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ABSTRACT. CTLA-4 (CD152), high-avidity receptor for CD80 and CD86, is a powerful regulator of T
cell activation. While CTLA-4 functions at the cell surface, it is primarily localized in intracellular vesicles
and cycles to the cell surface. The CTLA-4 cytoplasmic domain contains sequences that direct its
intracellular localization and regulate its signaling. Here we demonstrate that effector molecules involved
in receptor trafficking and signaling interact with distinct, but overlapping, sequences in the CTLA-4
cytoplasmic domain. Using the yeast two-hybrid method, we demonstrate association:@fghleunit

of AP-2, the clathrin-associated complex found in plasma membrane-associated coated pits, with the
cytoplasmic tail of CTLA-4, but not CD28. Thel subunit of AP-1, found in Golgi-associated coated
pits, associated with neither CTLA-4 nor CD28. Sequences required for interactichafd CTLA-4

were localized to residue$TTGVY in CTLA-4; this sequence is N-terminal to, but overlaps with, a
previously identified SH2 binding motift®5%YVKM, involved in CTLA-4 signaling. u2 interacted
preferentially with CTLA-4 when residué% was nonphosphorylated, whereas a PI3 kinase SH2 domain
interacted preferentially whek5Y was phosphorylated. In co-transfection experiments, both tyrosine
residues in the cytoplasmic tail of CTLA-45¢Y and 182Y) were phosphorylated by the T lymphocyte-
associated tyrosine kinase, p56Ick. Thus, phosphorylation of CTLA-4 re$fRYumay reciprocally regulate
signaling and trafficking of CTLA-4 by determining which effector molecules bind to its cytoplasmic
tail.

T lymphocyte receptors CTLA-4 and CD28 are structurally CTLA-4 intracellular localization was regulate@)(by an
homologous members of the immunoglobulin superfamily 11-amino acid tyrosine-containing motif in its cytoplasmic
which share common ligands, the CD80 and CD86 moleculestail, *'TTGVYVKMPPT. Contained within this motif is the
on antigen-presenting celld)( CTLA-4 and CD28 are  sequence'®®YVKM, which binds the p85 subunit of PI-3
closely linked on chromosome 2 in humans, suggesting thatkinase (1) and has been implicated in CTLA-4 signaling
they evolved from a common ancestral ge@p (Despite (11, 19.

similarities, these receptors also differ in several important  Thys, overlapping sequences in the CTLA-4 cytoplasmic
ways (). CD28 expression is constitutive, while CTLA-4 il control its subcellular localization and signaling. While

is expressed only after T cell activatio#)( CTLA-4 also  the functional relationship between these processes remains
binds CD80 and CD86 with several-hundred-fold hlgher unclear, the close proximity of Cyt0p|asmic sequences
avidity than CD28 §). Moreover, mice deficient in these  regulating CTLA-4 trafficking and function (i.e., signaling)
receptors have greatly different phenotypes: while CD28- syggests that they are interrelated. We therefore hypoth-

deficient mice show mild immunosuppressid), (CTLA- esized that an analysis of CTLA-4 trafficking will lead to
4-deficient mice exhibit profound lymphoproliferation, ©). new insights into CTLA-4 function.

Taken together, these findings suggest that CTLA-4 and

SDZ? are ntot :jef“”‘i?‘”t t;utth have dlstlncttroles in the by sorting sequences in their cytoplasmic domains. Typi-
evelopment and function of the .|mmune system. cally, many of these sorting sequences contain a YXXdJ
CTLA-4 and CD28 also have different subcellular local- motif, where Y is tyrosine, X is any amino acid, and @ is a
ization. CD28 is found primarily at the cell surface, while pulky hydrophobic residue (13, 14). While the molecular
the majority of CTLA-4 molecules are contained in intra- details of how these sequences regulate trafficking are not
cellular Golgi or post-Golgi vesicles9). CTLA-4 is  well-understood, recent evidence suggests that certain ty-
expressed on the cell surface at very low levels in activated rosine-containing sorting sequences interact with clathrin-
T cells and traffics between intracellular stores and the cell associated coated protein complexes—18). Ohno et al.
surface 10). CTLA-4 also localizes intracellularly in  (19) used the yeast two-hybrid method to demonstrate the
numerous transfected cell typé}.( In transfected COS cells,  interaction between the medium chaipd @ndu2) of two
clathrin-associated protein complexes and a tyrosine-contain-
* To whom correspondence should be addressed. Current address!d SOrting sequence (SDYQRL) in the cytoplasmic tail of
Rosetta Inpharmatics, Inc., 12040 115th Ave. NE, Kirkland, WA 98034. the Golgi-integral membrane protein TGN38. This and other
Phort‘t‘?ib_425823—7359- Fax: 425821-5354. E-mail: linsley@  sorting motifs which interact with the clathrin-associateid
rosettapio.com. . . . .
*Current address: Rosetta Inpharmatics, Inc., 12040 115th Ave., and u2 Cham§ (19) are remln'lscclant of the motif which
N.E., Kirkland, WA 98034, regulates the intracellular localization of CTLA-4 (9). We
® Abstract published i\dvance ACS Abstractlovember 15, 1997.  therefore tested whether the CTLA-4 cytoplasmic tail would
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interact with the clathrin-associated andu2 chains. Here, A cDNA encoding humam?2 was generated by RT-PCR
we demonstrate interaction of CTLA-4 ap@ using both a using human spleen RNA (Clontech, Palo Alto, CA) as
yeast two-hybrid system and a biochemical technique. We template and primers GGTACCATGATTGGAGGCTTAT-
find that this interaction is negatively regulated by phos- TCATC (forward) and CTCGAGCTAGCAGCGAGTTT-
phorylation of residué®sy. CATAAATGCC (reverse). The protein encoded by this
METHODS PCR product showed two differences from the published
humanu2 sequence:'e in the published sequence was
Plasmid Construction converted to'®%, which is also found at that position in

murineu?2 (19), and residues 142 and 143 were deleted. We

Recombinant yeast and mammalian expressiqn plasmidshave observed this deletion in four of nine independent
were constructed by PCR. All plasmid constructions were cDNA clones isolated from human spleen RNA, one of six

verified by D_NA sequencing. . . from thymus RNA, and zero of six from human brain RNA.
lexA  Fusions. These were constructed in plasmid 1 man,2 clones with or without this deletion showed no

pBTM116, provided by P. Bartel and S. Fields. PCR ifterences in their ability to interact with CTLA-4; thus,

products encoding the desired cytoplasmic regions Were e two amino acids were not required for interaction of

digested with Sal restriction enzyme and cloned into o1 A4 andu2. Deletion of these residues has also been
pBTM116. Yeast were transformed with recombinant plas- yescribed for muring2 (19).

mids, and lysates were prepared and tested by immunoblot- pCDNAL Expression PlasmidsMammalian expression
ting with anti-lexA antiserum to confirm the expression of  pagmids pCDNAL-CTLA-4 and pCDNAL-Y165F were
lexA fusion proteins. described previously9j. pCDNA1-Y182F was amplified
The pBTM116 fusions of CTLA-4 and CTLA-4 mutants by PCR using pCDNA1-CTLA-4 as template and primers
T161A, T162A, G162A, V164D, and Y165F, were con- CACTGCTTACTGGCTTATCGA (forward) and TCTA-
structed by PCR amplification using mutant plasmi@sas GATCAATTGATGGGAATAAAGAAAGGCT (reverse).

templates and the oligonucleotide primers ATACGTGAC- pCDNA1-Y165F/Y182F was amplified using the same
TAATGCACGTGGCCCAGCCTGCTGTG (forward) and  primers and pCDNA1-Y165F as template. An@&Rased

ACGCGTCGACTCAATTGATGGGAATAAAAT-  plasmid encoding full length p56lck was provided by Dr.
AAGGC (reverse). The resulting fusions contained amino chyris Rudd. The insert of this plasmid was subcloned in to
acid residues®K to ¥'N of CTLA-4. the pCDNA1 vector.

The pBTM116 fusions of CD28 and CD28/CTLA-4  veast Culture and MethodsStandard yeast media were
chimeras R1-R4 were generated using previously describedysed for cell growthZ2). Strain L40 0) was used for two-

plasmids 9) as templates and primers CGTCGACCTAG- hybrid analysis. Transformants bearing pBTM116 and
TAAGAGGAGCAGGCTCCTG (forward) and AGGTC-  pyP16.1 plasmids were selected using standard genetic

GACGTCAGGAGCGATAGGCTGCGAAGTC (reverse).  methods and maintained in synthetic medium lacking leucine
The CD28 fusions contained residué® t0?°%S of CD28.  and tryptophan. For quantitativé-galactosidase assays,

Chimera R6 (see Figure 2) was generated by PCR from thetransformants were grown to midlog phase in selective

PBTM116-CD28 plasmid using the forward primer GTC- medium. s-Galactosidase activity was assayed on lysates
GACCTAGTAAGAGGAGCAGGCTCCTGCAC-  prepared from three independent transformants for each strain

GGGGTCTATGTG and the reverse primer described above gnd expressed in Miller unit2g). Values represent the
for the pBTM116-CD28 fusion. mean= SD in mg/mL per min.

The pBTM116 fusion of TGN46 was constructed usinga  In Vitro CTLA-442 Binding Assay.35S-Labeledu2 was
PCR product corresponding to amino acids 3818 of  prepared by in vitro translation @2 mRNA. A full-length
TGN46 (accession number X94333), generated by reverse,2 cDNA was cloned into pCDNAL (Invitrogen, San Diego,
transcriptase-coupled PCR (RT-PCR) from human spleenCA); the resulting plasmid was then linearized wkhad.

RNA (Clontech, Palo Alto, CA), and primers GAAT- Cappedu2 RNA was generated using T7 Cap-Scribe
TCAAGCGGAAGATCATTGCTTTTGTC (forward) and  (Boehringer Mannheim, Indianapolis, IN). Radiolabeed

GTCGACTTAGGACTTCTGGTCCAAACGTTG (reverse).  was generated from translation of &g of capped2 RNA
VP16 Fusions.These were constructed in plasmid pVP16 using a rabbit reticulocyte lysate kit (Boehringer Mannheim,
(20) which was modified to contain additional cloning sites, Indianapolis, IN) and Trans S-35 Label (ICN Biochemicals,
creating plasmid pVP16.1. PCR products encodidgor Irvine, CA). Binding of 3°S-labeled#2 to CTLA-4 was
u2 were cloned into this plasmid such that they were fused measured by precipitation analysis using CTLA-4 peptide-
in frame with VP16. coupled beads. CTLA-4 peptides corresponding to amino
Humanul cDNA was generated by RT-PCR using fetal acids 155-174 (containing an addition N-terminal cysteine
brain RNA (Clontech, Palo Alto, CA) as template and residue) were synthesized using solid phase methods by Dr.
primers GAATTCATGTCCGCCAGCGCCGTCTACGT (for-  James Blake of our institution. Two peptides were made,
ward) and CTCGAGCTACTGGGTCCGGAGCTGGTAATC one having native'®®Y and the other having tyrosine-
(reverse). These primers correspond to the beginning andphosphorylated®Y. Peptides were coupled to SulfoLink
end of the murineul cDNA sequence2l). The cDNA beads (Pierce, Rockford, IL) via the N-terminal cysteine and
product amplified from human cDNA with these primers used for precipitation analysis®®S-Labeled«2 protein was
encoded a protein that differed from muripd& by three incubated with peptide-coupled beads in binding buffer (50
amino acids: 78S in the human sequence replaced the mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-
corresponding murine residd&A, 2°% replaced?*®V, and 40, 10ug/mL leupeptin, 1Q«g/mL aprotinin) for 16 h at 4
349 replaced3V. This cDNA product was used as the °C. Beads were then collected by centrifugation and washed,
human homologue of murinel. and bound material was fractionated by SEFFAGE on
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precast acrylamide gels (Novex, San Diego, CA). Gels were g,

fixed, soaked in Amplify (Amersham, Arlington Heights, IL),
dried, and exposed to X-ray film (Kodak XAR-5). Peptide-

conjugated beads were also used to precipitate a GST fusior

of the SH2 domains of the p85 subunit of PI3 kinase (GST-
PI3K), kindly provided by James Esselsty24). Peptide-
conjugated beads were incubated with GST-PI3K fusion
protein, collected, washed, and subjected to SBAGE
analysis. Gels were blotted to PVDF membranes, which
were then incubated with monoclonal anti-P13 kinase mAb
(Transduction Laboratories, Lexington, KY). Binding of the

anti-PI3 kinase mAb was detected using horseradish per-
oxidase (HRP)-conjugated goat-anti-mouse immunoglobulin

antibody (BioSource International, Camarillo, CA), followed
by the ECL reaction (Amersham, Arlington Heights, IL) and
exposure to X-ray film. In some experiments, beads
conjugated with tyrosine-phosphorylated CTLA-4 peptide
were incubated with a GST-CDA45 fusion prote®b) prior

to their use for precipitation analysis.

Transfection Assay

COS cells were transfected with pPCDNAL1 vectors encod-
ing CD28, or wild type or mutant forms of CTLA-4. Forty
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Ficure 1: Interaction of CTLA-4 and the clathrin-associated protein
u2. Yeast strains containing pBTM116-derived (bait) plasmids and

eight hours post-transfection, cells were incubated with or vP16.1-derived (prey) plasmids were assayed for activation of the

without the tyrosine phosphatase inhibitor pV(phen) (25
(26) for 2 h at 37°C. Equal numbers of cells were then
lysed in RIPA buffer (1% NP-40, 10 mM Tris, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1 mM sodium vanadate, 1 mM
PMSF, 10 ug/mL leupeptin, and 1Qug/mL aprotinin).
Extracts were precleared with immobilized protein G-

lexA-dependent HIS3 reporter gene, by growth in histidine-deficient
medium. (A) Interaction of CTLA-4 and2. Bait plasmids encoding

the cytoplasmic regions of CTLA-4 or TGN46 fusedi¢xA were
assayed for interaction with VP16.1-derived prey plasmids (empty
vector, VP16.1ul, or VP16.1-u2. For assay oflIS3expression,
equal numbers of cells for each strain were spotted onto agar plates
in the presenceif{His) or absence<His) of histidine. The histidine-

sepharose beads and incubated with anti-CTLA-4 mAb 11D4 deficient plates were supplemented with 3-aminotriazole (50 mM).

(6 ug/mL) (4). Antigen—antibody complexes were collected

Plates were maintained at 3€ for 2—3 days before inspection
for cell growth. (B) CD28 does not interact with2. Strains

by centrifugation and immunoprecipitates were analyzed by containing bait (pBTM116-derived) plasmids encoding the cyto-

SDS-PAGE run under nonreducing conditions. Gels were

plasmic regions of CTLA-4, CD28, or CTLA-4/CD28 chimera R1

blotted to PVDF membranes, which were then reacted with fused tolexA were assayed for interaction with VP16.1-derived

alkaline-phosphatase-conjugated anti-phosphotyrosine (p

Tyr) mAb, RC20AP (Transduction Labs, Lexington, KY).

Anti-p-Tyr reactions were detected by chemiluminescence

using the Tropix Western Light Kit (Tropix, Bedford, MA).

_prey plasmids, as in A.

recombinant CTLA4Ig4). The uptake of BODIPY-labeled
anti-CTLA-4 mAb 11D4 was measured as describ&d).(

The membrane was then stripped and reprobed with rabbitRESULTS

anti-CTLA-4 antiserum. This antiserum was raised by
immunizing rabbits with recombinant extracellular domain
of CTLA-4 (CTLA-4tp, (5). Binding of this antiserum was
detected with HRP-conjugated goat-anti-rabbit immunoglo-
bulin antibody (BioSource International, Camarillo, CA),
followed by the ECL reaction (Amersham, Arlington Heights,
IL). The anti-p56lck mAb (clone 28, Transduction Labs,
Lexington, KY) was detected using HRP-conjugated goat-
anti-mouse immunoglobulin antibody (BioSource Interna-
tional, Camarillo, CA).

YT Cell CTLA-4 mAb Uptake Assay

cDNAs encoding full-length CTLA-4 or mutant Y165F
were cloned into the retroviral vector pLXSI7). Con-
structs were introduced into the packaging cell lif2using
Lipofectin (Life Technologies, Gaithersburg, MD). Recom-
binant retroviruses were amplified in the packaging line
PA317 @8). YT cells (29) were infected with recombinant
retroviruses fo 4 h in thepresence of 4g/mL polybrene
(Aldrich, St. Louis, MO). After 18 h, transduced cells were
selected with G418 (1 mg/mL). The amount of CTLA-4

Two-Hybrid Approach Demonstrates the Interaction of
CTLA-4 andu2. To extend the studies of Ohno et al. to
CTLA-4, we first needed to show that clathrin-associated
proteinul and/oru2 is expressed in human T cells. Since
antibodies to these proteins are not readily available, we
instead tested for transcripts for these proteins in primary
human T cells and T cell lines. Both transcripts were
detected in Jurkat cells using PCR analysis,@httanscripts
were detected by RNA blot analysis in activated human
CD4" T cells. Thus, human T cells expres$ andu?2.

We then tested whether CTLA-4 interacts with and
u2 clathrin-associated proteins using the yeast two-hybrid
method 80). We constructed a bait plasmid encoding a
genetic fusion of the CTLA-4 cytoplasmic tail and the lexA
repressor, and prey plasmids encodirlg and 2 fusions
with the transcriptional transactivator, VP16. Plasmids were
introduced into yeast, and strains bearing both plasmids were
tested for activation oHIS3 andLacZ reporter genes. In
strains containing plasmids encoding the CTLA-4 cytoplas-
mic tail and the clathrin-associated protai, both reporter

expressed by each cell line was measured using a doublegenes were activated, indicating interaction between these

determinant immunossay for CTLA-4 standardized with

proteins (Figure 1A and Table 1). In contrast, no interaction
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Table 1: Interaction of CTLA-4 and the Clathrin-Associated Protein
u2 As Detected bys-Galactosidase Activity

p-galactosidase activity (Miller units)

vector u2 ul
CTLA-4 42+01 300+ 33 2.3+05
CD28 4.0+ 0.5 3.9+ 0.1 nd
chimera R1 46t 1.4 440+ 30 nd
TGN46 35+ 1.0 62+ 34 3.6+ 0.3

aYeast strains containing pBTM116-derived (bait) plasmids and

Bradshaw et al.

sion was measured by indirect immunofluorescence and flow
cytometry, and mean fluorescence intensity (MFI) values
were recorded. These values were then normalized for
differences in expression levels by dividing by the total
amount of mutant or wild type CTLA-4 expressed on a per
cell basis, as determined by a capture immunoaséay (
Normalized cell surface expression values for each mutant
protein (i.e., the ratio of cell surface MFI to total CTLA-4)
were then plotted versus the levels®balactosidase activity

VP16.1-derived (prey) plasmids described in Figure 1 were assayedthat mutant protein produced in a two-hybrid assay. As

for activation of the lexA-dependeSGAL reporter gene as described
in Materials and Method$.Not detected.

between CTLA-4 angil was detectable. In the experiment
shown in Figure 1A, botp1 andu2 interacted with the Golgi
protein, TGN46, as reported for its murine homologue,
TGN38 (19). However, in contrast to this previous report
(19), the interaction ofi1 with TGN46 was less robust than
the interaction ofu2 and TGN46. Only a fraction qf1-

shown in Figure 2D, this analysis showed that there was a
negative correlation between cell surface expression of
CTLA-4 mutants and their ability to bind2, suggesting a
role for 42 in retaining CTLA-4 in an intracellular compart-
ment(s).

Biochemical Demonstration of CTLA-4 Interaction with
u2. To confirm biochemically the interaction of CTLA-4
andu2, we tested whether2, which was synthesized and
radiolabeled with3®S by in vitro translation, could be

containing strains (9 of 25 independent isolates) showed anyprecipitated with beads conjugated with a peptide corre-
growth on histidine-deficient medium and those strains that sponding to residues 15374 from the CTLA-4 cytoplasmic

grew showed little5-galactosidase activity (Table 1). This

tail. As shown in Figure 3A, beads conjugated with CTLA-4

occasionally observed growth may be the consequence ofpeptide precipitated mope2 than did control beads having

leakiness of theHIS3 reporter gene, which would sustain
growth in the absence of a meaningful two hybrid interaction.
Although the CD28 cytoplasmic tail also contains a YXXJ
motif, it did not interact withu2 (Figure 1B). However,
the CTLA-4/CD28 chimera, R1, did interact wii#2 (Figure
1B). In this chimera, residues 16171 of CTLA-4 (Figure
2A) were inserted into the corresponding region of CD28
(residues 169179) (chimeric sequence shown in Figure 2B).
This region was previously demonstrated to confer intrac-
ellular localization to CD28 chimeras9); These data

no peptide attached (Figure 3A, compare lanes 1 and 2). We
also used this technique to test whether phosphorylation of
165y in CTLA-4 was important for the interaction with2.
Beads conjugated with peptide 15574 having phospho-
rylated%% were unable to precipitatg2 (Figure 3A, lane

3). Treatment of phosphorylated peptide ¥354 with
soluble CD45 phosphatase restored the capacity of the
peptide to bindu2 (lane 4), suggesting that the failure of
phosphorylated 155174 to bind was due to its phospho-
rylation. This conclusion was strengthened by control

indicate that sequences responsible for the interaction ofexperiments which showed that phosphorylated CTLA-4
CTLA-4 andu2 were contained within this 11-amino acid cytoplasmic tail peptide was an efficient substrate for soluble
region from CTLA-4. CD45 phosphatase (data not shown). Thus, these data

To further define the residues in CTLA-4 critical for
interaction withu2, plasmids containing different CTLA-4/

CD28 chimeras and a series of site-specific mutants of
CTLA-4 were prepared and tested in the two-hybrid assay.

These results suggested that residti&€s—15% were mini-
mally essential for the interaction of CTLA-4 ap@. As
shown in Figure 2, chimeras R2 and R3 interacted wih
whereas R4 and R6 did not. The differencgsigalactosi-
dase activity obtained with R2 and R3 (Figure 2C) indicated
that CTLA-4 residues'®® and 6K were required for
maximal interaction withu2. Site-specific mutagenesis
indicated that residué$§sG, 164/, and*%Y were also critical
for this interaction. Mutation of residué8'T and 62T did

not eliminate the interaction of CTLA-4 aneR, although
substitution at®?T reduced the strength of the interaction,
as judged bygS-galactosidase activity. Thus®T may
enhance the interaction of CTLA-4 ap@, although it is
not required. This conclusion in supported by results with
the R6 chimera, which contains bdfiG and¢4v, but does

support the conclusion from the two-hybrid data that CTLA-4
residues 155174 contain a binding site fqr2.

Residues 155174 in CTLA-4 have also been reported
to contain a binding site(s) for SH2 domains of effector
molecules involved in signalindld, 12. To compare this
binding with that ofu2, the same peptide-conjugated beads
used in Figure 3A were tested for their ability to precipitate
SH2 domains from the P85 subunit of P13 kinase. In contrast
to u2, GST-PI3K fusion was precipitated only with beads
conjugated with phosphorylated peptide 354 (Figure
3B, lane 3). This was in agreement with previous findings
that binding of these SH2 domains requires tyrosine phos-
phorylation 81). Thus, phosphorylation df5 enhanced
binding of PI3 kinase SH2 domains, but prevented binding
of u2 to peptide 155174.

Tyrosine Phosphorylation of%Y in Vivo. The results
shown in Figure 3 suggested that phosphorylatior®af
may determine which of two different effector molecules
binds to CTLA-4 peptide 155174. For this to be an

not interact withu2. Taken together, these data suggest that important regulatory mechanisif?Y must be phosphory-

the site in CTLA-4 which interacts witp2 is defined by
residues'®TTGVY.

The relationship between cell surface expression of dif-
ferent mutant forms of CTLA-4 and the strength of their
interaction withu2, as judged bys-galactosidase activity,

latedin vivo. While this paper was in preparation, Shiratori
et al reported similar findings to ours on the interaction of
CTLA-4 and u2 (32). These authors also showed that
CTLA-4 was tyrosine phosphorylated in activated murine T
cells and suggested that this event controlled internalization

was examined in Figure 2D. COS cells were transfected of CTLA-4 by regulating its interaction with2. However,

with different mutant forms of CTLA-4, cell surface expres-

these authors did not identify which of two tyrosine residues
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Ficure 2: Determination of residues of CTLA-4 required for interaction with (A) Amino acid sequences of the cytoplasmic regions
of CD28 and CTLA-4. Sequences shown are from human CTLA-4 (accession L15006) and CD28 (accession (BPRA&@no acid
sequences of CTLA-4/CD28 chimeras. Shown are the sequences of CTLA-4/CD28 cytoplasmic tail clméhasef case letters denote
residues of CTLA-4 and lower case letters, CD28. (C) Definition of residues in CTLA-4 required for interaction2wifait plasmids
encodingexA fusions with the cytoplasmic regions of CTLA-4, the CTLA-4/CD28 chimeras, or various single amino acid substitutions in
the cytoplasmic region of CTLA-4 were assayed for interaction witby growth in histidine-deficient medium, as described in Figure 1,
or by 5-galactosidase activity, as described in Table 1. (D) Correlation between CTLA-4 cell surface expresgidiening. COS cells
were transfected with different mutant forms of CTLA-4, and cell surface expression of CTLA-4 was determined by indirect
immunofluorescence and flow cytometry following staining with the 11D4 m3)bNlean fluorescence intensity (MFI) values were recorded
and corrected for nonspecific staining by subtracting values obtained with an isotype control mAk @#-bf maximal values). Corrected
MFI values were then normalized by dividing by the amount of total CTLA-4 expressed per cell, as determined by a capture immunoassay
(4). Normalized cell surface expression values (i.e., the ratio of cell surface MFI to total CTLA-4) were then plotted vefsyalttatosidase
activity from Figure 2C.
in the cytoplasmic tail of CTLA-4 was phosphorylated, nor ~ Functional Role of®Y in Internalization of Anti-CTLA-4
did they identify T-cell-associated kinase(s) which could mAbs. Residue'®Y was required for binding of clathrin-
mediate this phosphorylation. To further investigate these associated protein2 (Figures 3 and 4), suggesting a role
aspects of tyrosine phosphorylation of CTLA-4, we per- for this residue in intracellular trafficking of CTLA-4. To
formed cotransfection experiments in COS cells (Figure 4). support this possibility, we next tested the role!8 in
COS cells were cotransfected with plasmids encoding wild CTLA-4 trafficking, by measuring the uptake of anti-CTLA-4
type CTLA-4 or mutants containing tyrosine-to-phenylala- mAb. We previously showed that incubation of CTLA-4-
nine substitutions, together with a plasmid encoding the T positive cells with BODIPY-conjugated anti-CTLA-4 mAb
lymphocyte kinase, p56Ick. Transfected cells were then resulted in the continuous and time-dependent uptake of
lysed, and CTLA-4 was tested for phosphorylation on labeled anti-CTLA-4 mAb; the amount of mAb which
tyrosine residues by immunoprecipitation and immunoblot- accumulated intracellularly was much greater than that bound
ting. As shown in Figure 4, CTLA-4 was phosphorylated to the cell surfacel(0). These observations suggested that
on tyrosine when co-transfected with p56ick. Moreover, CTLA-4 cycles continuously to and from the cell surface.
mutant forms of CTLA-4 containing Y165F or Y182F We therefore transduced YT cells, a CTLA-4 negative
substitutions were also phosphorylated. Mutant Y165F was NK cell-like line (29), with retroviral vectors encoding
phosphorylated more than Y182F, indicating tH&Y was either wild type CTLA-4 or the mutant Y165F. We
a favored substrate for p56Ick in COS cells. Phosphorylation then tested transduced cells for their ability to take up
was not detected in the mutant containing both tyrosine BODIPY-conjugated anti-CTLA-4 mAb (Figure 5). The
substitutions. Thus, both cytoplasmic tyrosine residues in amounts of CTLA-4 per cell were determined using a
CTLA-4 may be phosphorylatéd vivo by T-cell-associated  capture immunoassay4), standardized with recombi-
kinase, p56lck. nant CTLA-4lg. CTLA-4-transduced YT cells contained
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FiGURE 4: Phosphorylation of CTLA-4 on residué®Y and 182y,
B 1 2 34 5 COS cells were cotransfected with expression plasmids encoding
———— —  r{x10% CTLA-4, tyrosine-to-phenylalanine mutants Y165F, Y182F, or
- — 250 Y165F/Y182F, and p56 Ick. Detergent extracts of cells were then
immunoprecitated with anti-CTLA-4 mAb. Immunoprecipitates
- were fractionated by SDSPAGE on 6-18% acrylamide gradient

gels run under nonreducing conditions and analyzed by immuno-

—— blotting analysis. The upper panel shows the membrane after

3 _ 50 reaction with anti p-Tyr antibody, the middle panel shows the same
membrane after stripping and reprobing with a rabbit anti-CTLA-4

= s antiserum, and the lower panel shows the same membrane after
probing with anti-p56Iick mAb.

- - 30

124 m CTLA-4-YT

® Y165F-YT
nl & PLxsNYT

Ficure 3: Phosphorylation of tyrosine 165 in CTLA-4 prevents
the interaction withu2. (A) Precipitation of in vitro translated2
by immobilized CTLA-4 cytoplasmic tail peptides. Peptides cor-
responding to amino acids 15874 from CTLA-4 were conjugated
to SulfoLink beads and incubated for 16 h wif8§]-methionine-
labeled,in uitro synthesizedu2. Beads were then collected by
sedimentation, washed, and bound material was analyzed by SDS
PAGE (10% acrylamide): lane 1, precipitation with unconjugated
beads; lane 2, beads conjugated with CTLA-4 peptide; lane 3, beads
conjugated with CTLA-4 peptide phosphorylated'@&y; lane 4,
beads as in lane 3, but treated with soluble CD45 phosphatase before
incubation withu2; lane 5, sample dh vitro synthesizedi2 (1%
of that incubated with beads in lanes-4). (B) Precipitation of
GST-PI3K-fusion protein by immobilized CTLA-4 cytoplasmic tail
peptides. Peptide-conjugated beads from panel A were tested for
their abilities to precipitate a GST-PI3K fusion protein. Beads were
incubated for 16 h with GST-PI3K, collected by centrifugation,
and washed, and bound material was analyzed by-SPXSsE
(10% acrylamide), followed by immunoblotting analysis. P13 kinase
SH2 domains were detected using an anti-PI3 kinase mAb. Lane time (hr)
1, precipitation with unconjugated beads; lane 2, beads conjugated . . . . )
with CTLA-4 peptide; lane 3, beads conjugated with CTLA-4 FIGURE 5. Tyrosine 165 is required for efficient uptake of anti-
peptide phosphorylated ¥fY; lane 4, beads as in lane 3, but treated CTLA-4 mAb. YT cells were transduced with the retroviral vector
with soluble CD45 phosphatase before incubation whlane 5, PLXSN (triangles), the same vector encoding CTLA-4 (squares),
sample of GST-PI3K (100 ng). Two bands reactive with anti-PI3K OF mutant Y165F (circles). Transduced YT cells were then incubated
mAb were precipitated with beads conjugated with CTLA-4 peptide With BODIPY-conjugated anti-CTLA-4 mAb 11D4 at 3TC for
phosphorylated atsY; the upper band corresponds to bona fide the indicated periods of time and washed, and cell-associated
GST-PI3K, whereas the other probably represents a proteolytic fliorescence was measured by flow cytometry. Shown are the mean
cleavage product. fluorescence intensity values (arbitrary units) and linear regression
lines calculated from these values. The mean fluorescence intensity
~270 molecules per cell of CTLA-4, whereas YL65F- (o) was & ar o o 1 o oD Y conjugated control mAD
transduced YTcells contained180 molecules per cell of
mutant Y165E. number of CTLA-4 molecules as wild-type CTLA-4 trans-

When these YT cells were incubated with BODIPY- duced cells), Y165F mediated (on a per molecule basis) ca.
conjugated anti-CTLA-4 mAb, Y165F-transduced cells showed half of the rate of mAb uptake as wild-type CTLA-4. Thus,
less mAb uptake than CTLA-4-transduced cells. Plots of Mmutation of'®5Y reduced the rate of mAb uptake, indicating
mean fluorescence intensity versus time for different trans- that this residue is important for intracellular trafficking of
duced cell lines yielded linear rates of mAb uptake for CTLA-4.

CTLA-4- and Y165F-transduced cells (Figure 5). The rate

of mAb uptake (determined from the slope of these plots) DISCUSSION

was~3-fold less for Y165F-transduced cells than for CTLA- We have demonstrated an interaction between the cyto-
4-transduced cells (0.0057 fluorescence units/min for Y165F- plasmic domain of CTLA-4 and the clathrin-associated
transduced cells versus 0.0165 fluorescence units/min forprotein,u2. The crucial region for the interaction overlapped
wild type CTLA-4—transduced cells). When normalized for with a YXX@ motif, similar to the sequences shown by Ohno
differences in the number of CTLA-4 molecules per cell (i.e., etal. (L9) to interact withul andu2. Thus, our data support
Y165F-transduced cells contained ca. two-thirds of the those of Ohno et al. in demonstrating interaction of tyrosine-

104
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based sorting signals and clathrin-associated proteins. Alsodistinguish which of these tyrosine residues is phosphory-
in agreement with these authors, we demonstrate the requirelated.

ment of a tyrosine residue (i.€%) in YXX@ sorting signals Our data suggest that tyrosine phosphorylation of a YXX@
for association withu2. motif in CTLA-4 reciprocally regulates binding of effector
However, our data differ from those of Ohno et &9)in molecules involved in intracellular trafficking and signaling.

two important ways. First, we showed that CTLA-4 This suggests that tyrosine phosphorylation regulates the
interacted only withu2 and notul. This was also shown balance between CTLA-4 trafficking and signaling. Thus,
by Shiratori et al. 82) in a paper published while ours was CTLA-4 cell surface expression may be reduced when it is
under preparation. In contrast, TGN46, interacted with both not phosphorylated, because nonphosphorylated CTLA-4
11 andu2, in agreement with previous findingsgd). Thus, would be internalized from the cell surface as a consequence
CTLA-4 shows more specificity than TGN46 in which type of its association with clathrin-coated pits. When CTLA-4
of clathrin-associated molecule it interacted with. Second, is triggered by ligand bindingld), it may become phos-
we show that residues other than the YXX@ motif are phorylated and signal via binding of SH2-containing effec-
required for interaction of CTLA-4 and?2. tors. However, phosphorylated CTLA-4 would not bjii

Ohno et al. {9) demonstrated interaction @flL andu2 and Woul_d, therefore, remain_at the cell surface. Another
with YXX@ motifs presented either as triple repeats or singly factor which may regulate which type of effector molecule
as fusions with other sequences. This suggested directbeco_mes bound to CTLA-4 is its reported association with
interaction oful or 42 with the YXX@ motif. Here we  tyrosine phosphatase SYE2.
showed that a YXX@ motif in CTLA-4 interacted wifk2, Others have also observed a close relationship between
whereas the homologous motif in CD28 did not. Thus, a the processes of receptor trafficking and signali).(Most
YXX@ motif was necessary but not sufficient for interaction notably, the receptor for the epidermal growth factor (EGFR),
with 2. Transferring the sequené&TTGVYVKMPPT a receptor tyrosine kinase, associates with the clathrin-
from CTLA-4 to the corresponding region of CD28 (R1 associated complex AP-2 subsequent to ligand bindidg (
chimera) conferred the ability to interact wi2. Further- 36). This interaction requires the tyrosine kinase activity
more, the R3 chimera (containing residd&3 TGVY from of EGFR, but receptor autophosphorylation is not required
CTLA-4) interacted withu2 at a reduced level, relative to  (34), suggesting the involvement of other factor(s) in the
the R1 chimera. These data indicate that residti@g GV, interaction 85).

N-terminal to the YXX@ motif, are required for interaction CTLA-4 receptor trafficking and signaling appear different
with #2 when these residues are presented in the context ofthan those of EGFR. Association of AP-2 and EGFR is
the CD28 cytoplasmic tail. ligand-induced and requires tyrosine kinase activati®vh (

Intracellular localization of CTLA-4 may in theory be 39, whereas these events are not required for the CTLA-
achieved by either (a) intracellular retention; or (b) rapid 4/42 interaction. It should also be pointed out that while
internalization of cell surface-expressed molecules. The EGFR/AP-2 interactions are well-established, direct interac-
internalization and intracellular accumulation of anti-CTLA-4 tion of u2 and EGFR has not been demonstrated. Nonethe-
mAbs support the latter possibility (see Figure 5). The less, the parallels between CTLA#2 interactions and
binding of 42 to CTLA-4 suggests a plausible mechanism EGFR binding to AP-2 may be indicative of a more general
to achieve such rapid internalization. We therefore propose relationship between receptor trafficking and signaling. In
that binding ofu2 to CTLA-4 triggers its rapid internalization ~ this light, it is worthwhile considering a recent repa8trf
from the cell surface and subsequent intracellular localization. er]?e\lltl;lnsghg]sa;ﬁg(jrggyﬁ:tgsgggggcoéggsg(:js-'eglﬁg\ll'ﬁtgegaEﬂ?F: .

- . . [ u ifi ignali ways.
Wr;r ef:(ha elrnltsi\r(a%“%nh (?sfpﬁgrlg/?afe oi nd\;vzh ;Pf.,’f F:Se”r? ;n;huoi?n I't is ir_1triguing to speculate Fhat tr_afficking of CTLA-4 may
phorylated,2 can bind CTLA-4, whereas whel¥sY is likewise regulate signaling in activated T cells, and thereby

phosphorylated, no binding was detected. This contrasts WitheIiCit at least some of the unique functional activities of this

the interaction of YXX@ motifs with SH2 domains, where receptor.

tyrosine phosphqrylation is requir_ed for interac'tioﬂi)( ACKNOWLEDGMENT

Therefore, tyrosine phosphorylation 8% motif may

regulate whether the CTLA-4 cytoplasmic tail binds SH2  We thank Mike Neubauer and Tai-An Lin for helpful

domain(s) or clathrin-associated molecules. discussions, James Blake for peptide synthesis, Chris Rudd
Does 6% pecome phosphory|a[ed under physio|ogica| for the p56|Ck plasmid, and James Esselstyn for the GST-

conditions? Signaling studies have suggested that phosphoPI3K.

rylation of 165Y does occur during T cell activatiod {, 12,

but this has not been directly demonstrated. It was also REFERENCES

unknown which, if any, T-cell-associated tyrosine kinases 1 jyne, C. H., Bluestone, J. A., Nadler, L. M., & Thompson, C.

has activity toward the CTLA-4 cytoplasmic tail. We B. (1994) Immunol. Today 15321.

showed here that% is phosphorylated in COS cells 2. Balzano, C., Buonavista, N., Rouvier, E., & Golstein, P. (1992)
cotransfected with the T-cell-associated kinase p561ERY Intl. J. Cancer Supplement, 28.

was a preferred substrate for p56lck, B8R was clearly 3. Linsley, P. S., & Golstein, P. (1996€)urrent Biology 6 398.

also phosphorylated. Thus, T-cell-associated kinases can also 4: B-irf'er P.S., %re%?% J. 'l- Lar:(, PEL’QBQradSEhaWi\/‘IJ.’d '—_?gbetter,
phosphorylate CTLA-4 residuédY, although the degree to T5on hasetti, C., & Damle, N. K. (1992). Exp. Med. 176
which t_hls oceurs durlng T cell activation remains to be 5. Greene, J. L., Leytze, G. M., Emswiler, J., Peach, R., Bajorath,
determined. Shiratori et al32) demonstrated phosphor- J., Cosand, W., & Linsley, P. S. (1998) Biol. Chem. 271

ylation of CTLA-4 in activated murine T cells, but did not 26762.



15982 Biochemistry, Vol. 36, No. 50, 1997

6. Shahinian, A., Pfeffer, K., Lee, K. P., Kundig, T. M.,
Kishihara, K., Wakeham, A., Kawai, K., Ohashi, P. S.,
Thompson, C. B., & Mak, T. W. (1993%cience 26,1609.

7. Tivol, E. A, Borriello, F., Schweitzer, A. N., Lynch, W. P.,
Bluestone, J. A., & Sharpe, A. H. (1995pmunity 3 541.

8. Waterhouse, P., Penninger, J. M., Timms, E., Wakeham, A.,

Shahinian, A., Lee, K. P., Thompson, C. B., Griesser, H., &
Mak, T. W. (1995)Science 270985.

9. Leung, H. T., Bradshaw, J., Cleaveland, J., & Linsley, P. S.
(1995)J. Biol. Chem. 27025107.

10. Linsley, P. S., Bradshaw, J., Greene, J., Peach, R. J., Bennett,

K. L., & Mittler, R. S. (1996)Immunity 4 535.

11. Schnelder H., Prasad, V. S., Shoelson, S. E., & Rudd, C. E. 27.

(1995)J. Exp. Med. 181351.

12. Marengere, L. E., Waterhouse, P., Duncan, G. S., Mittrucker,

H. W, Feng, G. S., & Mak, T. W. (1996cience 2721170.

13. Trowbridge, I. S., Collawn, J. F., & Hopkins, C. R. (1993)
Annu. Re. Cell Biol. 9, 129.

14. Sandovall, 1. V., & Bakka, O. (1994)rends in Cell Biology
4, 292.

15. Pearse, B. M. (198&mbo J. 7 3331.

16. Sorkin, A., McKinsey, T., Shih, W., Kirchhausen, T., &
Carpenter, G. (1995). Biol. Chem. 270619.

17. Sosa, M. A., Schmidt, B., vonFigura, K., & Hille-Rehfeld, A.
(1993)J. Biol. Chem. 26812537.

18. Glickman, J. N., Conibear, E., & Pearse, B. M. (19B8)BO
J 8, 1041.

19. Ohno, H., Stewart, J., Fournier, M.-C., Bosshart, H., Rhee, I.,

Miyatake, S., Saito, H., Galluser, A., Kirchhausen, T., &
Bonifacion, J. S. (1995%cience 2691872.

20. Vojtek, A., Hollenberg, S. M., & Cooper, J. A. (199Gkll
74, 205.

21. Nakayama, Y., Goebl, M., O'Brine Greco, B., Lemmon, S.,
Pingchang Chow, E., & Kirchhausen, T. (199yr. J.
Biochem. 202569.

22. Sherman, F., Fink, G. R., & Hicks, J. B. (1983Niethods in
Yeast GeneticCold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Bradshaw et al.

23. Rose, M. D., Winston, F., & Hieter, P. (1990)Nfethods in
Yeast Genetics: A laboratory course manuabld Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

24. Chalupny, N. J., Aruffo, A., Esselstyn, J. M., Chan, P. Y.,
Bajorath, J., Blake, J., Gilliland, L. K., Ledbetter, J. A., &
Tepper, M. A. (1995Eur. J. Immunol. 252978.

25. Furukawa, T., Itoh, M., Krueger, N. X., Streuli, M., & Saito,
H. (1994)Proc. Natl. Acad. Sci. U.S.A. 910928.

26. Posner, B. I., Faure, R., Burgess, J. W., Bevan, A. P.,

Lachance, D., Zhang-Sun, G., Fantus, I. G., Ng, J. B., Hall,

D. A, Soo Lum, B., & Shaver, A. (1994). Biol. Chem. 269

4596.

Miller, A. D., & Rosman, G. J. (198Biotechniques ,7980.

28. Miller, A. D., & Buttimore, C. (1986Mol. Cell. Biol. 6 2895.

29. Yodoi, J., Teshigawara, K., Nikaido, T., Fukui, K., Noma, T.,
Honjo, T., Takigawa, M., Sasaki, M., Minato, N., Tsudo, M.,
Uchiyama, T., & Maeda, M. (1985). Immunol. 1341623.

30. Fields, S., & Song, O. (198%ature 340 245.

31. Songyang, Z., Shoelson, S. E., Chaudhuri, M., Gish, G.,
Pawson, T., Haser, W. G., King, F., Roberts, T., Ratnofsky,
S., Lechleider, R. J., Neel, B. G., Birge, R. B., Fajardo, J. E.,
Chou, M. M., Hanafusa, H., Schaffhausen, B., & Cantley, L
C. (1994)Cell 72, 767.

32. Shiratori, T., Miyatake, S., Ohno, H., Nakaseko, C.,
K., Bonifacino, J. S., & Saito, T. (1997mmunity 6 583.

33. Carpenter, G., Soler, C., Baulida, J., Beguinot, L., & Sorkin,
A. (1995) in Receptor actiation by antigens, cytokines,
hormones, and growht factor¢Naor, D., DeMeyrs, P.,
Feldmann, M., & Schlessinger, J. Eds.) pp-%4L, The New
York Academy of Sciences, New york, New York.

34. Sorkin, A., & Carpenter, G. (199%cience 261612.

35. Boll, W., Gallusser, A., & Kirchhausen, T. (1996urrent
Biol. 5, 1168.

36. Sorkin, A., Mazzotti, M., Sorkina, T., Scotto, L., & Beguinot,
L. (1996)J. Biol. Chem. 27113377.

37. Vieira, A. V., Lamaze, C., & Schmid, S. L. (1996fience
274, 2086.

BI971762I

Isono,



