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The vectorial movement of proteins requires specific recognition by components of the 
vesicular trafficking machinery. A protein, sorting nexin-1 (SNXl), was identified in a 
human cell line that bound to a region of the epidermal growth factor receptor (EGFR) 
containing the lysosomal targeting code. SNXl contains a region of homology to a yeast 
vacuolar sorting protein, and overexpression of SNXl decreased the amount of EGFR on 
the cell surface as a result of enhanced rates of constitutive and ligand-induced degra- 
dation. Thus, SNXl is likely to play a role in sorting EGFR to lysosomes. 

Ligand-activated growth factor and nutri- 
ent receptors are internalized by coated pits 
and transported together to endosomes. 
The task of segregating receptors destined 
for lysosomal degradation (such as EGFR) 
from those that are recycled (such as trans- 
ferrin receptors) is accomplished within the 
endosomal compartment. Because sorting 
the internalized EGFR from endosomes to 
lysosomes is saturable (1 ), specific recogni- 
tion elements are thought to mediate this 
process. Lysosomal targeting sequences that 
contain either tyrosine- or di-leucine-based 
motifs (2, 3) function to direct proteins to 
the lysosome after endocytosis from the cell 
surface and after release from the Golgi. In 
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both yeast and mammals, receptor transport 
by these pathways is signal-mediated and 
saturable, implicating a class of recognition 
proteins, the sorting nexins. Here, we report 
the isolation and characterization of a sort- 
ing nexin, SNX1, that fulfills criteria for 
sorting EGFR to lysosomes. 

We isolated a cDNA encoding the 
COOH-terminal 58 amino acids of SNXl 
from a HeLa cDNA library in a yeast two- 
hybrid screen (4) using the core tyrosine 
kinase domain of EGFR (5). A 1974-base 
pair SNXl cDNA was assembled from full- 
length and partial cDNAs isolated from a 
Xgtll HeLa cDNA library (6). The SNXl 
cDNA encoded a 522-amino acid hydro- 
philic protein with a calculated molecular 
mass of 59.2 kD (Fig. 1A). Sequence data- 
base searches with the SNXl peptide se- 
quence identified a region of 3 1 % identity 

over 83 amino acids between SNXl (resi- 
dues 183 to 265) and yeast Mvplp (Fig. 
1B). Mvplp was isolated as a multicopy 
suppressor of Vpslp mutants deficient in 
carboxypeptidase Y receptor trafficking, 
and it colocalizes with Vpslp to Golgi 
membranes (7), indicating that this homol- 
ogy defines a potential membrane-traffick- 
ing domain. The existence of a human ex- 
pressed sequence tag 70% identical to 
SNX1, including part of the COOH-termi- 
nal EGFR-binding domain, suggests that 
SNXl defines a family of molecules. 

In vitro transcription and translation of 
the SNXl cDNA produced a protein with 
an apparent molecular mass of 66 kD (Fig. 
1C). In protein immunoblotting experi- 
ments (Fig. ID) an antibody to the 15 
COOH-terminal amino acids of SNXl rec- 
ognized a 66-kD protein in extracts from 
tissue culture cells of human, primate, and 
mouse origin that was distributed between 
the cytoplasm and perinuclear vesicles. Af- 
ter ligand-induced internalization from the 
cell surface, EGFR colocalized with SNXl 
in the perinuclear vesicular compartment 
(Fig. 1E). 

To determine the structural require- 
ments in EGFR necessary for binding 
SNX1, we evaluated the interaction of por- 
tions of the EGFR intracellular domain 
with the SNXl COOH-terminus using the 
yeast two-hybrid system (Table 1). In con- 
trast to the EGFR core tyrosine kinase do- 
main (residues 663 to 958) used in the 
screen, the entire intracellular domain (res- 
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idues 647 to 1186) failed to interact with 
SNX1. Antibody to phosphotyrosine did 
not recognize EGFR(647-1186) in yeast 
(8), indicating that the autophosphoryl- 
ation-dependent conformational changes 
(9) that expose cryptic binding sites in holo 
receptors (10) did not occur. Indeed, inter- 
action was restored by deleting the COOH- 
terminal 229 amino acids. Further trunca- 
tion (leaving residues 647 to 942) abolished 
interaction with SNX1, thereby defining a 
15-amino acid domain (residues 943 to 
957) adjacent to the tyrosine kinase core as 
essential for binding to SNX1. This domain 
contains the predicted EGFR lysosomal tar- 
geting code Tyr-Leu-Val-Ile (1 1 ) and differs 
between EGFR and ERBB2, but not be- 
tween EGFR and ERBB3 or ERBB4. When 
tested in yeast, SNXl did not bind the 
analogous core tyrosine kinase domain of 
rat ERBB2 (Table 1). Thus, SNXl is likely 
to specifically recognize the lysosomal tar- 
geting code of EGFR. 

To test the hypothesis that SNXl func- 
tions in the lysosomal targeting of EGFR, 
clonal populations of monkey CV-1 cells 
overexpressing SNXl 40-fold were prepared 
(12). Of 15 lines analyzed quantitatively by 
flow cytometry for surface EGFR, eight 
were highly deficient in surface EGFR rel- 
ative to cells transfected with empty vector. 
Scatchard analysis of the binding of 1251- 
labeled EGF revealed a 75% reduction in 
the number of receptors at the cell surface 
from 52,200 receptors per cell [dissociation 
constant (K,) = 0.73 nM] to 12,100 recep- 
tors per cell (K, = 1.34 nM). In all EGFR- 
deficient lines analyzed, down-regulation of 
surface EGFR by SNXl overexpression was 
paralleled by a decrease in the steady-state 
EGFR mass in cell lysates that was further 
diminished by treatment with 10 nM EGF 
for 30 min (Fig. 2A). Down-regulation of 

Table 1. EGFR residues 943 to 957 are required 
for interaction with SNX1. The indicated portions 
of EGFR or ERBB2 were fused to the DNA binding 
domain of LexA and tested for interaction with the 
COOH-terminal58 amino acids of SNXl fused to 
the B42 acid patch transcriptional activation do- 
main in a yeast two-hybrid assay (78). The p-ga- 
lactosidase activity of cells incubated with either 
dextrose or galactose was calculated from the 
absorbance (A) measurements at 420 and 600 
nm and expressed as A,,oA,o-l min-I x 1000 
+ SD (n = six samples). FI, fold induction. 

p-Galactosidase activity 
LexA fusion FI 

Dextrose Galactose 

'The ERBB2 kinase domain corresponds to EGFR resi- 
dues 647 to 973. 

EGFR by SNXl was remarkably specific; 
overexpression of SNXl did not alter 
ERBB2 or platelet-derived growth factor re- 
ceptor levels in CV-1 cells. In SNXl clonal 
lines that retained higher concentrations of 
EGFR, the addition of EGF caused a more 
rapid degradation of EGFR compared with 
vector-transfected cells (Fig. 2B). Overex- 
pression of SNXl decreased the half-life of 
EGFR from 12 to 2 hours (13). After 1 hour 
of labeling with [35S]methionine, similar 
amounts of full-length 35S-labeled EGFR 
were observed in vector- and SNX1-trans- 
fected cells, indicating that the reduction in 
steady-state EGFR mass did not reflect a 
change in synthesis or Golgi processing but 
was a result of accelerated turnover. 

Selective pressure to maintain a critical 
level of EGFR signaling could account for 
clonal variation in EGFR expression in 
CV-1 cells. A transient transfection assay 
was used to evaluate the ability of SNXl to 
down-regulate cotransfected EGFR under 
nonselective conditions. In agreement with 
the down-regulation of endogenous EGFR 
in CV-1 cells, human 293 cells transfected 
with SNXl had fewer EGFRs than vector- 
transfected cells (Fig. 3A). Ligand activa- 
tion of the remaining EGFRs by EGF was 
not affected, as judged by blotting with 
antibody to phosphotyrosine. Deletion of 
the COOH-terminus of SNXl containing 
the EGFR-binding domain blocked EGFR 
down-regulation (Fig. 3B). Similarly, in 
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Fig. 2. SNXl down-regulates endogenous EGFR 
in CV-1 cells. (A and B) Whole-cell lysates pre- 
pared from serum-statved CV-1 cell transfectants 
incubated in the absence or presence of 10 nM 
EGF for 30 min were protein immunoblotted with 
antibodies to EGFR (rabbit polyclonal antibody 
1964), ERBB2 (rabbit polyclonal antibody 191 7), 
PDGF receptor (Transduction Laboratories, Lex- 
ington, Kentucky), and SNXl (affin~ty-purified rab- 
bit polyclonal antibody). 

CV-1 cells transfected with this COOH- 
terminal truncation, no inhibition of EGFR 
expression was detected (8). In 293 cells, 
kinase-inactive EGFR (in which Lys has 
been mutated to Met at position 721) was 
down-regulated less efficiently by SNXl 
than was kinase-active EGFR (Fig. 3C). 

SNXl possesses the binding specificity 
and functional properties appropriate for a 
sorting nexin. Overexpression of SNXl 
down-regulated endogenous EGFR but not 
ERBB2 or PDGF receptors in stably trans- 
fected CV-1 cells. The turnover of cell sur- 
face receptors in cells overexpressing SNXl 
was enhanced by EGF treatment and re- 
quired an active kinase, establishing a func- 
tion for SNXl in the endocytic sorting 
pathway. The COOH-terminal domain of 
SNXl that recognizes the EGFR lysosomal 
targeting signal adjacent to the tyrosine 
kinase domain is required for down-regula- 
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Fig. 3. The EGFR-binding domain of SNXl is re- 
quired for down-regulation. (A) CMV enhancer- 
and promoter-driven SNXl and EGFR cDNAs 
were cotransfected into 293 cells. After 48 hours, 
transfected cells were treated with the indicated 
concentrations of EGF for 30 min. Lysates were 
protein immunoblotted with antibodies to EGFR 
(1964) and phosphotyrosine (anti-P-Tyr) (PY20, 
Transduction Laboratories), the latter of which 
recognizes autophosphorylated EGFR (pp170 
EGFR). Con indicates nontransfected control 
cells. (B) Deletion of the COOH-terminal EGFR- 
binding domain of SNXl (residues 456 to 522; 
SNXl AC) abolished the inhibitory activity of SNXl 
on expression of cotransfected EGFR. (C) Com- 
parison of the efficiency with which cotransfected 
wild-type (Kin+) or kinase inactive (Kin-) EGFR 
were down-regulated by SNXl in 293 cells. Sam- 
ples are from duplicate transfections. 
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tion. T h e  Mvplp-honlology domain of 
SNXl  is a candidate for interacting with 
other components of the vesicular traffick- 
ing machinery to segregate EGFR into en- 
dosomal ~ne~nbranes  targeted for degrada- 
tion. These features define a famil17 of vro- , L 

teins that confer specificity o n  receptor 
sorting in the  endocytic pathway. As a neg- 
ative regulator of EGFR o n  cell surfaces, 
S N X l  influences the efficiencv with n.hic11 
EGF activates intracell~llar signal transduc- 
tion path\vays. 
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Determination of Life-Span in Caenorhabditis 
elegans by Four Clock Genes 

Bernard Lakowski and Siegfried Hekimi* 

The nematode worm Caenorhabditis elegans is a model system forthe study of the genetic 
basis of aging. Maternal-effect mutations in four genes-clk-1, clk-2, clk-3, and gro-l- 
interact genetically to determine both the duration of development and life-span. Analysis 
of the phenotypes of these mutants suggests the existence of a general physiological 
clock in the worm. Mutations in certain genes involved in dauer formation (an alternative 
larval stage induced by adverse conditions in which development is arrested) can also 
extend life-span, but the life extension of Clock mutants appears to be independent of 
these genes. The daf-2(e1370) clk-l(e2519) worms, which carry life-span-extending 
mutations from two different pathways, live nearly five times as long as wild-type worms. 

I t  is not k n o ~ v n  why organis~ns senesce and 
die. O n e  set of theories suggests that life- 
span is timed, much like puberty and meno- 
pause (1) .  Another  set suggests that organ- 
isms accumm~late damage throughout life, 
~ v h i c h  eventually leads to the failure of one 
or more critical physiological systems ( 2 ,  3 ) .  
O n e  of the latter theories, which has some 
experimental support, posits that senes- 
cence may result from oxidative damage 
caused by the  reactive by-products of me- 
tabolism (3 ,  4 ) .  O n e  way to investigate the  
nature of aging is to study long-lived mu- 
tants. Here we describe four genes that in- 
teract genetically to determine both the  
duration of postembryonic development 
and the adult life-span of the nematode 
worm Cnenorhnbditis elegnns 

In  a screen for maternallv rescued viable 
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mutations in C .  elegans, we recovered mu- 
tations in three genes-clk-1, clk-2, and clk- 
3-that show the Clock (Clk)  phenotype, a 
pleiotropic alteration of developmental and 
behavioral timing (5, 6) .  T h e  phenotype of 
gro-1 je2400) places it, too, in the Clk class 
of genes (5). Mutations in  the best charac- 
terized of these genes, clk-1, lengthen early 
embryonic cell cycles, embryonic and post- 
embryonic development, as well as the pe- 
riod of rhvthmic adult behaviors. such as 
swimming, pharyngeal pumping, and defe- 
cation 15). Furthermore, clk-1 mutants have , , 

a longer meall and maximum life-span than 
the standard wild-tvve strain N 2  15). , L , , 

T o  characterize these genes further, we 
determined the  life-span of the reference 
strain of these genes a t  l jO ,  18", 20°, and 
25°C. All four mutants have longer mean 
and rnax im~l~n  life-spans than the  wild type 
at all temperatures (Table 1) .  For example, 
at 18°C. all Clk mutants have a mean life- 
span a t  least 3 days longer than that of the 
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