyi-&D-thiogalactopy- 18.5-k-- . --q Immunoblot 

ranoside for 2 hours. The cell pellet was 
into three classes on the basis of size and resuspended in SDS sample buffer, boiled 
amino acid identity. ARFs 1 to 3 (181 for and ,ntrifuged at high speed. 
amino acids) form class 1, ARFs 4 and 5 Aliquots of the supematant were run on 
(180 amino acids) form class 11, and ARF6 12% SDS gels. The SDS gel proteins were 
(175 amino acids) forms class 111 (3). visualized by Coomassie blue staining or 

The best characterized ARF protein is were transferred to nitrocellulose mem- 
ARF1. It is localized to the Golgi apparatus branes and blotted with an ARF6 antibody 
(4) and has a role in intra-Golgi (23). Size markers are indicated on the left in 

E l  
is involved in the recruitment of kilodalfons. (B and C) Localization of ARF6 by confocal immunofluorescence microscopy. TRVb-1 cells 

grown on cover slips were infected with recombinant virus expressing ARF6 (24). At 5 hours after infection, 
CytOsO1iC 'Oat proteins membranes cover slips were fixed with 2% formaldehyde (freshly diluted with PBS) for 15 min, quenched, and perme- 

abilized with PBS containing 0.1 M NH,CI, 0.2% gelatin, and 0.05% Triton X-100. Incubation with the 
Department of Cell Biology and Physiology, Washington affinity-purified ARF6 antibody (B) or immunoglobulin G (IgG) fraction from the preimmune serum (C) was 
University School of Medicine, 660 South Euclid, Box conducted at room temperature for 2 hours. The secondary antibody was a goat antibody to rabbit IgG 
8226, St. Louis, M0'63110, USA. coupled to fluorescein isothiocyanate (FTTC). The cover slips were mounted in 1 % propyl gallate and viewed 
'To whom correspondence should be addressed. with a Zeiss axiovert microscope and a Bio-Rad confocal scanning imaging system. Bar = 10 pm. 
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bution localizing mainly to the plasma mem- 
brane and some apparently internal punctate 
structures. 

In addition to ARF6, two ARF6 mutants 
(T27N and Q67L, where Thr27 + Asn and 
G l d 7  + Leu, respectively) as well as ARFl 
were also transiently expressed in TRVb-1 
cells. The expression of ARF6 and its mu- 
tant derivatives at 5 hours after infection 
was detected by protein immunoblot analy- 
sis (Fig. 2). Levels of ARFl expression were 
at least 10-fold over those of the background 
( I  1 ). By analogy to other well-characterized 
Ras-like small GTPases, including ARF1, 
mutant ARF6(T27N) was expected to be 
defective in GTP binding and ARF6(Q67L) 
was expected to be defective in GTP hydro- 
lysis. To confirm this point, we analyzed cell 
lysates containing overexpressed ARF6, 
ARF6(T27N), and ARF6(Q67L) for their 
ability to bind [cL-~~PIGTP. As shown in 
Fig. 2, ARF6 and ARF6(Q67L) bound 
[CL-~~PIGTP, whereas ARF6(T27N) exhibit- 
ed only background levels of [CX-~~P]GTP 
binding. Thus, the predicted guanine nucle- 
otide binding phenotype of other Ras-relat- 
ed GTPases was also applicable to ARF6. 

The peripheral distribution of ARF6 
prompted us to test whether ARF6 could 
play a role in endocytic traffic. We moni- 
tored receptor-mediated endocytosis by fol- 
lowing transferrin receptor (Tfn-R) recy- 
cling in TRVb-1 cells overexpressing 
ARF6, ARF6(T27N), ARF6(Q67L), and 
ARF1. First, we determined the steady-state 
Tfn-R distribution on the cell surface. Cells 
were incubated at 4°C with a saturating 
concentration of [12'I]Tfn, and the amount 
of bound radioactivity was measured. Over- 
expression of ARF6 resulted in a significant 
increase in cell surface binding of Tfn as 
compared to that in control cells infected 
with the vector virus (Fig. 3). Like ARF6, 
the mutant ARF6(Q67L) that is defective 
in GTP hydrolysis also increased cell sur- 
face-bound Tfn (Fig. 3). In contrast, cells 
that expressed the mutant ARF6(T27N) 
that is defective in GTP binding showed a 
70% decrease in cell surface-bound Tfn 
(Fig. 3). These changes in Tfn binding 
probably reflect a steady-state redistribution 
of the Tfn-Rs. As a control, overexpression 
of ARFl had little effect on the cell surface 
distribution of Tfn-Rs (Fig. 3), indicating 
that the observed receptor redistribution 
was induced specifically by expression of 
ARF6 and its mutant derivatives. The al- 
terations in cell surface Tfn-R distribution 
after overexpression of ARF6 or ARF6 mu- 
tants was confirmed by confocal immuno- 
fluorescence microscopy (Fig. 3). A uni- 
formly dispersed punctate pattern charac- 
teristic of Tfn-Rs was observed in control 
cells infected with the vector virus, whereas 
in cells overexpressing ARF6 and 
ARF6(Q67L) a redistribution of the recep- 

1176 

tors to the plasma membrane was observed overexpressing ARF6(T27N) exhibited little 
(Fig. 3). Consistent with results obtained staining at the plasma membrane compared 
from cell surface-binding studies, cells to the prominent fluorescent staining of in- 

Fig. 2. (A) Expression of ARF6 and ARF6 mutants 
in TRVb-1 cells. TRVb-1 cell monolayers in 35- 
mm dishes (5 x 1 O5 cells per dish) were infected 
with either the vector virus as a negative control or 
with recombinant Sindbis viruses capable of ex- 
pressing ARF6, ARF6(Q67L), and ARF6(T27N) 
(24). At 5 hours after infection, the cell monolayers 
were rinsed once with PBS and lysed with 1% 
SDS (200 ul Der dish). Aliauots of the cell lvsates 
were 'then'analvzed bv SDS-polvacwlamibe gel - 
electrophoresis-(1 2% gel). SDS proteins were 
transferred to a nitrocellulose membrane, and 
ARF6 expression was detected by immunoblot .- , - 

analysis with the use of an ARF6-specific rabbit 
antiserum (23). Size markers are indicated on the left in kilodaltons. (B) GTP binding properties of ARF6 
and ARF6 mutants. A nitrocellulose membrane was prepared as described above and assayed for 
binding to IJ2PIGTP as described (25), and the bound radioactivity was visualized by autoradiography. 

Fig. 3. (A) Cell surface distribution of Tfn-Rs. 
TRVb-1 cells were infected with thevector virus as 
a negative control or with recombinant virus ex- 

W I. pressing either ARF6, ARF6(Q67L), ARF6(T27N), 

w or ARF1. At 4 hours after viral infection, the cell 
surface distribution of the Tfn-Rs was monitored 
as described (22). Each infection was done in trip- 
licate, and the standard deviation is shown. (B 

evg, 
through G) Localization of Tfn-Rs and ARF6 mu- 
tants by confocal immunofluorescence microsco- 

. . -abMwmmm: - 8 . :  , 
py. TRVb-1 cells grown on cover slips were infect- 

. ed with either the vector virus as a negative control 
(B) or with recombinant virus expressing ARF6 (C), 
ARF6(Q67L) (D and F), and ARF6(T27N) (E and 
G). At 5 hours after infection, cells were fixed and 
permeabilized as described for Fig. 2B. Cells were 
incubated with a monoclonal antibody, B3/25, 
against the human Tfn-R (Boehringer Mannheim) 
(B, C, D, and E) or with affinity-purified ARF6 an- 
tibody (F and G) and stained with a goat antibody 
to mouse IgG (B, C, D, and E) or goat antibody to 
rabbi IgG (F and G) coupled to FlTC (Sigma). 
Cover slips were mounted in 1% propyl gallate 
and viewed with a Zeiss axiovert microscope and 
a Bio-Rad confocal scanning imaging system. 
Bars = 10 p.m. (H through J) Colocalization of 
ARF6(T27N) and Tfn-Rs by double immunofluo- 
rescence labeling. TRVb-1 cells (on cover slips) 
expressing ARF6(T27N) were treated as de- 
scribed above, except that the cells were incubat- 
ed with both primary antibodies, the affinity-puri- 
fied ARF6 antibody (H) and 83/25 (I), and stained 
with goat antibody to rabbit IgG coupled to FlTC 
and donkey antibody to mouse IgG coupled to 
Cy-3 (Chemicon), respectively. To visualize the 
degree of colocalization of ARF6 and Tfn-Rs, we 
merged the two confocal images. Colocalization 
was indicated when coincident red and green 
staining appeared yellow (J). Bar = 10 p.m. 
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tracellular compartments (Fig. 3). These 
compartments varied in size and ranged from 
large vesicular aggregates to smaller, more 
punctate structures. The intracellular local- 
ization of the ARF6 mutants was then ex- 
amined with the use of the affinity-purified 
ARF6 antibody. The distribution pattern of 
the ARF6 mutants ameared to match that 

L. 

described above for the Tfn-Rs in the mu- 
tant transfectants. Mutant ARF6(Q67L) was . - 
predominantly localized to the plasma mem- 
brane, whereas the distribution of the 
ARF6(T27N) mutant was shifted to intra- 
cellular structures (Fig. 3). Double labeling 

- Vector 
t ARFI 
-m- ARF6 
+ ARF6(Q67L) - ARF6(T27N) 

-m- Vector 
t ARFl 
-E- ARF6 
+ ARF6(Q67L) 

0 10 20 30 40  

Time (min) 

Fig. 4. Kinetics of Tfn recycling in TRVb-1 cells 
overexpressing ARF6, ARF6(Q67L), ARF6(T27N), 
and ARF1. After depletion of endogenous Tfn, 
cells were incubated with [lZ5Tfn at 4°C (22). 
After removal of unbound ligand, cells were al- 
lowed to internalize prebound [lzl]Tfn by rapid 
warming to 37°C (26). At the indicated time 
points, the medium was collected and radioactiv- 
ity determined (recycled Tfn) (A); the cells were 
stripped of surface radioactivity by acid washes 
(surface-bound Tfn) (B); and finally, the cells were 
lysed, and cell-associated radioactivity was mea- 
sured (intracellular Tfn) (C). 

experiments in cells transfected with 
ARF6(T27N) revealed an almost identical 
intracellular staining pattern for Tfn-Rs and 
ARF6(T27N) (Fig. 3). 

Next, we monitored the kinetics of Tfn 
internalization and release during a single 
cycle of Tfn transport. Iron-loaded [lZ5I]Tfn 
was bound to cells at 4"C, excess ligand was 
removed, and the cells were rapidly warmed 
to 37°C in medium containing unlabeled 
Tfn (100-fold excess). At various times 
thereafter, the amounts of [lZ5I]Tfn released 
into the medium were determined. The rate 
of [1Z51]Tfn release from cells overexpressing 
ARF6, ARF6(Q67L), or ARF6(T27N) was 
decreased significantly compared to that in 
the cells infected with the vector virus or in 
the cells infected with the recombinant virus 
overexpressing ARFl (Fig. 4). Following a 
similar time course, we monitored cell sur- 
face [1251]Tfn by washing the cells with a low 
pH buffer (Fig. 4B). Although the rate of 
decrease in cell surface Tfn was similar in 
cells infected with the vector virus and in 
cells overexpressing ARFI, the rate was 
greatly reduced in cells overexpressing ARF6 
or ARF6(Q67L), suggesting that overexpres- 
sion of these proteins inhibited internaliza- 
tion of Tfn. Overexpression of ARF6(T27N) 
resulted in only a slight decrease in the in- 
ternalization rate of Tfn (Fig. 4). In control 
cells infected with vector virus and in cells 
overexpressing ARFI, approximately 60% of 
prebound Tfn transiently accumulated with- 
in the cell after a 2.5-min incubation, fol- 
lowed by a rapid decrease of cell-associated 
Tfn, reflecting the recycling of Tfn into the 
medium (Fig. 4). This transient intracellular 
accumulation of Tfn was delayed in cells 
overexpressing ARF6 or ARF6(Q67L) but 
was eventually recycled into the medium 
(Fig. 4). In contrast, overexpression of 
ARF6(T27N) caused a prolonged intracellu- 
lar accumulation of Tfn with 50% of the 
ligand still found within the cells after 30 
min of incubation at 37°C. This suggests 
that expression of ARF6(T27N) dramatical- 
ly decreased the recycling rate, and as a 
consequence the internalized Tfn was 
trapped within the cells. These observations 
on the kinetics of Tfn recycling agree with 
the Tfn distribution data (Fig. 3). 

In summary, our data show that overex- 
pression of ARF6 but not of ARFl produces 
dramatic changes in endocytic traffic. 
Overexpression of ARFl (Q7 1L) [a mutant 
form of ARFl that is defective in GTP 
hydrolysis and that localizes to the Golgi 
apparatus (4)] decreases fluid phase endo- 
cytosis but profoundly alters Golgi mor- 
phology without causing morphological 
changes in endosomes (1 2). Furthermore, 
overexpression of ARFl (Q7 1L) causes no 
significant changes in Tfn-R uptake and 
recycling (1 3). Thus, ARFl (Q71L) may in- 
hibit fluid phase endocytosis indirectly by 

inhibiting the delivery of recycling mem- 
brane from the Golgi apparatus to the plas- 
ma membrane, which is required for pro- 
longed endocytosis. The colocalization of 
Tfn-R and the ARF6 mutants suggests not 
only that ARF6 is an integral part of the 
endocytic machinery, but that its GTP cy- 
cle and its nucleotide status regulate pro- 
gression through the endocytic pathway. 
One hypothesis for the site of action of 
ARF6 is at early endosomes where ARF6 
could promote budding and the formation 
of transport vesicles. A P-COP-like protein 
has been identified on highly purified pha- 
gosome (14) and endosome (15) fractions, 
indicating the potential for transport vesi- 
cle formation from early endosomes. Thus, 
overexpression of the dominant negative 
mutant ARF6(T27N) may block budding 
from an early endosomal compartment and, 
as a result. reduce recvcline to the cell , - 
surface. Alternatively, overexpression of 
ARF6 or of ARF6(Q67L), the activated 
form of the protein, may enhance budding 
from early endosomes, resulting in a frag- 
mentation of the endosomal apparatus, a 
phenomenon reminiscent of Golgi stack 
fragmentation with continued COP-coated 
vesicle budding ( 1  6). This may explain the 
predominant cell surface distribution of 
Tfn-Rs upon expression of ARF6 and 
ARF6(Q67L). Alternative explanations 
[including a direct effect of ARF6 and 
ARF6(Q67L) on the plasma membrane 
blocking internalization] cannot be ruled 
out. Nevertheless, our studies indicate a 
fundamental role for ARF6 in endoc~tosis. 
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priate time periods as indicated (78). More than 90% 
of the cells were infected when the infections were 
done on plastic 35-mm tissue culture dishes. When 
infections were done on glass cover slips, 40 to 65% 
of the cell population was infected. 

25. P. Wagner, L. Hengst, D. G. Gallwitz, Methods En-
zymol. 219, 369(1992). 

26. After depletion of endogenous Tfn, binding of [125l]Tfn 
to the cell surface was conducted as described {22); 
this was followed by four washes with PBS to remove 
unbound ligand. The uptake was initiated by adding 
prewarmed Ham's F-12 medium (pH 7.4) containing 
0.2% BSA and a 100-fold excess of cold Tfn, and 
cells were incubated at 37°C for different times as 
indicated in Fig. 4. At each time point the medium was 
collected and the cell monolayers were washed once 
with PBS containing 0.2% BSA. The medium and the 
wash were combined and the radioactivity was deter­
mined (recycled Tfn). The concentration of cell sur­
face-bound [125l]Tfn was determined by acid strip-

D N A repair systems are essential in main­
taining the structural integrity of genes. 
Unrepaired DNA damage may result in far-
reaching consequences such as mutagenesis, 
genomic instability, tumorigenesis, and cell 
death. Cells have evolved distinct DNA 
repair pathways to cope with particular 
DNA lesions, and most of these pathways 
show conservation between lower and high­
er eukaryotes, such as between yeast and 
humans. However, DNA double-strand 
breaks, which confer the highest potential 
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ping. Cell monolayers were washed twice with ice-
cold 0.5% acetic acid and 0.5 M NaCI (pH 3.0), fol­
lowed by one wash with PBS. The washes were 
pooled and measured for radioactivity (surface-bound 
Tfn). Finally, the cells were solubilized with PBS con­
taining 1% Triton X-100 and 0.1% NaOH, and the 
radioactivity in the lysates was determined (intracellu­
lar Tfn). More than 90% of the radioactivity released 
was precipitable by trichloroacetic acid. 
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for genomic instability and cell death, ap­
pear to be repaired in mammalian cells by a 
unique pathway. The mouse mutant SCID 
(1) is the only known animal model with a 
deficiency in this recombination pathway. 
This pathway functions in V(D)J recombi­
nation, the process of assembling the immu­
noglobulin and T cell receptor genes from 
gene segments by site-specific recombina­
tion, and in DNA repair. The SCID defect 
in immature lymphocytes appears to be in 
one of the final steps of V(D)J recombina­
tion, the joining of the free DNA ends of 
the coding strands, whereas joining of the 
recombination signal sequences is relatively 
normal (2). SCID mice lack both B and T 
cell immunity as the result of their deficien­
cy in V(D)J recombination, and are sensi­
tive to ionizing radiation in all cell types, 
because of their deficiency in DNA double-
strand break repair (3). 

DNA-Dependent Kinase (p350) as a Candidate 
Gene for the Murine SCID Defect 
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Severe combined immunodeficient (SCID) mice are deficient in a recombination process 
utilized in both DNA double-strand break repair and in V(D)J recombination. The phe-
notype of these mice involves both cellular hypersensitivity to ionizing radiation and a lack 
of B and T cell immunity. The catalytic subunit of DNA-dependent protein kinase, p350, 
was identified as a strong candidate for the murine gene SCID. Both p350 and a gene 
complementing the SCID defect colocalize to human chromosome 8q11. Chromosomal 
fragments expressing p350 complement the SCID phenotype, and p350 protein levels are 
greatly reduced in cells derived from SCID mice compared to cells from wild-type mice. 
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