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Interaction of Tyrosine-Based Sorting Signals 
with Clathrin-Associated Proteins 

Hiroshi Ohno, Jay Stewart, Marie-Christine Fournier, 
Herbert Bosshart, Ina Rhee, Shoichiro Miyatake, Takashi Saito, 

Andreas Gallusser, Tomas Kirchhausen, Juan S. Bonifacino* 

Tyrosine-based signals within the cytoplasmic domain of integral membrane proteins 
mediate clathrin-dependent protein sorting in the endocytic and secretory pathways. A 
yeast two-hybrid system was used to identify proteins that bind to tyrosine-based signals. 
The medium chains (p, and p,) of two clathrin-associated protein complexes (AP-1 and 
AP-2, respectively) specifically interacted with tyrosine-based signals of several integral 
membrane proteins. The interaction was confirmed by in vitro binding assays. Thus, it is 
likely that the medium chains serve as signal-binding components of the clathrin-de- 
pendent sorting machinery. 

Target ing of integral membrane proteins 
to endosomes, lysosomes, the basolateral 
plasma membrane, and the trans-Golgi net- 
work ( T G N )  is largely mediated by sorting 
signals contained within the cytoplasmic 
domain of the proteins [reviewed in ( I ) ] .  
Many of these sorting signals consist of 
continuous sequences of four to six amino 
acids cofitaining a critical tyrosine residue. 
A subset of tyrosine-based signals conforms 
to the canonical motif YXX0. where Y is 
tyrosine, X is any amino acid, and 0 is an 
amino acid with a bulky hydrophobic side 
chain (1 ). Although much has been learned , , - 
in recent years about the structure and 
function of tyrosine-based signals, the mo- 
lecular mechanisms involved in theIr rec- 
ognition are still poorly understood. Previ- 
ous studies have vrovided evidence for an 
association of cytoplaslnic domains bearing 
tyrosine-based signals with clathrin-associ- 
ated protein complexes (2).  However, the 
exact identity of the signal-binding proteins 
and the molecular details of the recognition - 
event remain to be established. 

W e  decided to search for proteins that 
interact with tyrosine-based sorting signals, 
using a yeast-two-hybrid approach (3). As a 
"bait" in the two-hybrid system, we used a 
triple repeat of the tyrosine-containing se- 
quence SDYQRL (4, 5)  from the cytoplas- 
mic tail of the integral membrane protein 
TGN38 (6). This sequence has the charac- 
teristics of a YXX0 motif and mediates 
both internalization from the cell surface 
and localization to the T G N  (7). Screening 

of a mouse spleen complementary DNA 
(cDNA) library (-2.5 X lo6 clones) result- 
ed in the isolation of two clones that inter- 
acted specifically with the (SDYQRL), bait 
sequence (8). The  two clones (termed 3M2 
and 3M9) corresponded to the medium 
chain (p,) of the plasma membrane, clath- 
rin-associated protein complex AP-2 (9). In 
addition to p,, the AP-2 complex contains 
two large chains (a- and 6-adaptin) and 
one small chain (az) (10). 

Using growth on  histidine-deficient 
(-His) plates as an assay (1 1 ), we found that 
proteins encoded by both 3M2 and 3M9 
interacted not only with the (SDYQRL), 
repeat but also with a single SDYQRL se- 
quence and with the full-length TGN38 
cytoplasmic tail (Fig. 1A).  Mutation of the 
tyrosine (Y) residues in all three contexts 
abolished interaction with the p, clones 
(Fig. 1A). The  binding specificity of p, was 
further characterized by mutation of each 
residue of the SDYQRL sequence individu- 
ally to alanine. Only the Y and L residues 
were absolutely required for interaction 
with 3M9, whereas mutation of the S, D, 
and Q residues had no detectable effect, and 
mutation of the R residue decreased but did 
not completely abolish the ability to grow 
on -His plates (Fig. 1B).  Thus, p, was 
capable of interacting with the sequence 
SDYQRL in various contexts and under 
sequence requirements that were consistent 
with those defined in studies in vivo (7). 

T o  corroborate the results obtained with 
the two-hybrid system, we tested whether in 
vitro-translated. 35S-methionine-labeled I*., 
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p, to GST-(SDYQRL), was inhibited by dent and occurred at micromolar concen- 
C(SDYQRL), peptide but not by C(S- trations of peptide (Fig. 2C). These results 
DAQRL), (Fig. 2B) or by C(DKQTLL), were thus consistent with the existence of a 
peptide (Fig. ZC), further demonstrating specific interaction between the sequence 
the specificity of the p2 interactions. Inhi- SDYQRL and p2. 
bition by C(SDYQRL), was dose-depen- The assays described above involved ex- 

Fig. 1. Specific interaction 
of tyrosine-based signals 
with the medium chains of 
clathrin-associated pro- 
tein complexes. (A) Inter- 
action of p2 w~th se- 
quences derlved from the 
TGN38 cytoplasmic tail 
(6). Yeast cells were co- 
transformed with plas- 
mids encoding GAL4bd 

(SDYQRL), 

(SDGQRL), 
SDYQRL 
SDAQRL 

TGN38 tail 
TGN38 tail 

(Y+A) 

B 3M9 

+HIS -HIS 
SDYQRL 

SDrnRL 
SDYhRL 
SDYQAL 
SDYQRA 

fused to the sequences +His -His 
indicated on the left of each panel (24) and plas- C 
mids encoding the GAL4ad fused to the 3M2 or ~2 (3M9) P, ~2 (3M9) ~1 

3M9 forms of p2 (8). Transformed cells were T G N ~ ~  (SDYQRL)~ 
streaked on histidine-containing (+His) or histi- lamp-l (AGYG)'TI), 
dine-deficient (-His) plates (1 7). Growth on -His 
plates is an indication of interaction. (B) Alanine- CD68 (STYQPL), 
scan mutagenesis of the sequence SDYQRL. H2-Mb (SSYTPL)3 
Constructs containing the GAL4bd fused to var- TfR (LSYTRF), 
lous alanine-scan mutants of the sequence CD3-U (DKQTLL), 
SDYQRL (24) were tested for their interaction 
with GAL4ad-3M9. (C) Two-hybrid analysis of 26aa-YQRL 

the interaction of k2 and k, with various sorting 
s~gnals. Yeast cells were co-transformed with 

Xaa-AQRL 
26aa-YTRF 

plasmids encoding GAL4bd fused to triple ty- 
roslne-containing motifs from TGN38 (6), lamp-1 (15), CD68 (16). H2-Mb (1 i'), or the transferrin receptor (TfR) 
(78), or to a triple di-leucine motif from CD3-y (79) and plasmids expressing GAL4ad-p2(3M9) or -p,. Similar 
analyses were done on cells expressing th? sequences YQRL. AQRL, or YTRF at the end of a 26-amino acid 
(26aa) sequence derlved from TGN38 (24). 

A Luciferase p2 (3M2) p2 (3M9) B 
Bound Bound Bound I$ (3M9) 
r - -  

2z Bound 55 
J A 

f I 

- = u  - c a  3 - - + + + + + GST(SDYQRL), Immobilized - 88 5 O> P + - - - - - GSF(SDGORL)~ ] ligand 
..- - on 0 o n  - - 
o F.Z z EL? E 2.E - - 5 25 - - C(SDYQRL), (PM) Competing o t + +  $ $ $  I - + +  7 . - - -  

V) o m  - 1 : - 5 25 C(SDAQRL), (pM) , pept~de . w m c n  - U_OU - C7.uu : v a ,  --, P. 
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r ,-. 
30- 
22- 

1 2 3 4 5 6 7 8 9 101112 

Fig. 2. Binding of in vitro-translated I*, to a tyrosine-based 
signal from TGN38. (A) Analysis of the binding of in vitro- 
translated, 35S-labeled luciferase (lanes 2 to 4) and the 3M2 
(lanes 6 to 8) or 3M9 (lanes 10 to 12) forms of mouse p, to , 
GST (lanes 2. 6. and lo),  GST-(SDGQRL), (lanes 3. 7, and 40 
1 I ) ,  or GST-(SDYQRL), (lanes 4, 8, and 12) (22). One-tenth 20 
of the total amount of each in vitro-translated product was 
applied to lanes 1, 5, and 9 for comparison. The amount of \--L- 

O 1 10 100 
3M2 and 3M9 bound to GST-(SDYQRL), in various experi- Peptlde (pM) 
ments was 0.3 to 0.4% and 0.6 to 1 .8% of the total, respec- 
tively. The positions of relative molecular mass (M,) markers (expressed as lo-" x M,) are indicated on the 
left. (B) Analysis of the binding of in vitro-translated, :"S-labeled 3M9 to GST-(SDYQRL), or GST- 
(SDGQRL),, in the absence or presence of the competing peptides C(SDYORL), or C(SDAQRL),. The 
amount of radioactivity in each lane IS expressed as a percentage of the control (no peptide added). (C) 
Competition by C(SDYQRL), (e) and C(DKQTLL), (5) peptides of 3M9 binding to GST-(SDYQRL),. Use 
of concentrations of C(SDYQRL1, peptide greater than 25 pM resulted in precipitation of the peptides and 
increased nonspecific binding. 

pression of p2 without simultaneous expres- 
sion of the other subunits of the AP-2 com- 
plex. To test whether the complete AP-2 
complex could also interact with tyrosine- 
based signals, we examined the binding of 
AP-2, purified from bovine brain coated ves- 
icles (12), to the different GST fusion pro- 
teins described above. Immunoblot analyses 
showed that AP-2 complexes indeed bound 
to GST-(SDYQRL), but not to GST- 
(SDGQRL), or to GST (Fig. 3A). Analyses 
by surface plasmon resonance (SPR), a spec- 
troscopic technique used to study protein- 
protein interactions (13), confirmed a ty- 
rosine-dependent association of GST- 
(SDYQRL), with purified AP-2 (Fig. 3B). 

Further analyses using the two-hybrid 
system showed that the triple repeat 
(SDYQRL), was also capable of interacting 
with mouse p1 (14), the medium chain of 
the TGN-localized, clathrin-associated pro- 
tein complex AP-1 (10) (Fig. 1C). Triple 
repeats of other cytoplasmic tyrosine-based 
signals from the integral membrane proteins 
lamp-1 [AGYQTI (15)], CD68 [STYQPL 
(16)], and HZ-Mb [SSYTPL (17)], which 
mediate internalization from the cell surface 
and transport to lysosomal compartments, 
were similarly capable of interacting with 
both p2 and p, (Fig. 1C). The tyrosine- 
based internalization signal YTRF, from the 
transferrin receptor cytoplakmic tail (18), 
did not interact with either F, or F ,  when 
expressed as the triple repeat (LSYTRF), 
(Fig. 1C). However, when the sequence 
YTRF was placed at the end of a 26-amino 
acid sequence derived from the cytoplasmic 
tail of TGN38, it interacted with b, but not 
with b, (Fig. 1C). This observation suggests 
that the context of the tyrosine-based sig- 
nals or their spacing from the GAL4 DNA 
binding domain (GAL4bd) can affect their 
recognition by the medium chains. The in- 
teraction of all of these signals with p, is 
likely involved in internalization of the pro- 
teins from the plasma membrane, whereas 
the interaction with p, might mediate sort- 
ing at the TGN. For lamp-1, CD68, and 
HZ-Mb, binding to b, could mediate deliv- 
ery to lysosomal compartments. The signif- 
icance of TGN38 binding to b, is less clear; 
a possible explanation is that TGN38 might 
be able to leave the TGN toward a pre- 
lysosomal compartment, from which it could 
be retrieved to the TGN. 

In contrast to tyrosine-based signals, the 
di-leucine-based signal DKQTLL (4) from 
CD3-y (19), which also functions as an 
internalization and lysosomal-targeting sig- 
nal, failed to show an interaction with ei- 
ther p2 or p, in various sequence contexts 
[Fig. 1C and (ZO)]. This observation sug- 
gests that the functions of di-leucine-based 
signals are mediated by interaction with 
proteins other than p2 or p,. 

The results presented here demonstrate 
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Fig. 3. Binding in vitro of A GST- GST- Crude 121 to 435 (3M9) of the 435-amino acid mouse p, 
purified AP-2 complexes (SDYQRL), (SDGQRL), GST APs (deposited in GenBank under accession number 
to a tyrosine-based signal 

U27106). Clone 3M2 lacks residues 142 and 143 

Dil. 111 1:2 1:4 1:l 1:2 114 1:l 1:Z 1:4 1:l 1:3 1:9 and most likely represents a naturally occurring 
from TGN38. (A) Immuno- 

-. - . -- -.- . - variant of p,. Interaction of both forms of p, with 
blot analysis of the recruit- Immun, .E' ;- ̂ 

(SDYQRL), was strictly dependent on the presence 
ment of AP-2 complexes of tyrosine residues in the bait sequence (Fig. IA). 
by GST fusion proteins 1 2  3 4  5 6 7  8 9 1 0 1 1 1 2  The other six clones interacted with the bait se- 
(23). Glutathione-agarose quence even when the critical tyrosine residues 

were mutated to glycine residues. These interac- 
beads were incubated 

Buffer AP-2 Buffer tions were thus deemed unrelated to the recogni- 
with equal amounts of 

___)-____) tion of tyrosine-based signals, and the clones were 
GST-(SDYQRL), (lanes 1 not further characterized. 
to 3), GST-(SDGQRL), 
(lanes 4 to 6), or GST .$ 

9. C. Thurieau etal., DNA 7, 663 (1988). 
10. B. M. Pearse and M. S. Robinson. Annu. Rev. Cell 

GST-(SDYQRL), 
(lanes 7 to 9) and then with 3 

Biol. 6, 151 (1990); J. H. Keen, Annu. Rev. Bio- 

--- them. 59, 41 5 ( I  990); T. Kirchhausen, Curr. Opin. 
purified AP-2 complexes 800 - Struct. Biol. 3, 182 (1 993). 
(12). Serial dilutions (dil.) of GST-(SDGQRL), 11. As an assay for interactions in our system, mea- 
proteins bound to the 2 400 - surement of growth on histidine-deficient plates 
beads were resolved by - - was more sensitive than measurement of p-Gal 

- - 

SDS-PAGE. Crude APs activity on filters. The growth assay consisted of 

(100, 33, and 11 ng) were 0 I I 
GST co-transforming HF7c yeast cells with a pGBT9- 

0 800 1600 2400 GAL4bd-bait plasmid and pACTII-GAL4ad-p, or 
run alongside for determi- -p, . Transformants were selected on plates lacking 
nation of the electro- Tlme (s) tryptophan and leucine but containing histidine 
phoretic migration of the . (+His). Colonies were then streaked on similar 

a-adaptin chains (lanes 10 to 12). lmmunoblot analysis (immun.) was done with a rabbit polyclonal antibody to plates lacking histidine (-His) and incubated for 2 to 

a-adaptin, which was visualized by enhanced chemiluminescence. The positions of the a, (M, - 105,000) and 3 days at 30°C to allow depletion of histidine 
stores. Cells were picked from these plates and 

a, (M, - 102,000) brain isoforms of a-adaptin (25) are indicated. (B) Analysis of the binding of AP-2 complexes streaked again on +His and -His plates, after 
to GST-(SDYQRL),, GST-(SDGQRL),, and GST by SPR spectroscopy (13,26). Recruitment of AP-2 onto the which the cells were allowed to grow for 3 to 5 
GST fusion proteins was determined by comparison of the resonance signal before injection of AP-2 (arrow 1) additional days at 30°C. Plates were then scored 

with the signal after removal of the AP-2 solution (arrow 2). The temporary change in baseline o b s e ~ e d  during for growth. In all cases, filter p-Gal assays were 
done in parallel with the growth assays. infusion of AP-2 is due to a different refractive index in the AP-2 sample relative to that of the running buffer. 
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that  t he  med ium chains o f  AP complexes 

7061. chain reaction (PCR) and then cloned into the Eco 
can  interact  w i t h  a subset o f  tyrosine-based RI-xho I sites of pACTII-GAL4ad. 

3. S. Fields and 0. Song, Nature 340, 245 (1989). 
sorting which suggests a 4, Single-letter abbreviations for the amino acid resi- 

15. M. Fukuda, J. Viitala. J. Matteson, S. R. Carlsson, J. 
Biol. Chem. 263. 18920 (1 988); M. A. Williams and 

ogn i t i on  func t ion  fo r  t he  med ium chains. dues are as follows: A, Ala; C, Cys; D, Asp; E. Glu; F. M. Fukuda, J. C d  Biol. 11 1, 955 (1990); C. Harter 
Our results d o  n o t  rule o u t  t he  possibil i ty Phe; G, Gly; H, His; I, Ile; K. Lys; L, Leu; M, Met; N. and I. Mellman, ibid. 117, 31 1 (1992). 

Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W. 16, C. L. Holness, R. p. da Silva, J. Fawcefl, S. Gordon, t ha t  o ther  subunits o f  AP-1 and AP-2 
Trp; and Y, Tyr, D. L. Simmons. J. Biol. Chem. 268, 9661 (1993). might participate in the recognition of ty- 5. We chose to use a triple repeat as a bait because it 17, S. tho eta/,, Nature 353, 573 (1991); A. p. Kelly et 

rosine-based signals o r  interact  w i t h  o ther  allowed placement of the signal both internally and at a/. , ibid., p. 571; M. S. Marks et a/. , J. Cell Biol., in 
elements o f  t he  cytoplasmic domains, as the COOH-terminus, as well as at varying distances press. 

previously suggested (21). from GAL4bd. Without knowing a priori what position 18, J, F, collawn , cell 63, 1061 (1 990). 
would be ideal for interaction in the two-hybrid sys- 19, F, ~~t~~~~~~ and R, D, ~ l ~ ~ ~ ~ ~ ~ ,  ;bid, 69, 1143 

T h e  speci f ic i ty o f  t h e  interact ions w i t h  tem, we thought that the use of a triple repeat im- (1 992). 
t h e  m e d i u m  chains is underscored by t h e  proved the chances of identifying putative recogni- 20, H, ohno and J, S, ~ ~ ~ i f ~ ~ i ~ ~ ,  unpublished 

fact that F, was selected from over two tion molecules. In practice, we found that the triple obsewations. 
motifs shown in Fig. 1 gave stronger signals than did 21, J, P, ~~l~~~~ and M, spiess, EMBO J ,  10, 3735 m i l l i o n  clones in t h e  i n i t i a l  screening o f  the corresponding single motifs. (1991); A. Nesterov, R. C. Kurten, G. N. Gill, J. Biol. 

t h e  l ib rary  a n d  by t h e  fu l f i l lmen t  o f  sev- 6. J. P. ~uzio eta/., ~iochem. J. 270, 97 (1990).  he Chem. 270,6320 (I 995). 
era1 o the r  speci f ic i ty criteria, a l l  o f  w h i c h  sequence of the TGN38 cytoplasmic tail is HNK- 22, G S T ~ ~ ~ ~ ~  constructs were made by ligation of w h e t -  

RKIIAFALEGKRSKVTRRPKASDYQRLNLKL (4) (res- 
are in good concordance w i t h  t h e  require- idues 324 to 357), 

ic oligonucleotides encoding the sequences (SDYQRL), 
and (SDGQRL), to sequences encoding GST in the 

merits for f unc t i on  in v i v a  Our observa- 7. K. Bosetal., EMBO J. 12,2219 (1993); J. Humphrey ~GM-5x-I vector (Warmacia, Piscataway, NJ). GST 
t ions  also demonstrate t h a t  tyrosine-based et a/. . J. Cell Biol. 120, I 123 (I 993); S. H. Wong and fusion proteins were then prepared according to the 

signals can be directly recognized even W. J. Hang. J. Bid. Chem. 268,22853 (1993). manufacturer's instructions. For in vitro translation, the 
8. The two-hybrid screening and assay protocols p2 c lom 3M2 and 3M9 were amplified by PCR and 

w h e n  they are isolated f r o m  the i r  o r ig ina l  were similar to those described in the instructions subcloned into the pcDNA3 vector (Invitrogen, San Di- 
sequence contexts, w h i c h  lends support t o  for the MATCHMAKER two-hybrid system (Clon- ego, CA). In vitro translation in the presence of 35S- 

t h e  n o t i o n  t h a t  t h e  signals f u n c t i o n  as tech, Palo Alto, CA). A GAL4 transcription activa- labeled methionine was done with the use of a coupled 
tion domain (GAL4ad)-cDNA fusion library in the in vitro transaiption translation kit (Promega, Madison. 

discrete ligands for the vector pACTll (LEU2) r. Durfee et a/., Genes Dev. WI). 35S-labeled, in vitro-translated products were cen- 
ing mach inery  (1 ). 7, 555 (1993)l was constructed from BALBlc tnfuged at 178,EOg for 5 min in an Airfuge (Beckman 

mouse spleen RNAs. The library was co-expressed Instruments, Palo Alto, CA) to remove insoluble materi- 
with a pGBT9 (TRP1) plasmid encoding a GAL4bd- als. Typically, the amount of radioactivity recovered in 
(SDYQRL), fusion protein by transformation into the supernatant after centrifugation was 75 to 99%. The 

REFERENCES AND NOTES the HF7c strain of Saccharomyces cerevisiae. In- pre-cleared, in vitro-translated products were incubat- 
teraction of the GAL4bd and GAL4ad fusion pro- ed with 10 to 50 pg of GST fusion proteins in 600 FI of 

1. I. S. Trowbridge, J. F. Collawn, C. R. Hopkins,Annu. teins resulted in GAL4-dependent transcription of binding buffer (0.05% wlv Triton X-100,50 mM Hepes 
Rev. Cell Biol. 9, 129 (1993); 1. V. Sandoval and 0. HIS3 or IacZ reporter genes, enabling cells to grow (pH 7.3), 10% wlv glycerol. and 0.1% bovine serum 
Bakke, Trends Cell Biol. 4, 292 (1994). in the absence of histidine and to exhibit p-galac- albumin] for 30 min to 2 hours at room temperature 

2. B. M. Pearse. EMBO J. 7, 3331 (1988); J. N. Glick- tosidase (p-Gal) activity. Eight clones were identi- (-25"C), adsorbed to glutathione-agarose beads for 30 
man et a/. , ibid. 8, 1041 (1 989); M. A. Sosa et a/. , J. fied that grew on plates lacking tryptophan, leucine, min, washed twice with binding buffer and once with 
Biol. Chem. 268. 12537 (1993); A. Sorkin and G. and histidine and that tested positive for p-Gal. The binding buffer supplemented with 100 mM NaCI, and 
Carpenter, Science 261,612 (1993); M. P. Chang et two clones that gave the strongest p-Gal signal resolved by SDS-polyactylamide gel electrophoresis 
al. , EMBO J .12,2169 (1 993); A. Sorkin et a/. , J. Biol. encoded amino acid residues 2 to 435 (3M2) and (SDS-PAGE) on 12% acryiamide gels. Radiolabeled 
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products were detected by fluorography. Quant~tation 
was done with a Phosphorlmager (Molecular Dynamics, 
Sunnyvale, CA). 

23. Glutathione-agarose beads (12.5 111) were pre-incu- 
bated with 75 pg of each GST fusion protein (22) in 
100 FI of phosphate-buffered saline. The beads 
were then washed twice in AP buffer [0.1 M MES (pH 
7.0), 0.15 M NaCI, 1 mM EGTA, 0.5 mM MgCI,, 
0.02% w/v NaN,, and 0.6% w/v Triton X-1001 and 
incubated with 30 111 of purified brain AP-2 (at 0.9 
mg/ml) in AP buffer for 45 min at room temperature. 
After three more washes with AP buffer, bound pro- 
teins were resolved by SDS-PAGE on 12.5% acryl- 
amide gels and processed for immunoblotting. 

24. Synthetic oligonucleotides encoding (SDYQRL),, 
(SDGQRL),, SDYQRL, SDAQRL. ADYQRL. SAYQRL. 
SDYARL, SDYQAL, SDYQRA, (AGYQTI),, (STYQPL),, 
(SSYTPL),, (LSMRF),, and (DKQTLL), (4) were ligated 

in-frame to the 3' end of GAL4bd cod~ng sequences 
contained within the vector pGBT9. Constructs 
GAL4bd-TGN38 tail and GAL4bd-TGN38 tail (Y -A) 
were made by PCR with the use of the TGN38 cDNA 
as a template, and the products were cloned in-frame 
into pGBT9-GAL4bd. Gal4bd constructs having resi- 
dues 324 to 347 of TGN38 followed by two alanine 
resldues and the sequences YQRL, AQRL, or MRF at 
the COOH-termini were constructed by PCR and liga- 
tion of synthetic oligonucleotides. 

25. M. S. Robinson. J. Cell Biol. 108, 833 (1 989). 
26. SPR experiments were done with a BlAcore instru- 

ment (Pharmacia). GST-(SDYQRL),, GST-(SDGQRL),, 
or GST were adsorkc to the surface of a biosensor 
chip coated with monoclonal antlbody 1 F9 to GST. To 
remove potential aggregates, preparations of AP-2 (72) 
in AP buffer (23) were spun before each SPR experi- 
ment for 30 min at 300,0009 in a TL100 centrifuge fitted 
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The effect of the v-abl oncogene of the Abelson rnurine leukemia virus (A-MuLV) on the 
Jak-STAT pathway of cytokine signal transduction was investigated. In rnurine p reB  
lymphocytes transformed with A-MuLV, the Janus kinases (Jaks) Jakl and Jak3 exhibited 
constitutive tyrosine kinase activity, and the STAT proteins (signal transducers and ac- 
tivators of transcription) normally activated by interleukin-4 and interleukin-7 were ty- 
rosine-phosphorylated in the absence of these cytokines. Coirnrnunoprecipitation ex- 
periments revealed that in thesecells v-Abl was physically associated with Jakl and Jak3. 
Inactivation of v-Abl tyrosine kinase in a pre-B cell line transformed with a temperature- 
sensitive mutant of v-abl resulted in abrogation of constitutive Jak-STAT signaling. A 
direct link may exist between transformation by v-abl and cytokine signal transduction. 

with a TL100.4 rotor (Beckman Instruments). Under 
these conditions, only monomeric AP-2 complexes 
were detected by gel filtration. The supematants were 
injected into the biosensor chamber at a concentration 
of 0.9 mglml in AP buffer. 
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most common in vivo target of transforma- 
tion by v-abl, normally requires cytokines 
such as interleukin-7 (IL-7) produced by 
bone marrow stromal cells (6). To  understand 
the possible mechanism underlying the cyto- 
kine-independent growth of A-MuLV-trans- 
formed pre-B cell lines (7 ) ,  we studied signal 
transduction by cytokines important for 
growth and proliferation of B lymphoid cells. 
Signal transduction by IL-4 and IL-7 involves 
the activation of Jakl and Jak3 nonreceptor 
tyrosine kinases, which in turn are thought to 
phosphorylate latent cytoplasmic transcrip- 
tion factors referred to as STATs (signal 
transducers and activators of transcription) 
(8). Phosphorylation allows STATs to 
dimerize and translocate to the nucleus, 

N. N. Danial, Integrated Program in Molecular, Cellular, 
and Biophysical Studies, College of Physicians and Sur- 

T h e  v-abl oncogene of A-MuLV encodes a to the cvto~lasm have all been im~licated geons, Columbia University, New York, NY 10032, USA. 

fusion protein of viral Gag sequences and in contribu;ing to the oncogenic ac;ivity of Pemis, ~epartmentof Medicine, c o l l ~ e o f  physicians 
and Surgeons, Columbia University, New York, NY 

the COOH-terminus of the c-Abl protein v-Abl (2). The  tyrosine kinase and the SH2 1M732, USA, 
[including the tyrosine kinase and the Src domains of v-Abl are required for transfor- P. B. Rothman, Integrated Program in Molecular, Cellu- 

homology 2 (SH2) domains] ( I ) .  Loss of the mation (3, 4) ,  but the mechanism by which lar* and Biophysical Studies, Department of Medicine, 

c-Abl SH3 domain. addition of viral Gag v-abl transforms cells and allows cytokine- E:: ~~~~~t ~ ~ ~ ~ ~ ~ i O ~ ~ ; ~ ~ , W ~ ~  T:::';' 
sequences, and changes in the subcellular independent growth is unclear (5). 10032, USA. 
localization of the protein from the nucleus The growth of P ~ ~ - ~  lymphocytes, the 'To whom ~0rreS~ondence should be addressed. 

Fig. 1. Constitutive activation of STATs in p r e B  A 
Clone K A-MuLV ts v-abl B Hu PBL 18.81A20 300-18 

cell lines transformed with v-abl. (A) Constitutive pre-B pre-B --- IL-7 
GAS binding activities in Abelson cell lines. EMSA w w w 

D 
was done with whole-cell extracts prepared from - m % Anti- 2 X 2 X X 

@ 5 Z a m  sera . ,E g .E .P Clone K cells, either untreated or treated with IL-4 $ y y ; g e l e g  - k s - Z s - Z s  
or IL-7 (lanes 1 to 3), A-MuLV-transformed pre-B 1 2 4  PINPIPICQ 

cells derived from bone marrow cells (lanes 4 and 
5) and fetal liver (lanes 6 and 7) (25), or cells ex- 1, 
pressing a temperature-sensitive (ts) mutant of v- 111 --I abl grown at permissive temperature (34OC) (lane *, 
a), or shifted to nonpermissive temperatures 4 - 2  
(39°C) for 15 hours (lane 9). Clone K cells were 
deprived of feeder cells for 4 hours before the 1 2 3 4 5 6 7 8 9  
addition of recombinant murine IL-4 (400 U/ml; 1 2 3 4 5 6 7 6 9  
DNAX) or IL-7 (10 ng/ml; Genzyme) for 15 min. 
The probe used was from the IRF-1 GAS element; 5'-gatcGATTTC- faster than murine STF-IL7 (14). (C) Binding of proteins to GAS oligonucleotide. 
CCCGAAAT-3' (1 7). For (A) and (B), arrow 1 indicates STF-114, and arrow 2 Cells extracts were incubated with multimerized GAS from the P casein gene 
indicates STF-IL7. (B) Identification of DNA binding complexes in (A) with an linked to agarose beads (1 7). This GAS element binds STF-IL7 and STF-114 
antibody supershift assay. After incubation with the probe whole-cell extracts with high affinity (1 1). Bound material waseluted with 2M NaCI, fractionated by 
were incubated for 30 min with either preimmune serum or an antibody that SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (7% gel), blotted with 
recognizes the 94-kD isoform of Stat5 (antikp94) (14) (1 :20 dilution). Human antibody to phosphotyrosine (4G10, Upstate Biotechnology), and detected 
peripheral blood lymphocytes (PBLs) were isolated by centrifugation on Ficoll- with enhanced chemilwninescence (ECL, Amersham). Prestained molecular 
Hypaque (Sigma) and treated with IL-7 (lanes 1 to 3). Human STF-IL7 migrates size markers (Sigma) are shown on the right in kilodaltons. 
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