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Lymphocyte egress from lymphnodes requires theG-protein-
coupled sphingosine 1-phosphate receptor-1 (S1P1). The activa-
tion antigen CD69 associates with and inhibits the function of
S1P1, inhibiting egress. Here we undertook biochemical charac-
terization of the requirements for S1P1-CD69 complex forma-
tion. Domain swapping experiments between CD69 and the
related type II transmembrane protein, NKRp1A, identified a
requirement for the transmembrane and membrane proximal
domains for specific interaction. Mutagenesis of S1P1 showed a
lack of requirement for N-linked glycosylation, tyrosine sulfa-
tion, or desensitization motifs but identified a requirement for
transmembrane helix 4. Expression of CD69 led to a reduction
of S1P1 in cell lysates, likely reflecting degradation. Unexpect-
edly, the S1P1-CD69 complex exhibited a much longer half-life
for binding of S1P than S1P1 alone. In contrast to wild-type
CD69, a non-S1P1 binding mutant of CD69 failed to inhibit T
cell egress from lymphnodes. These findings identify an integral
membrane interaction betweenCD69 and S1P1 and suggest that
CD69 induces an S1P1 conformation that shares some proper-
ties of the ligand-bound state, thereby facilitating S1P1 internal-
ization and degradation.

Sphingosine 1-phosphate receptor-1 (S1P1)3 and S1P are
required for T and B cell egress from lymphoid organs (1) Fol-
lowing exposure to inflammatory mediators, lymphocyte egress
from lymphoid organs can be transiently shutdown, a process that
is thought to improve the ability to mount a local immune
response (2,3). Shutdownmediatedby IFN�/� is stronglydepend-
ent on induction of CD69 expression in the lymphocyte (4).
Lymphocyte egress is also inhibited by small molecule modula-
tors of S1P1 function (5). Prolonged systemic inhibition of
egress has an immunosuppressive effect and one small mole-
cule that targets S1P receptors, FTY720, has recently completed
phase III clinical trials for treatment of multiple sclerosis (6).

CD69 is a type II transmembrane protein of the C-type lectin
family and the Cd69 gene is encoded within the NK C-type
lectin cluster (7–9). CD69 is a disulfide-linked dimer, and crys-
tal structure analysis established the ectodomain has a C-type
lectin fold, though whether it retained a sugar-binding site was
unclear (10, 11). In contrast to othermembers of theNKC-type
lectin cluster, CD69 has not been established to have a role in
NK cell recognition of target cells. In transgenic overexpression
studies, CD69 inhibited T cell egress from the thymus (12, 13).
We found that endogenous CD69 inhibits the function of S1P1
in T and B cells (4). When CD69 was overexpressed in cells, it
caused down-modulation of S1P1 (4). Reciprocally, when cells
lacked expression of S1P1 because of targeted gene deletion,
CD69was detected on the cell surface (1). These data suggested
that the presence of S1P1 keeps the low amounts of CD69 pro-
duced in naïve T cells from reaching the cell surface. Further
evidence that S1P1 can antagonize CD69 expression came from
the identification of S1P1 in a genetic screen for molecules that
suppress surface CD69 expression in Jurkat T cells (14). These
combined observations have suggested that CD69 and S1P1
interact in a variety of lymphocyte cell types and that an over-
abundance of either molecule can suppress the expression of
the other. Evidence for a biochemical interaction between these
molecules came from co-immunoprecipitation experiments of
epitope-tagged receptors, and from a reporter assay showing
that cell surface cross-linking of S1P1 led to co-crosslinking of
CD69 (4). However, the properties of this interaction have not
been defined.
Here we perform mutagenesis and domain swapping exper-

iments to map regions of CD69 and S1P1 required for complex
formation and receptor down-modulation. We use binding
studies to show that the complex has an increased binding
strength for S1P, and we show that S1P1 protein amounts are
reduced in the presence of abundant CD69. Finally, we demon-
strate that an S1P1 non-bindingmutant ofCD69 is ineffective in
blocking T cell egress from lymph nodes.

EXPERIMENTAL PROCEDURES

Cell Culture—WEHI-231 cells maintained in RPMI com-
plete (10% fetal bovine serum, supplemented with penicillin/
streptomycin, 10 mM HEPES, L-glutamine, and 50 �M �-mer-
captoethanol. Cells were split before reaching confluence, but
were used for co-IP experiments when the concentration of
cells was over 106/ml and �95% viable.
Constructs and Retroviral Transduction—Construction of

the MSCV2.2 retroviral vector expressing a Flag-tagged full-
length mouse S1P1, upstream of a IRES and a cytoplasmic
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domain-truncated human CD4, has been described (15). Full-
length mouse S1P3 was also cloned into this vector. Mouse
CD23, CD69, and human NKRp1A were cloned from splenic
cDNA into MSCV2.2 upstream of an IRES and GFP reporter
element. Chimeric constructs were produced by PCR with
primers overlapping the junctions. All constructs were se-
quenced. The protein sequences of each mutant or chimeric
construct are described in supplemental data. Cultures of Phoe-
nix-E packaging cell line were transfected with these transfer
vectors, and supernatants containing retrovirus were collected,
and WEHI-231 cells were transduced as described.
Immunoprecipitation and Western Blotting—Immunopre-

cipitation was done as previously described (4). Briefly, cell pel-
lets were lysed in 0.875% Brij97, 0.125% Nonidet P-40, 150 mM

NaCl, 10 mM Tris-HCl pH 7.4, 0.02% NaN3 buffer containing
protease inhibitors (Sigma). Samples were resolved by 10%
SDS-PAGE (NuPAGE, Invitrogen) and transferred to Immo-
bilon-FL membranes (Millipore). Membranes were blocked
with LI-COR buffer and stained with rabbit anti-actin (Sigma),
anti-Flag M1 (Sigma), anti-HA biotin 3F10 (Roche). Products
were detected with goat-anti-mouse IRDye 680, IRDye 800CW
(LI-COR Biosciences), or donkey-anti-rabbit IRDye 700DX
(Rockland) and imaged on anOdyssey Infrared Imaging System
(LI-COR Biosciences).
Flow Cytometry—Data were acquired on a FACSCalibur or

LSRII (Becton Dickinson) and analyzed with FlowJo software
(Treestar). Fluorochrome- or biotin-conjugated antibodies
were fromBDPharmingen or eBioscience. FlagM2 bio (Sigma)
was used for staining the S1P receptor-tagged cells. All con-
structs, except N6N-DS, N6N-stalk, and 69ISNKE, which were
not recognized by any available antibodies, were tested for sur-
face expression (supplemental Fig. S1).
S1P Binding Assay—Labeled sphingosine D-erythro-1-phos-

phate [33P] (S1P, American radiolabeled chemicals) was resus-
pended in binding reaction buffer (20 mM Tris pH 7.4, 0.5%
fatty acid free bovine serum albumin, 100 mM NaCl, 15 mM

NaF, 2 mM 4-dexypyridoxine, 200 �M phenylmethylsulfonyl
fluoride, 1� protease inhibitor mixture). WEHI-231 cells were
washed 2� with phosphate-buffered saline, and 2 � 105 cells
were added to each binding reaction tube. The 33P-labeled S1P
was added at a final concentration of 200 pM and allowed to
bind on ice for 30�. Unlabeled S1P was then added at 2 �M, and
the cells collected on 1.3 cmGF/F filters (Whatman) by vacuum
filtration at the indicated times and immediately washed two
times with 0.5 ml of binding buffer. The filters were collected
into scintillation vials and 1 ml of Ecolume (MP Biomedicals)
was added to each tube and mixed before reading on a LS6500
scintillation counter (Beckman).
Transwell Migration Assay—Chemotaxis was across bare

5-�m transwell filters (Corning Costar Corp.) over 3 h in
response to S1P (Sigma) or SDF1� (Peprotech) as described (1).
In Vivo Cell Transfer—Spleens from donor mice were

mechanically dissociated on 70-�m nylon cell strainers. Cells
were washed and resuspended at 5 � 106/ml, and 1 ml was
added per well of a 24-well plate coated with anti-CD3 (3
�g/ml) and anti-CD28 (0.5�g/ml) antibody in phosphate-buff-
ered saline at 37 °C for 3 h. Cells were activated for 24 h and
then transduced by spinfection with fresh Phoenix E superna-

tant as described (16). Cells were then rested for 48 h, collected,
and checked for transduction efficiency. Transduced cells were
labeled with 5 �M CMTMR (Invitrogen) for 20� at a 37 °C and
washed 2� before combining. 5 � 107 cells were transferred
permouse and cells were analyzed at 24-h post-transfer. At that
time, half of the recipients were treated i.v. with 100 �g of both
anti-�4 and anti-�L antibody to block LN entry and analyzed
18 h post-injection.
Structure Modeling—Structural models were generated by

modeler (17) utilizing the �1-adrenergic receptor (pdb ID
2VT4) as amodel (18). Figures were generated with Pymol (19).

RESULTS

Mapping CD69 Interaction Sites—To test whether immune-
specificmoleculeswere required for theCD69-S1P1 interaction
we transduced 3T3 fibroblasts with retroviruses expressing
HA-taggedCD69 or the related type II transmembrane protein,
human NKRp1A, and Flag-tagged S1P1 or S1P3. Immunopre-
cipitation experiments with lysates from cotransduced cells

FIGURE 1. CD69 and S1P1 interact in mouse 3T3 fibroblast cells. Cells
expressing or co-expressing the indicated constructs were lysed and sub-
jected to immunoprecipitation with anti-Flag M2 beads. The material in the IP
was then run on SDS-PAGE and Western blotted for Flag to detect the S1P
receptor, and for HA to detect the C-type lectin construct and actin as a load-
ing control. The amount of each protein in the cell lysate was compared with
the amount immunoprecipitated by Flag-S1P1 with anti-Flag antibody. When
equivalent amounts of Flag were immunoprecipitated, there was a 10-fold
greater interaction between CD69 and S1P1 when compared with the inter-
action with control proteins NKRp1A and S1P3. This result is representative of
two experiments.
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revealed that S1P1 co-immunopre-
cipitated CD69 but not NKRp1A,
whereas S1P3 co-immunoprecipi-
tated little of either lectin mole-
cule (Fig. 1). These results suggest
a lack of immune-specific mole-
cule requirement for the CD69-
S1P1 interaction.

To map the sites on CD69
involved in the interaction, we used
a domain swapping approach in
WEHI-231 B lymphoma cells with
NKRp1A. A construct containing
the transmembrane and intracellu-
lar domains of CD69 (69ITNKE)
retained the ability to interact with
S1P1, though with reduced effi-
ciency compared with wild type
(Fig. 2A) whereas the converse con-
struct where CD69 regions were
replaced with the NKRp1A se-
quence (NKIT69E) disrupted the
interaction (Fig. 2A). All these
constructs were expressed at sim-
ilar levels on the surface of cells
lacking FLAG-S1P1 as assessed by
flow cytometry (supplemental
Fig. S1). In the Western blot anal-
ysis for these HA-tagged con-
structs, the amount of CD69 and

FIGURE 2. Interaction between mutant CD69, containing targeted sequence swaps with hNKRp1A, and S1P1 or S1P3 in WEHI-231 cells. A, cells co-
expressing the indicated constructs were lysed and subject to immunoprecipitation with anti-Flag M2 beads and then Western blotted to detect Flag-S1P1 or
Flag-S1P3 and HA-CD69, HA-NKRp1A, or HA-CD69/NKRp1A chimeric constructs. Diagrams indicate regions of CD69 (filled) or NKRp1A (open) used in each
construct. B, co-IP and Western blotting of further chimeric molecules derived by expanding the minimal predicted transmembrane domain to include the stalk
or to include an additional six intracellular amino acids. These results are representative of two experiments. Nonspecific bands are indicated with an asterisk.

FIGURE 3. Interaction between mutant CD69, containing stalk sequence swaps with hNKRp1A, and S1P1
or S1P3. A, co-IP and Western blotting of Flag-S1P receptors and HA-CD69 constructs containing swaps of
small sequences of the CD69 stalk to the analogous sequence in NKRp1A, and HA-NKRp1A construct with the
entire CD69 stalk. B, co-IP of CD69 and NKRpA1 stalk mutant 69NKS1N, with NKRp1A sequence QKSSIEK, and
stalk mutant 69NKS1C, with the N-terminal stalk sequence SVDIQQS. These data are representative of two
experiments with similar results. Nonspecific bands are indicated with an asterisk.
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69ITNKE was lower in the lysates from S1P1 than S1P3
expressing cells, perhaps because interaction with S1P1 pro-
motes degradation of some of the complex (Fig. 2A). Con-
sistent with the loss being due to complexing, NKIT69E was
present in similar amounts in the S1P1- and S1P3-expressing
cells (Fig. 2A). This correlation between interaction with
S1P1 and reduction in the total HA-tagged construct

detected in cell lysates was noted
for many of the subsequently
tested constructs.
Selective transfer to NKRp1A of

the CD69 transmembrane region
alone (N6N) was insufficient to
transfer the interaction (Fig. 2A),
but inclusion of the membrane
proximal intracellular sequence,
HEGSI, (N6N-�31;�31 designating
a six amino acid expansion of the
minimal transmembrane domain
achieved by beginning the CD69
sequence 31 amino acids from theN
terminus) conferred an ability to
interact with S1P1 (Fig. 2B). This
may partly have reflected enhanced
expression as the N6N construct
showed poor surface expression
compared with N6N-�31 (supple-
mental Fig. S1). However, analysis
of constructs selectively lacking the
HEGSI motif (described below) fur-
ther suggested a role for this region
in the interaction with S1P1. Unex-
pectedly, the N6N-�31 construct
also interacted with S1P3 (Fig. 2B).
On the extracellular side, inclusion
of the membrane proximal stalk
region (N6N-stalk) was not suffi-
cient to confer an ability to interact

(Fig. 2B). However, the stalk conferred interaction specificity
when it was added to the construct containing the CD69 trans-
membrane and HEGSI motif (converting N6N-�31 to N6N-
DS; Fig. 2B). The altered molecular weight of some constructs
likely reflects altered glycosylation states of the chimeric pro-
teins. Although constructs containing the CD69 ectodomain
(NKIT69E) or the entire CD69 intracellular region (69INKTE)
did not show interaction (Fig. 2A), when these domains were
transferred into NKRp1A together (6N6 and 6N6-stalk) they
conferred some ability to interact (Fig. 2, A and B). This might
reflect a weak interaction conferred by both the ectodomain
and intracellular domain that only achieves sufficient strength
to be detectable in co-immunoprecipitation when both
domains are present together.
Further mapping of the CD69 stalk segment showed that

the membrane proximal half was needed for conferring
interaction specificity; when this region of CD69 was
replaced with the corresponding region from hNKRp1A
(69NKS1 and 69NKS12), the chimeric molecule now inter-
acted with S1P3 as well as with S1P1 (Fig. 3A). By contrast, the
membrane distal half did not affect interaction specificity
(69NKS2, Fig. 3A). Further subdividing the membrane proxi-
mal half into two segments identified the most membrane
proximal QKSSIEK sequence as conferring S1P receptor inter-
action specificity (69NKS1N, Fig. 3B).
On the intracellular side, the conserved membrane proximal

HEGSI motif was necessary for the wild-type interaction

FIGURE 4. Interaction between chimeric CD69 molecules, including constructs with modifications of the
HEGSI motif, and S1P1 or S1P3. A, two 3-domain constructs analyzed compared with wild-type CD69 as in Fig.
2. B, co-IP and Western blotting of further HEGSI mutants to narrow down the contribution to binding. These
data are representative of two experiments with similar results. Nonspecific bands are indicated with an
asterisk.

FIGURE 5. Co-IP of CD69 with ectodomain S1P1 mutants. A, tyrosine sulfa-
tion (Y-Sulfo), N-glycosylation (N30D), human S1P1 (huS1P1), reciprocal N-ter-
minal swap mutants (S1P1�3 and S1P3�1), and intracellular loop mutant
(S1P31313) were compared with S1P1 and S1P3 in their ability to co-IP mouse
HA-CD69 as in Fig. 2. B, co-IP of S1P1 desensitization mutants, S5A, �12 are
shown along with the S1P non-binding mutant R120A. These data are repre-
sentative of two experiments with similar results.
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strength of construct NKD69TE (Fig. 4A). When starting from
the wild-type CD69, deletion of this motif (HEGSI delete) or
replacement by the corresponding PWHQFA motif of
NKRp1A (HEGSI replace) led to reduced binding, while simply
shifting the motif away from the membrane by inserting the
NKRp1A sequence (PWHQFA insert) had little effect (Fig. 4B).
Moreover, deletion of the HEGSI motif from the swap con-
struct containing the CD69 ecto- and intracellular domains
(6N6-stalk) in construct 6N6-DS led to a loss of binding (Fig.
2B). All of these constructs showed strong surface expression
by flow cytometry (supplemental Fig. S1). Alanine scanning of
this sequence did not identify a particular residue that was
responsible for a significant portion of the binding (sup-
plemental Fig. S2). These findings suggest CD69 has a multi-
partite interaction surface that includes the transmembrane,
membrane proximal, and ectodomains and mediates a specific
interaction with S1P1.
Mapping S1P1 Interaction Sites—Because CD69 is a member

of the C-type lectin family, we initially tested the impact on
complex formation ofmutating the single surface-exposed con-
sensus N-glycosylation (N30D) site (20) as well as the tyrosine
sulfation sites (Y-sulfo) of S1P1 (21). Mutation of these sites or
replacement of the entire N terminus with the corresponding

region of S1P3 (S1P3 � 1) had little
or no effect on S1P1 interactionwith
CD69 and the S1P1 N terminus
alone was not sufficient to confer
binding (S1P1 � 3) (Fig. 5A). We
also determined that the human
sequence of S1P1 was able to inter-
act with CD69 normally (huS1P1).
We next generated a series of swap
mutants between S1P1 and S1P3.
Exchanging all the intracellular
loops of S1P3 with those in S1P1
(S1P31313) was not sufficient to
confer binding (Fig. 5A). Previously
described receptor desensitization
mutants, S5A and �12 (22, 23) had
no effect on interaction (Fig. 5B). In
addition, S1P binding was not
required for the formation of a
S1P1-CD69 complex because the
S1P non-binding construct R120A
(24) interacted with CD69 at least as
well as wild type (Fig. 5B).

Replacement of transmembrane
helix 4 and associated membrane
flanking loop regions of S1P1 by the
corresponding region in S1P3
caused a marked reduction in CD69
binding in construct S1P13D (Fig.
6), an effect that was not seen fol-
lowing individual swapping of the
other membrane helices and flank-
ing regions (Fig. 6). All of the swap
mutant constructs, with the excep-
tion of S1P13B, showed robust sur-

face expression by flow cytometry (supplemental Fig. S1). Fur-
ther mutagenesis revealed that transmembrane helix 4
(S1P13D2) is necessary for most of the interaction with CD69
when compared with the flanking intracellular and extracellu-
lar regions (S1P13D1 and S1P13D3, respectively) (Fig. 7A).
Replacement of helix 4 in S1P3with the corresponding region of
S1P1 (S1P31D) was sufficient to confer an ability to interact
with CD69 but not NKRp1A (Fig. 7B). Analogous with the
CD69 HEGSI motif, no single position was responsible for a
majority of the binding when each of the eight differences
between the S1P1 transmembrane domains were mutated to
the corresponding S1P3 residue (supplemental Fig. S3).
Differing Requirements for CD69- and S1P1-mediated Mod-

ulation of the Complex—Under conditions of co-expression,
cells with high expression of CD69 down-modulate S1P1 and
reciprocally cells with high expression of S1P1 down-modulate
CD69 (4). To test the fate of S1P1 that has complexed with
CD69 we compared Flag-S1P1-expressing cells that had been
transduced with intermediate (�) or high (��) amounts of
CD69. In the CD69 intermediate samples, the cells fall mostly
into two mutually exclusive populations: cells with surface
Flag-S1P1 staining and little CD69, and cells with CD69 surface
expression and no Flag-S1P1 (Fig. 8A, HA-CD69�). Examina-

FIGURE 6. Co-IP of CD69 with S1P1 mutants containing swapped transmembrane regions. The schematics
above the labels designate the different helices of S1P1 (solid lines and filled rectangles) that were swapped with
the analogous sequence for S1P3 (dashed lines and unfilled rectangles). These constructs are labeled S1P13A-G
where A refers to transmembrane domain 1 and G to transmembrane domain 7. Co-IP and Western blotting
was performed as in Fig. 2. The densitometry readings show the ratio of HA signal to Flag signal indicating the
relative ability of CD69 to co-IP with the mutant S1P1 constructs. These data are representative of two experi-
ments with similar results.
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tion of reporter gene expression in these exclusive populations
shows that the Flag-S1P1 surface-negative cells have higher
amounts of the CD69 reporter (GFP) than the Flag-S1P1 sur-
face-positive cells, whereas both have similar amounts of the
Flag-S1P1 reporter (hCD4) (Fig. 8A, histogram plots) in agree-
ment with previous findings (4). In cells transduced to express
very high amounts of CD69 (Fig. 8A, HA-CD692�) the surface
exposure of Flag-S1P1 was almost completely suppressed. By
contrast, in Flag-S1P3-expressing cells, the intensity of Flag and
CD69 staining was minimally affected by the presence of even
very high amounts of CD69. High expression of CD69 not only
reduces surface S1P1 abundance but leads to a reduction in total
S1P1 protein within the cell (Fig. 8B), suggesting the protein is
targeted for degradation. By contrast, although S1P3 was less
abundantly expressed, the total amount was unaffected by high
CD69 expression (Fig. 8B).

Previously we found that pertussis toxin treatment led to
recovery of CD69 expression in S1P1 dominated cells, while not
allowing recovery of S1P1 expression in CD69-dominated cells
(4), suggesting different requirements for down-modulation of
the complex depending on which partner is more abundantly
expressed. Bymutating the ERYmotif of S1P1 (to EAY or ENY),
we found that an intactG-protein-couplingmotif (25) is needed
for down-modulation of the complex, irrespective of whether
CD69 or S1P1 is dominant (Fig. 9A). That is, rather than observ-
ing evidence for mutually exclusive surface expression of Flag-

S1P1 and CD69 (as seen with wild-
type S1P1 in Fig. 9A) the molecules
were coexpressed on the cell surface
(Fig. 9A, EAY and ENY). As ex-
pected, cells expressing NKRp1A as
a control showed no evidence of
Flag-S1P1 modulation (Fig. 9A,
NKRp1A-stained plots). Despite the
effect of the EAY and ENY muta-
tions on modulation, these muta-
tions did not disrupt the ability of
CD69 and S1P1 to interact in the co-
immunoprecipitation assay (Fig.
9B). Disruption of a desensitization
motif in the C terminus of S1P1 by
mutating 5 serines to alanines (S5A)
(22) prevented S1P1 frommediating
efficient down-modulation of CD69
without blocking CD69 down-mod-
ulation of S1P1 (Fig. 9C). That is, the
cells expressing high amounts of
mutant Flag-S1P1 were mostly co-
expressing surface CD69 (Fig. 9C,
S5A) in contrast to the suppression
of CD69 expression on the cells
expressing high amounts of wild-
type Flag-S1P1 (Fig. 9C). This sug-
gests a requirement for this ser-
ine-rich motif in S1P1-mediated
modulation of CD69, but not in
CD69-mediated modulation of S1P1.
Deletion of the last 12 amino acids

from the S1P1 C terminus, a region that contains further resi-
dues involved in ligand-mediated desensitization (23) did not
affect down-modulation of the CD69-S1P1 complex (Fig. 9C,
�12). Notably, mutation of S1P1 residue Arg-120 to Ala, a
mutation that disrupts S1P binding (24), prevented efficient
down-modulation of the CD69-S1P1 complex (Fig. 9C,R120A).
This suggests that acquisition of a ligand-bound conformation
might be necessary for efficient modulation of the CD69-S1P1
complex, both in cells dominated by CD69 and in cells domi-
nated by S1P1.
CD69 Enhances S1P1 Binding of S1P—Todetermine whether

CD69 altered the ligand binding properties of S1P1, we used a
radiolabeled ligand binding assay to test the half-life of S1P
binding to S1P1 or the S1P1-CD69 complex in transduced
WEHI-231 cells. Compared with WEHI-231 cells expressing
S1P1 alone, the cells expressing both S1P1 and CD69 had about
10-fold lower amounts of surface S1P1 as detected by flow
cytometry (supplemental Fig. S1). Unexpectedly, the co-trans-
duced WEHI-231 cells bound 2-fold greater amounts of
[33P]S1P than cells transduced with S1P1 alone, and the decay
of cell-associated labeled-S1Pwhen competedwith an excess of
unlabeled S1P was �10-fold slower (Fig. 10). Because the
increased binding cannot be explained by an increased number
of surface S1P1 receptors, these findings fit best with the inter-
pretation that CD69 stabilizes a high affinity ligand binding
conformation of S1P1.

FIGURE 7. The S1P1 helix 4 is necessary and sufficient for most of the interaction with CD69. A, co-IP of
S1P13D1–3 constructs where the intracellular loop (D1), minimal predicted transmembrane domain (D2), or
extracellular loop (D3) of the S1P1D (membrane helix 4) construct have been swapped with the corresponding
region of S1P3. B, co-IP of the S1P31D is the converse construct from the S1P13D with all regions from S1P3
except helix 4. Schematics showing helix 4 of the construct used designate the S1P1 regions of the construct
with solid lines and filled rectangles, whereas the S1P3 regions are designated by dashed lines and unfilled
rectangles. These data are representative of two experiments with similar results. Nonspecific bands are indi-
cated with an asterisk.
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S1P1 Non-binding CD69Mutant Fails to Inhibit Lymphocyte
Egress—Previous work established that CD69 is necessary for
inhibition of lymphocyte egress following IFN�/� exposure
and correlated this requirement with the ability of CD69 to
inhibit S1P1 function (4). To further test whether CD69 inhibi-
tion of egress depends on its ability to interact with and inhibit
S1P1, we tested the activity of wild type and an S1P1 non-bind-
ing mutant of CD69 (6N6-�31, Fig. 2B) at inhibiting T cell
migration to S1P and egress from lymph nodes (Fig. 11). Con-
sistent with the inability to interact with S1P1, 6N6-�31 had no
inhibitory activity on S1P1-mediated cell migration to S1P (Fig.
11A). The reciprocal construct, N6N-�31 that has some ability
to interact with S1P1 (Fig. 2B) showed partial inhibition of
migration (Fig. 11A). Interestingly, construct 6N6-stalk that
contains the CD69 ectodomain and scores positive in the inter-
action assay (Fig. 2B), failed to inhibit migration (Fig. 11A).
Wild-type CD69 strongly inhibited migration to S1P as expected,
while not affecting the response to the chemokine SDF1�
(CXCL12) (Fig. 11A). Together, these findings highlight the need
for the CD69 transmembrane andHEGSImotif for themigration
inhibitory effect but also suggest that additional interaction sur-
faces cooperate to achieve the full migration block.
Activated T cells were transduced with retroviruses encod-

ing wild type or 6N6-�31 CD69, or NKRp1A as a negative con-
trol, and then transferred to recipient mice (Fig. 11B). After
allowing 24 h for cells to enter LNs, further entry was blocked
by injection of �4 and �L integrin-neutralizing antibodies (15,
26) and the amount of decay in cell numbers wasmeasured 18 h
later (Fig. 11B). Cells transduced with CD69 increased their
representation in the LN over 2-fold during the �4 and �L
blockage time period, whereas the cells transduced with the
interaction negative construct, 6N6-�31, showed a decline in
their relative LN representation, despite both transduced popu-
lations showing similar CD69 surface staining (Fig. 11C). When
these cells were quantitated and compared between the two time
points of �4 and �L blockade, the wild-type CD69 almost fully
blockedanydecay incell numberover the18h,while cells express-
ing the S1P1 non-binding CD69mutant decayed in number iden-
tically to cells transduced with the NKRp1A control construct or
tonon-transducedrecipientTcells (Fig. 11D).These findings indi-
cate that the egress inhibiting function of CD69 depends on its
ability to interact with S1P1.

DISCUSSION

The above findings identify an integral membrane interaction
between the type II transmembrane proteinCD69 and theG-pro-
tein-coupled receptor S1P1. This interaction involves the trans-
membrane and membrane proximal regions of CD69 and helix 4
of S1P1. TheC-type lectin domain is insufficient to promote inter-
actionbut augments interactionsmediatedby the transmembrane
andmembrane proximal domains. CD69 promotes a high affinity
ligand-binding state in S1P1.Wepropose amodelwhere the inter-FIGURE 8. CD69-mediated down-modulation of S1P1 is associated with

protein degradation. A, flow cytometric analysis of Flag-S1P1 or Flag-S1P3
when co-transduced and sorted for low or high levels of CD69 in WEHI-231
cells. The relative amount of CD69 expression (� or ��) was determined by
expression of an IRES GFP reporter. Histogram overlays on the right show GFP
reporter and hCD4 reporter expression for cells in quadrant 1 and 2 of the top
left plot, indicating the relative expression of the CD69-IRES-GFP construct
and the Flag-S1P1-IRES-hCD4 construct, respectively. B, co-IP of S1P1 or S1P3
with CD69 from the cells shown in the flow cytometric analysis. Densitometry
readings are indicated showing the intensity of Flag and HA signal and the

calculation of the ratio of HA signal to Flag signal is shown beneath the lower
panel. These data are representative of two experiments using standard lysis
buffer (see “Experimental Procedures”) and one experiment using 1% Triton X
in place of Brij97 and Nonidet P-40 with similar results. Nonspecific bands are
indicated with an asterisk.

CD69 Suppresses S1P1 through Interaction with Helix 4

22334 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 29 • JULY 16, 2010



action of CD69 with helix 4 of S1P1 stabilizes a conformation of
S1P1 that mimics some properties of the ligand-bound state, pro-
moting internalization and subsequent degradation of the recep-
tor. In vivo experiments establish that the egress inhibiting func-
tion of CD69 depends on its ability to couple with S1P1 via this
membrane-domain interaction.
The recently determined �-adrenergic receptor structure

allows for a reasonable structure model of S1P receptors to be

produced (18). In this structural model of S1P1, helix 4 displays
6 out of 8 residues that differ with S1P3 on the surface, but a
calculation of electrostatic surface potential yields a surface
that looks similar between S1P1 and S1P3 (supplemen-
tal Fig. S4). This model along with the data presented above
showing that single residue changes from the S1P1 sequence to
S1P3 have little effect on interaction suggest that hydrophobic
interactions would dominate the interaction surface in the
membrane as opposed to hydrogen bonds.
The region of CD69 that we have identified with regards to

S1P1 specificity when compared with that of S1P3 has been
localized to five extracellular amino acids of CD69 that directly
flank the predicted transmembrane helix. Because the extracel-
lular regions vary extensively between members of the S1P
receptor family, there is a possibility that specific interactions
occur between S1P1 andCD69 in this region. Though the inter-
action between CD69 and S1P1 and S1P3 seemed to occur sim-
ilarly for some constructs, we could not detect a function of this
binding effect on S1P3 under either surface co-modulation or in
S1P migration assays (data not shown).
In vivo studies demonstrated the ability of CD69 to act down-

stream of IFN�/� signaling and inhibit lymphocyte egress from
lymph nodes (4). Our studies provide strong evidence that this
inhibition depends on CD69 interaction with S1P1 via its trans-
membrane domain and HEGSI motif. We show that one mode

FIGURE 9. Interaction between CD69 and S1P1-containing mutations in the G-protein-interacting ERY motif or the cytoplasmic tail. A, flow cytometric
analysis of S1P1 ERY motif mutants, EAY and ENY, or S1P3 as a control, co-transduced with CD69 and hNKRp1A in WEHI-231 cells. Cells are costained for the CD69
ectodomain and the Flag-S1P receptors and mutants as indicated. B, co-IP experiment for the S1P1 mutants or S1P3 as indicated. These data are representative
of two experiments with similar results. C, flow cytometric analysis of desensitization mutants (S5A, �12) and S1P non-binding mutant (R120A), co-transduced
with CD69 and hNKRp1A in WEHI-231 cells. Cells are co-stained for the CD69 ectodomain and the Flag-S1P receptors and mutants as indicated. Nonspecific
bands are indicated with an asterisk.

FIGURE 10. Dissociation data to determine the half-life for S1P binding to
the S1P1-CD69 complex. WEHI-231 cells (2 � 105) transduced with S1P1 or
co-transduced with CD69 and S1P1 were treated with 200 pM [33P]S1P on ice
for 30�. Cold S1P (2 mM) was added, and the amount of labeled S1P that was
cell associated following the incubation times shown was measured. S1P1
half-life was measured to be 1.33 � 0.6 min (n � 2) and S1P1-CD69 half-life
was measured to be 13 � 5 min (n � 4).
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of CD69-mediated inhibition of S1P1 is likely to be through
down-regulation and degradation of the receptor. However, an
additional mode of regulationmay be through stabilization of a
high affinity conformation of the receptor, possibly disrupting
the ability of the receptor to sense a ligand gradient. Recent
work with the stable high affinity S1P1 agonist, FTY720, has
shown it can disrupt receptor function by causing constitutive
receptor signaling (27). The mechanism by which CD69 pro-
motes down-regulation and possible degradation of S1P1 is not
yet clear. CD69-mediated surface down-regulation is PTX
resistant (4) yet does require the S1P1 ERY signaling motif and
an intact S1P ligand-binding site. This may indicate a require-

ment for G-protein interaction with
the CD69-S1P1 complex even if Gi
activation is not needed.We have so
far not been able to detect coimmu-
noprecipitation ofG�i2 orG�i3 with
the CD69-S1P1 complex. Future
studies withmore sensitive reagents
and G�i-deficient control cells will
be needed to address this issue.
Previous PTX experiments sug-

gested that the requirements for
CD69-S1P1 complex modulation
differ depending on which molecu-
lar partner is in excess (4), and this is
reinforced here by the finding that
the S5A mutant of S1P1 is partially
defective in down-modulation
when S1P1 is in excess but not when
CD69 is the more abundant recep-
tor. These five serine residues
have previously been implicated in
ligand-mediated modulation of
S1P1 and may be targets of G-pro-
tein-coupled receptor kinases (23).
Thus, in S1P1 dominant conditions,
surface down-modulation may oc-
cur by a similar pathway to ligand-
mediated modulation.
The present experiments have

been performed with transduced,
epitope-tagged forms of S1P1 and
CD69 because we have found that
available reagents against endoge-
nous mouse S1P1 and CD69 have
limited sensitivity for Western blot
analysis. In the studies performed so
far, there is close agreement be-
tween conclusions from overex-
pression experiments and findings
with cells from S1P1- or CD69-defi-
cient mice (4), suggesting that our
biochemical findings will extend to
the requirements for endogenous
interactions of S1P1 and CD69. To
more fully characterize the endoge-
nous complex, it will be important

in futurework to generate antibodies formouse S1P1 andCD69
that permit sensitive detection of themolecules in immunopre-
cipitation studies.
The finding that CD69 could inhibit lymphocyte egress

raised the possibility that a soluble form of CD69 might be a
novel smallmolecule regulator of S1P1.Our studies suggest that
the CD69 ectodomain is not essential for the CD69-S1P1 inter-
action and when expressed in cells in association with a non-
interacting transmembrane domain, is unable to regulate S1P1,
arguing against utility of this domain as an egress regulator.
However, our experiments raise the possibility that a mem-
brane-inserting peptide modeled on the CD69 transmembrane

FIGURE 11. Requirement for CD69 interaction with S1P1 to inhibit lymphocyte chemotaxis and egress
from lymph nodes. A, transwell migration assay testing CD69 and relevant CD69/NKRp1A chimeric molecules
for their ability to inhibit S1P1-dependent S1P migration. Migration to SDF-1�, a CXCR4 ligand, is shown as a
negative control. B, schematic of cell transfer experiment. Donor cells were activated for 24 h with anti-CD3/
CD28 antibodies before transduction of the indicated recombinant retroviruses. These three CMTMR and
congenically marked cell populations were then mixed and injected into recipient mice. Half of these mice
were analyzed 24 h post-transfer and half where treated at 24 h with �4 and �L integrin-neutralizing antibodies
to block LN entry and LN cells were analyzed 18 h later. C, flow cytometric analysis showing transferred CD4
cells, distinguishing 6N6-�31-transduced cells (CMTMR	) from CD69-transduced cells (CMTMR�) in the same
LN preparation. Transduced cells with high GFP reporter expression were gated and the percent of these cells
among total LN cells is shown. D, ratio of transduced cells remaining in LNs following 18 h of �4 plus �L
antibody treatment compared with the starting number of cells. This result is representative of two independ-
ent experiments.
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and membrane-flanking domains might have inhibitory effects
on S1P1.

Despite GPCRs representing the largest class of membrane
proteins (�950 genes), there are few well-defined examples of
GPCR regulation by associating transmembrane proteins.
Some odorant receptors require receptor transporting proteins
(RTP-1 or -2) as chaperones during protein folding and trans-
port through the ER (28). Receptor activity modifying proteins
(RAMPs) are three related single transmembrane proteins that
influence both trafficking and ligand binding of the calcitonin-
like receptor (29, 30). Melanocortin 2 receptor accessory pro-
tein (MRAP) is essential for surface expression of the MC2R
and thus for receptor function. It is notable that, like CD69, the
RTPs andMRAP are thought to be type II transmembrane pro-
teins (31, 32). However, each of these GPCR accessory proteins
exhibits a positive influence on receptor function. CD69 may
represent the first physiological example of a transmembrane
accessory protein acting as a negative regulator of GPCR func-
tion. Further characterization of how the integral membrane
interaction we define here mediates inhibition of GPCR func-
tion may lead to a more general understanding of how GPCRs
can be regulated by interacting molecules.
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