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by Galectin-N-Glycan Binding and Microfilaments Coordinate
Basal and Activation Signaling*□S
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Lateral compartmentalization of membrane proteins into
microdomains regulates signal transduction; however, struc-
tural determinants are incompletely understood. Membrane
glycoproteins bind galectins in proportion to the number (i.e.
NX(S/T) sites) and degree of GlcNAc branching within attached
N-glycans, forming a molecular lattice that negatively regulates
T cell function and autoimmunity. We find that in resting T
cells, partition of CD45 inside and T cell receptor (TCR)/CD4-
Lck/Zap-70 outside microdomains is positively and negatively
regulated by the galectin lattice and actin cytoskeleton, respec-
tively. In the absence of TCR ligands, the galectin lattice
counteracts F-actin to retain CD45 in microdomains while
concurrently blocking TCR/CD4-Lck/Zap-70 partition to
microdomains by preventing a conformational change in the
TCR that recruits Nck/Wiscott Aldrich Syndrome (WASp)/
SLP76/F-actin/CD4 to TCR. The counterbalancing activities of
the galectin lattice and actin cytoskeleton negatively and posi-
tively regulate Lck activity in resting cells and CD45 versusTCR
clustering and signaling at the early immune synapse, respec-
tively. Microdomain-localized CD45 inactivates Lck and inhib-
its TCR signaling at the early immune synapse. Thus, the galec-
tin lattice and actin cytoskeleton interact on opposing sides of
the plasma membrane to control microdomain structure and
function, coupling basal growth signaling with thresholds to
activation.

Separation of plasmamembrane proteins intomicrodomains
enriched in cholesterol and glycosphingolipids has been impli-
cated in cell signaling and activation (1–6). However, the
hypothesis that their formation is determined solely by “phase
separation” of cholesterol and saturated phospholipids from
unsaturated phospholipids has been challenged (1–6). An
emergingmodel suggests other factors, such as protein-protein
binding and the actin cytoskeleton, play important roles in the

stability, size, and retention of proteins in membrane microdo-
mains (1–5). The clearest example of this is the immunological
synapse, where agonist-induced T cell receptor (TCR)2 signal-
ing provokes actin cytoskeleton-dependent coalescence of
membrane microdomains enriched in signaling molecules at
the contact site between T cells and antigen presenting cells
(7–12).
TCR clustering at the immune synapse is negatively regu-

lated by multivalent cross-linking of cell surface glycoproteins
with galectins, interactions that form a molecular lattice
restricting glycoprotein movement in the plane of the mem-
brane and endocytosis (13–17). Glycoproteins are differentially
incorporated into the galectin lattice based on the number of
associatedN-glycan chains (i.e.NX(S/T) sites) as well as degree
of GlcNAc branching (13, 15, 18). The latter is dynamically
controlled by Golgi processing and metabolic production of
UDP-GlcNAc (18, 19), the sugar nucleotide donor for medial
Golgi GlcNAc-branching enzymes Mgat1, -2, -4, and -5. In
naı̈ve T cells, genetic and metabolic control of GlcNAc
branchedN-glycans sets thresholds for activation and TH1 dif-
ferentiation by negatively regulating agonist-induced TCR sig-
naling (13, 19, 20). Once activation thresholds are exceeded
(21), T cells undergo multiple rounds of cell division and arrest
their growth after induction of CTLA-4 to the cell surface (22).
Membrane turnover is high in T cell blasts, and Src kinases/
phosphatidylinositol 3-kinase/extracellular signal-regulated
kinase stimulate metabolic flux and Golgi processing to Glc-
NAc-branched N-glycans, promoting CTLA-4 surface reten-
tion via incorporation into the galectin lattice (18). In this man-
ner GlcNAc branching negatively regulates naive T cell
growth early by dampening activation signaling and late by
promoting growth arrest. In vivo, genetic andmetabolic con-
trol of GlcNAc branching negatively regulates delayed type
hypersensitivity and autoimmunity (13, 19, 23).
Activation of the Src tyrosine kinase Lck via autophosphoryl-

ation at Tyr394 is required for agonist-induced TCR signaling
and T cell activation (24, 25). In resting T cells, a proportion of
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and interactions with CD4 (26), a localization required for TCR
signaling (27, 28). The highly glycosylated tyrosine phosphatase
CD45 positively and negatively regulates Lck activity via
dephosphorylation of inhibitory Tyr505 and activating Tyr394,
respectively (29, 30). In resting T cells, a small proportion of
CD45 partitions tomembranemicrodomains (31–34), where it
binds Lck (33) and inhibits Src kinase activity and TCR signal-
ing (35, 36), suggesting CD45 predominantly functions as a
negative regulator of Lckwithinmembranemicrodomains. The
large extracellular domain of CD45 lacks a non-carbohydrate
binding ligand but is paradoxically required for localization to
membrane microdomains (34). Similarly, CD45 clusters at the
early immune synapse (3 min) by unclear mechanisms (37).
CD45 is modified with Mgat5-produced �1,6GlcNAc-
branched N-glycans extended by poly-N-acetyllactosamine
(38), the high affinity ligand for galectins.When added toT cells
in vitro, exogenous galectin-1 and galectin-3 bind to CD45 at
the cell surface and induce T cell death (39, 40). Exogenous
galectin-1 clusters CD45, whereas the cell surface distribution
of CD45 remains uniform after the addition of galectin-3. How-
ever, whether CD45 interacts with endogenous galectins and is
regulated by the galectin lattice is unknown.
Agonist clustering of the TCR complex induces a conforma-

tional change required for full TCR activation and binding of
the adaptor proteinNck to the cytoplasmic tail ofCD3� (41, 42).
Nck binds WASp, a protein that induces actin microfilament
re-arrangement and is required for reforming the immune syn-
apse in naı̈ve T cells after breaks in symmetry (12). The adaptor
protein SLP76 has also been proposed to bring Nck/WASp to
TCR (43, 44). Here we demonstrate that in the absence of TCR
engagement by ligand, the galectin lattice opposes F-actin to
retain CD45 in GM1-enriched microdomains (GEM) and con-
currently prevents Nck/WASp/SLP76 and CD4 binding to the
TCR complex, F-actin targeting of TCR/CD4-lck to GEMs, Lck
autophosphorylation at Tyr394, and Zap70 recruitment. Upon
TCR stimulation, microdomains re-structured a priori by
opposing actions of the galectin lattice andNck/WASp/SLP76/
F-actin cluster at the early immune synapse to control CD45
versus TCR content and signaling. Galectin lattice-mediated
partition of CD45 to microdomains (34) and the early synapse
(37) negatively regulate Lck-Tyr(P)394 and TCR signaling.
Thus, lateral compartmentalization of CD45 versusTCR/CD4-
Lck in restingT cells via galectin lattice andF-actin competition
regulates homeostatic growth signaling via Lck as well as the
structure and signaling activity of the early immune synapse.
We propose a general mechanism for controlling membrane
microdomain structure and function, namely, competition
between galectin binding to GlcNAc branched N-glycans
attached to extracellular domains and adaptor proteins/poly-
merized F actin via cytoplasmic domains.

EXPERIMENTAL PROCEDURES

Mice and Cell Lines—T cells isolated from C57BL/6
Mgat5�/� and Mgat5�/� mice were used for experiments and
were congenic by backcross from 129/sv Mgat5�/� mice (45)
for six generations. All mice used were age-matched at 8–10
weeks. Human Jurkat cell line E6-1 and its derivative cell lines
with deficiency in CD45 (J45.01), TCR� (J.RT3-T3.5), CD4

(D1.1), and Lck (J.CaM1.6) were purchased from ATCC. Cells
were maintained in RPMI 1640 medium with 10% fetal bovine
serum, 2mM L-glutamine, penicillin (100 units/ml), streptomy-
cin (100 �g/ml), 50 �M �-mercaptoethanol at 37 °C in a 5%
CO2-humidified atmosphere.
TCR Signaling and Western Blotting—Polystyrene beads (6

�m, Polysciences) were coated with 0.5 �g/ml anti-CD3� anti-
body (2C11 for mouse, OKT3 for Jurkat, eBioscience) at 4 °C
overnight. 1 � 106 purified splenic CD3� T cells isolated by
negative selection (R&D Systems) and/or Jurkat T cells treated
with or without 5�M swainsonine (SW) (Sigma) for 3 days were
preincubated for 20min at 37 °Cwith orwithout 50mM sucrose
(Fisher), 50 mM �-lactose (Fisher), 1 �M latrunculin-A (Sigma),
20 �M 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-
d]pyrimidine (protein-tyrosine kinase inhibitor (PP2)) (Calbio-
chem), or N-(9,10-dixo-9,10-dihydrophenanthren-2-yl)-2,2-
dimethyl-propionamide (protein-tyrosine phosphatase CD45
inhibitor) (EMD) and then mixed with or without anti-CD3�
Ab-coated beads, pelleted at 5000 rpm for 15 s, and incubated at
37 °C for the indicated times. Cells were solubilized with ice-
cold 50 mM Tris, pH 7.2, 300 mM NaCl, 1.0% Triton X-100, a
panel of protease inhibitor mixture, and 2 mM sodium
orthovanadate for 20 min. Cell lysates were separated on
NuPAGE 10% Bis-Tris gels (Invitrogen) or NuPAGE 7% Tris
acetate gels (Invitrogen) under reducing conditions, trans-
ferred to polyvinylidene difluoride membranes, and immuno-
blotted with anti-phospho-Lck Tyr505 Ab (Cell Signaling Tech-
nology), anti-phospho-Src family Tyr 416 Ab (Cell Signaling
Technology), which cross-reacts with phospho-Lck Tyr394,
anti-phospho-Zap70 Ab (Cell Signaling Technology), anti-
phospho-LAT Ab (Upstate), anti-actin Ab (Santa Cruz), anti-
CD45 Ab (35-Z6 and M20, Santa Cruz), anti-Lck Ab (3A5,
Santa Cruz), anti-Zap70 Ab (IE7.2, eBioscience), anti-CD3� Ab
(M20, Santa Cruz), anti-CD4 Ab (C18, Santa Cruz), anti-TCR�
Ab (H197, Santa Cruz), and anti-galectin-3 Ab (H160, Santa
Cruz). The blots were developed with the ECL system (Pierce).
To identify the GEM-enriched fractions in sucrose gradient
fractions, aliquots of each fractionwere spotted onto a nitrocel-
lulose membrane, which was subsequently hybridized with
horseradish peroxidase-conjugated cholera toxin B (CTB) (List
Biology Laboratory) to label endogenous GM1 ganglioside.
Co-immunoprecipitation—Purified splenicCD3�Tcells iso-

lated by negative selection (R&D Systems) or Jurkat T cells
treated with or without 5 �M SW (Sigma) for 3 days were pre-
treated with or without anti-CD3 antibody (5 min at 37 °C, 10
�g/ml UCHT1, eBioscience), �-lactose (50 mM, Fisher), the
control disaccharide sucrose (50 mM, Fisher), or PP2 (20 �M,
Calbiochem) for 20 min at 37 °C and then incubated with or
without the homobifunctional cross-linker dithiobis(sulfosuc-
cinimydylpropionate) (Pierce) at 0.1mg/ml with 107 cells/ml in
phosphate-buffered saline, pH 8.0, for 10 min at room temper-
ature in the presence of the same. The cross-linking reaction
was quenched by addingTris, pH 7.2, to a final concentration of
50 mM and incubating for 15 min. Cells were then lysed and
immunoprecipitated at 4 °C by incubation with anti-CD45 Ab
(F10–89-4, SouthernBiotech), anti-galectin-3 Ab (H160, Santa
Cruz), or anti-NckAb (Chemicon) for 2 h followed by proteinG
PLUS-agarose beads (Santa Cruz) overnight. After washing six
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times, eluted proteins were blotted with anti-CD45 Ab (35-Z6
and M20, Santa Cruz), leukoagglutinin-biotin (EY Laborato-
ries), anti-Nck Ab (Millipore), anti-TCR� Ab (Jovi.1, Abcam),
anti-CD4Ab (C18, Santa Cruz), anti-SLP-76 Ab (Cell Signaling
Technology), and anti-WASp Ab (Cell Signaling Technology).
Quantification of Western Blots by Densitometry—Bands

detected on film after exposure of blots to enhanced chemilu-
minescence (Pierce) were digitally scanned and then analyzed
by densitometry using the single band analysis function in Gel
Pro Analyzer software. In this software changes in the amount
of material concentrated in each band is measured by compar-
ing the intensity of a band with that of an assigned band. For
Figs. 1C and 5B, each band was first compared with the band in
the non-stimulated lane to give a -fold difference and then nor-
malized for differences in actin. For comparison of relative
amounts of protein in GEM versus non-GEM fractions, the fol-
lowingwas done. 1) Backgroundwas subtracted from all bands/
lanes, 2) densitometry values were summed in lanes 1–6 for
GEMs, lanes 7–10 for non-GEMs, and lanes 1–10 for the total,
3) theGEM fractionwas the sumof lanes 1–6 divided by sumof
lanes 1–10, and the non-GEM fraction was the sum of lanes
7–10 divided by sum of lanes 1–10.
Immunofluorescence Microscopy—Purified splenic CD3� T

cells isolated by negative selection (R&D Systems) and/or Jur-
katT cells treatedwith orwithout 5�Mswainsonine (Sigma) for
3 days were preincubated for 20min at 37 °Cwith or without 50
mM sucrose (Fisher), 50 mM �-lactose (Fisher), 1 �M latruncu-
lin-A (Sigma), or 20 �M PP2 (Calbiochem). Cells were then
patched for GEMs by incubation with CTB-TRITC at 10�g/ml
in 0.1%BSA/TBS for 45min on ice, washed, and cross-linked by
incubation with anti-CTB Ab (1/250 dilution in 0.1%BSA/TBS,
Calbiochem) for 30 min on ice and then for 20 min at 37 °C.
Patched cells were attached to poly-L-lysine-coated slides, fixed
with 10% formalin at room temperature for 30 min, and then
blocked with 0.5% bovine serum albumin in TBS for 1 h. Cells
were then incubated with one or more of CTB-TRITC (non-
patched cells, List Biology Laboratory), anti-CD45-FITC (30-
F11 for mouse and H130 for Jurkat, eBioscience), anti-CD4-
FITC (GK1.5, eBioscience), or anti-TCR�-FITC (H57–597,
eBioscience) in 0.1% BSA/TBS. For assessing T cell-microbead
conjugates, cells were conjugated as described above with
microbeads coated with 0.5 �g/ml anti-CD3 (2C11, eBioscience),
0.5 �g/ml anti-CD3/0.5 �g/ml rat IgG2b isotype control (eBio-
science), or 0.5 �g/ml anti-CD3/0.5 �g/ml anti-CD45(30-F11,
eBioscience). For intracellular staining of Lck-Tyr394, cells were
permeabilized by adding 0.2% Triton X-100 in blocking solu-
tion and stained with anti-phospho-Src family Tyr416 Ab (Cell
Signaling Technology) (which cross-reacts with phospho-Lck
Tyr394) in 0.1% BSA/TBS followed by aminomethylcoumarin
acetic acid anti-goat (Jackson ImmunoResearch) in 0.1% BSA/
TBS. Slides were mounted with Vectashield (Vector Laborato-
ries). Images were collected on aNicon TE-2000-Umicroscope
with a �60 objective. Deconvolution and colocalization was
performed on images collected at 0.2-�m Z-intervals with
MetaMorph. Quantification of the colocalization coefficient
between CD45, CD4, TCR, and GM1 was accomplished by
WCIF ImageJ software.

Isolation of GEMs by Sucrose Density Gradient Ultra-
centrifugation—Cells (2 � 108) were washed with TBS and
re-suspended in 0.5 ml of ice-cold hypotonic buffer (42 mM

KCl, 10 mM HEPES, pH 7.4, and 5 mM MgCl2). The cells were
lysed at 4 °C for 1 h by adding 0.5 ml of 1% Triton X-100 buffer
(1% Triton X-100, 10 mM Tris, pH 7.5, 150 mMNaCl, a panel of
protease inhibitor mixture, and 2 mM sodium orthovanadate)
for a final concentration of 0.5% Triton X-100. After centrifu-
gation at 3000 � g for 10 min at 4 °C, the post-nuclear super-
natant was transferred to a SW40 centrifuge tube (Beckman
Coulter) and adjusted to 1.33 M sucrose by mixing with 1 ml of
85% sucrose in TNE buffer. The lysates were overlaid with 6 ml
of 30% sucrose and 2ml of 5% sucrose in TNEbuffer and chilled
to 4 °C for 1 h. After equilibrium ultracentrifugation for 17 h at
38,000 rpm at 4 °C, 1-ml fractions were collected starting from
the top of the gradient.
Flow Cytometry—Jurkat T cells were stained with one or

more of anti-CD45-FITC (H130, eBioscience), anti-CD4- PE-
Cy5 (RPA-T4, eBioscience), anti-CD3-PE (OKT3, eBio-
science), and leukoagglutinin-FITC (Vector Labs). Mouse T
cells were stained with anti-CD45-FITC (30-F11, eBioscience),
anti-CD4-PE-Cy5 (GK1.5, eBioscience), and anti-CD8a-PE
(53-6.7, Pharmingen). All incubations were for 50 min on ice.
Analyses were done with a FACScan flow cytometer using the
CellQuest program (BD Biosciences).

RESULTS

The Galectin Lattice Negatively Regulates Lck Activation in
Resting T Cells—At rest, T cell endocytosis rates are minimal,
and disruption of the galectin lattice through genetic loss of
�1,6GlcNAc-branchedN-glycans (i.e.Mgat5-deficient cells) or
inhibition of GlcNAc branching with themannosidase II inhib-
itor SW (19, 20, 46) does not reduce surface levels of the
TCR�CD3 complex or CD4, CD8, CD28, or CD45 in mouse or
Jurkat T cells, respectively (Ref. 13 and supplemental Fig. 1, A
andB). Strikingly, we noted that Lck-Tyr394 phosphorylation in
unstimulated Mgat5�/� T cells is markedly increased relative
to Mgat5�/� T cells (Fig. 1A), not significantly enhanced by
TCR stimulation (Fig. 1B), and similar to the maximal induc-
tion observed in TCR stimulated Mgat5�/� T cells (Fig. 1B).
Active Lck phosphorylates Zap70, which in turn phosphoryl-
ates LAT, and both are also enhanced in resting Mgat5�/� T
cells (Fig. 1A), although at much lower levels than present in
TCR-stimulated cells (Fig. 1B). InhibitingGlcNAc branching in
resting Jurkat T cells with SW (19, 20, 46) similarly enhances
phosphorylation of Lck-Tyr394, Zap70, and LAT in the absence
of TCR stimulation (Fig. 1C and supplemental Fig. 2A). These
data suggest the galectin lattice negatively regulates Lck activa-
tion and associated downstream basal growth signaling in the
absence of TCR engagement. Indeed, disrupting the lattice in
resting Mgat5�/� mouse T cells via 20 min of co-incubation
with lactose (which binds galectins and disrupts the lattice
(13)), but not control disaccharide sucrose, markedly enhanced
Lck-Tyr394 phosphorylation (Fig. 1D). In contrast, Lck phos-
phorylation at inhibitory Tyr505 is not significantly altered by
GlcNAc branching deficiency in resting or activated mouse
(Fig. 1, A and B) and Jurkat T cells (supplemental Fig. 2A),
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indicating the galectin lattice specifically regulates Tyr394
phosphorylation.
Activation of Lck via autophosphorylation atTyr394 is critical

for initiation of TCR signaling; however, the molecular mecha-
nism inducing activation is not well understood. Galectin lat-
tice disruption promotes Lck phosphorylation at Tyr394 in the
absence of TCR ligation, suggesting hypoactivity of a negative
regulator and/or hyperactivity of a positive regulator. The
galectin lattice promotes surface retention of full-length
CTLA-4 in T cell blasts, a phenotype that inhibits TCR signal-
ing and induces growth arrest (18). However, full-length
CTLA-4 is not expressed at the cell surface of resting naı̈ve

mouse or Jurkat T cells and does not
regulate activation thresholds in
naı̈ve T cells (22), and background
surface staining as well as intra-
cellular levels are unchanged by
Mgat5 deficiency (18). This indi-
cates CTLA-4 does not contribute
to Lck-Tyr(P)394 hyperphosphoryl-
ation after galectin lattice disrup-
tion in resting and TCR-stimulated
mouse or Jurkat T cells.
CD45 promotes and inhibits

Lck activity by dephosphorylating
Tyr505 and Tyr394, respectively.
CD45 contains Phaseolus vulgaris
leukoagglutinin (L-PHA) reactive
�1,6GlcNAc-branched N-glycans
(Fig. 1E and Ref. 38) and binds
endogenous galectin-3 at the cell
surface, an interaction reduced by
Mgat5 deficiency and co-incuba-
tion with lactose (Fig. 1F). CD45
deficiency prevents SW from
increasing Lck- Tyr(P)394 phospho-
rylation in resting Jurkat T cells (Fig.
1C). The TCR complex binds galec-
tin-3 via GlcNAc-branched N-gly-
cans (13) and, when engaged by ago-
nists, activates Lck. TCR complex
deficiency in resting Jurkat T cells
blocks SW-induced Lck-Tyr(P)394
hyperphosphorylation (Fig. 1C).
The majority of Lck is bound to
CD4, and deficiency of CD4 also
inhibits enhancement of Lck-
Tyr(P)394 phosphorylation by SW
(Fig. 1C). These data indicate CD45,
CD4, and the TCR complex are all
required for galectin lattice-medi-
ated negative regulation of Lck
Tyr394 phosphorylation in resting T
cells.
The Galectin Lattice Opposes

F-actin-mediated Partition of TCR/
CD4 Inside and CD45 Outside
Membrane Microdomains—CD4-

Lck and CD45 both partition to membrane microdomains (26,
31–34). CD45 binds Lck in membrane microdomains (33),
where it inhibits Src kinase activity in resting T cells when over-
expressed (35). TCR and CD45 bind galectin-3 via GlcNAc-
branched N-glycans (Ref. 13 and Fig. 1F), and we hypothesized
that the galectin lattice may regulate Lck-Tyr394 phosphoryla-
tion in resting cells by controlling the relative proportion of
TCR/CD4-Lck versus CD45 within membrane microdomains.
To examine this hypothesis, we assessed the co-localization of
TCR, CD45, and CD4 with GM1-enriched microdomain GEM
in resting mouse T cells by patching with under Toxin B (CTB)
plus anti-CTB antibody. Disruption of the galectin lattice in
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FIGURE 1. Negative regulation of Lck-Tyr394 phosphorylation in resting T cells by the galectin-glycopro-
tein lattice. A–C, purified CD3� mouse T cells of the indicated genotypes or Jurkat T cells and its derivative cell
lines J45.01 (CD45-deficient), J.RT3-T3.5 (TCR�-deficient), D1.1 (CD4-deficient), and JCaM1.6 (Lck-deficient) grown
in the presence or absence of SW were treated with or without anti-CD3-coated beads, lysed, and Western-
blotted (WB) as indicated. SW is a specific inhibitor of Golgi mannosidase II that blocks N-glycan GlcNAc
branching beyond mono-antennary. Bands in C were quantified using Gel Pro Analyzer software analysis of
digitally scanned blots and compared initially to the resting non-stimulated lane to calculate a -fold difference
and then normalized to actin levels (see “Experimental Procedures”). Numbers are shown below each band.
D, resting mouse Mgat5�/� and Mgat5�/� T cells were preincubated with or without lactose (competitive
inhibitor of galectin binding), sucrose (control disaccharide), or latrunculin-A (F-actin-disrupting agent) for 20
min at 37 °C, lysed, and Western blotted for pLck-Tyr394. E, Jurkat T cells pretreated with or without SW were
lysed, immunoprecipitated for CD45, and blotted with CD45 and leukoagglutinin (L-PHA), an animal lectin
specific to Mgat5-modified N-glycans (13). F, Mgat5�/� and Mgat5�/� T cells were pretreated for 20 min at
37 °C with or without lactose, chemically cross-linked with dithiobis(sulfosuccinimydylpropionate)
(Crosslinker), immunoprecipitated (IP), and Western-blotted as indicated.
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naı̈ve mouse T cells via Mgat5 deficiency or co-incubation of
wild type cells with lactose (20 min) significantly reduced the
co-localization of CD45 with GEMs (Fig. 2A). Similar results
were obtained in Jurkat T cells treated with SW (supplemental
Fig. 3). Remarkably, Mgat5 deficiency and lactose treatment
had the opposite effect on TCR and CD4, significantly enhanc-
ing their co-localization to GEMs in resting mouse T cells (Fig.
2A). These data suggest that in live cells the galectin lattice
promotes partition of CD45 within GEMs and TCR/CD4 out-
side GEMs.

To confirm these microscopy
results using an independent
method, we utilized cell lysis with
cold Triton X-100 and sucrose den-
sity gradient separation of deter-
gent-resistant membrane frac-
tions. Although this techniquemay
not necessarily reflect membrane
microdomains present in live cells,
it is a reasonable approach to con-
firm the relative redistribution of
individual proteins in or out of
microdomains after experimental
manipulation of intact cells (47, 48).
Indeed, this analysis was consistent
with our microscopy data and con-
firmed that disruption of the galec-
tin lattice via Mgat5 deficiency in
mouse T cells or SW treatment of
resting Jurkat T cells promotes
removal of CD45 while also increas-
ing TCR�CD3 and CD4 partition to
GEMs (Fig. 3, A–C, supplemental
Figs. 4, A and B, and 5). A small
proportion of galectin-3 partitions
to GEMs in Mgat5�/� but not
Mgat5�/� resting T cells, suggest-
ing �1,6GlcNAc branched N-gly-
cans promote galectin-3 localization
to GEMs (Fig. 3D). SW-induced
changes in TCR�CD3 and CD45
localization to GEMs in Jurkat T
cells is unaltered by deficiency of the
TCR complex, CD45 or CD4, indi-
cating galectin lattice-mediated
maintenance of TCR outside and
CD45 insideGEMs are independent
of each other and upstream of CD4
(Fig. 3,A–C). In contrast, deficiency
of the TCR complex, but not CD45,
inhibits CD4 translocation toGEMs
after SW treatment of resting Jurkat
T cells (Fig. 3C). This indicates CD4
targeting to GEMs after lattice dis-
ruption requires the TCR complex.
Actin microfilaments and the

galectin lattice act on opposing sides
of the plasma membrane to affect

lateral mobility of glycoproteins, suggesting these may interact
to differentially partition TCR/CD4 versusCD45within GEMs.
The cytoplasmic domain of CD45 binds ankyrin, an interaction
proposed to maintain CD45 outside GEMs via interaction of
the membrane-associated ankyrin/spectrin(fodrin) scaffold
with actinmicrofilaments (49). Actin reorganization is required
for clustering of TCR andGEMs at the immune synapse (11, 44,
50), suggesting F-actinmay differentially target TCR inside and
CD45 outside GEMs. Indeed, blocking F-actin polymerization
with latrunculin-A in resting mouse Mgat5�/� T cells reduces
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FIGURE 2. The galectin lattice counteracts actin microfilaments to partition CD45 inside and TCR and CD4
outside GEMs. A, GEMs were patched using CTB-TRITC (CTB) and anti-CTB antibody in resting mouse T cells
pretreated for 20 min with or without lactose, sucrose, and/or latrunculin-A. After patching, T cells were fixed
and then stained with anti-CD45-FITC (a pan CD45 antibody), anti-CD4-FITC, or anti-TCR-FITC. Quantification of
the co-localization coefficient (i.e. R2) between CD45-GM1, CD4-GM1, and TCR-GM1 were determined after
image deconvolution and analysis with Metamorph and ImageJ software. Statistical analyses were carried out
using analysis of variance followed by Bonferroni’s multiple comparison test with five or greater replicates per
condition. p values were generated by comparison to untreated Mgat5�/� cells. *, p � 0.05; **, p � 0.01; ***, p �
0.001. Error bars are S.E. of five or more replicates. Wt, wild type. B, Jurkat T cells pretreated as indicated were
lysed, immunoprecipitated (IP) for Nck, and Western blotted (WB) as indicated.
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TCR/CD4 and increasesCD45partitionwithinGEMs (Fig. 2A),
an effect opposite to galectin lattice disruption. Co-incubation
of latrunculin-A with lactose reversed lactose-induced changes
in TCR/CD4 versus CD45 partitioning within GEMs (Fig. 2A).
These data indicate F-actin polymerization, rather than a non-
specific physiochemical change that alters lipid solubility,
mediates the redistribution of TCR/CD4 and CD45 after dis-
ruption of the galectin lattice.
A critical regulator of actin re-organization in T cells is

WASp, which binds the Arp2/3 complex to initiate F-actin
polymerization (12, 51, 52). The adaptor protein Nck binds
WASp, which recruits actin to TCR during T cell activation
(44). Nck directly binds the cytoplasmic tail of CD3� after a
conformational change induced by agonist-mediated cluster-
ing of two TCR complexes, a phenotype independent of tyro-
sine phosphorylation (41, 42). We hypothesized that in the
absence of TCR agonists, the galectin lattice may actively pre-
vent clustering of TCR complexes, the conformational change
and recruitment of Nck/WASp to TCR. Indeed, co-immuno-
precipitation demonstrates that disrupting galectin binding in
resting Jurkat T cells via SW or lactose treatment induced Nck
binding to the TCR complex with the samemagnitude as 5min
of stimulation with anti-CD3 antibody (Fig. 2B). WASp associ-
ation with Nck was also induced by galectin lattice disruption
in the absence of TCR ligand (Fig. 2B). SLP76, an adaptor
protein implicated in targeting Nck to TCR (43, 44), also
co-immunoprecipitated with Nck after galectin lattice dis-
ruption. Conformational changes in TCR have been sug-
gested to induce binding of CD4 in the absence of MHC
(53–55). Although CD4-TCR interactions are believed to
require the MHC, these data suggest that the conformational
change associated with Nck-CD3� binding may also induce
CD4-TCR binding. Indeed, CD4 co-immunoprecipitated with
Nck after SWor lactose treatment, indicating binding ofCD4 to
the TCR�CD3��Nck complex (Fig. 2B). Importantly, the effects
of galectin lattice disruption were independent of Src kinase
activity, as coincubation with 20 �M PP2 did not alter the asso-
ciation of Nck with the TCR complex, CD4, WASp, or SLP76.
PP2 is a potent inhibitor of all Src tyrosine kinases and, at 20�M,
markedly reduces Lck-Tyr394 phosphorylation in restingT cells
(supplemental Fig. 2B) and prevents �90% of TCR agonist-
induced Lck-Tyr(P)394 production at the immune synapse (50).
Taken together, these data indicate that in resting T cells, the
galectin lattice opposes F-actin-dependent exclusion of CD45
from GEMs, and concurrently, Nck/WASp/SLP76/F-actin
mediated TCR/CD4 recruitment to GEMs. Moreover, the data
demonstrate that the earliest steps in ligand-induced TCR acti-
vation are re-capitulated by simply disrupting TCR- galectin
binding. Many other proteins have been implicated in actin
re-organization in T cells (e.g. vav,WAVE), and our data do not
exclude their participation.
The Galectin Lattice Prevents Lck Activation in Resting T

Cells by Regulating Membrane Microdomain Structure—We
next confirmed that galectin lattice mediated re-structuring of
GEMs is upstream of Lck Tyr394 hyperphosphorylation. Incu-
bation of restingmouse T cells with 20 �M PP2 did not alter the
distribution of TCR, CD4, and CD45 within GEMs (Fig. 4).
Coincubation of PP2 with lactose did not prevent re-structur-
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FIGURE 3. Galectin lattice partition of TCR outside and CD45 inside GEMs
are independent of each other and upstream of CD4 re-distribution.
A–D, Mgat5�/� and Mgat5�/� T cells as well as SW-treated or non-treated
Jurkat T cells and its derivative cell lines J45.01 (CD45-deficient), J.RT3-T3.5
(TCR�-deficient), D1.1 (CD4-deficient), and JCaM1.6 (Lck-deficient) were lysed
in cold 0.5% Triton X-100 followed by separation of detergent-resistant mem-
brane fractions by sucrose density gradient. Each partner cell line (e.g. Jurkat
with or without SW) and blotting of each protein (e.g. CD45 for Mgat5�/� and
Mgat5�/�) was done in parallel with blots exposed for the same time and
normalized by total cell number. The two numbers below each blot represent
the relative amount of protein, as determined by quantification of digitally
scanned blots using Gel Pro Analyzer software, within GEMs (fractions 1– 6)
and non-GEM (fractions 7–10) as a fraction of the total (see “Experimental
Procedures”). GEM fractions were defined by dot blotting for GM1 with CTB
(supplemental Fig. 4, A and B). Blots are overexposed in the non-GEM frac-
tions to best display levels within GEMs. Comparison of lighter and darker
exposures gave the same results, indicating exposure time of the blots is
within an appropriate range for densitometry comparisons (supplemental
Fig. 5). WB, Western blot.
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ing of GEMs after galectin lattice disruption (Fig. 4). Similarly,
deficiency of Lck in Jurkat T cells, which also reduces surface
CD4 expression via enhanced endocytosis (supplemental Fig.
1B and Ref. 56), did not prevent SW-induced partitioning of
CD45 outside and TCR inside GEMs of resting cells (Fig. 3, A
and B). These data demonstrate that galectin lattice regulation
of TCR/CD4 versusCD45 partitioning to GEMs is independent
of Lck and Src kinase activity and precedes Lck Tyr394
hyperphosphorylation.
In CD4� T cells, �75–95% of Lck binds to CD4, an interac-

tion that promotes partition to GEMs (26). Disruption of the
galectin lattice increases Lck content in GEMs of restingmouse
and Jurkat T cells (Fig. 5A, supplemental Fig. 3, A and B). Defi-
ciency of CD4, but not CD45, blocks this phenotype in Jurkat T
cells (Fig. 5A). The TCR complex is required for partition of
CD4 to GEMs (Fig. 3C), and its deficiency also blocks SW-in-
duced enhancement of Lck within GEMs (Fig. 5A). These data
indicate that the galectin lattice negatively regulates targeting
of Lck to GEMs via its interaction with CD4.
Localization of Lck to GEMs is required for TCR agonist-

induced activation and signaling (27, 28). Overexpression of
CD45 within GEMs, where CD45 binds Lck, reduces Src kinase
activity in resting T cells and inhibits agonist-induced TCR sig-
naling (33, 35, 36). Disruption of F-actin with latrunculin-A
increases CD45 localization to GEMs (Fig. 2A) and reduces Lck
Tyr394 phosphorylation in resting Mgat5�/� T cells (Fig. 1D).
Co-incubation of lactose with latrunculin-A normalizes CD45

content in GEMs (Fig. 2A) and
reverses latrunculin-A-induced Lck
Tyr394 hypophosphorylation (Fig.
1D). N-(9,10-Dioxo-9,10-dihydro-
phenanthren-2-yl)-2,2-dimethyl-
propionamide (N-Ddpdp) is a cell-
permeable and CD45-selective
protein-tyrosine phosphatase inhibi-
tor with an IC50 for pLck peptide
of 3.8�M (57). Coincubation of rest-
ing Mgat5�/� T cells with 5 �M
N-Ddpdp reversed latrunculin-A-
induced Lck-Tyr(P)394 hypophos-
phorylation (Fig. 5B). The fraction
of Lck-Tyr(P)394 within GEMs of
resting Mgat5�/� and SW-treated
Jurkat T cells is increased relative to
controls (Fig. 5C). In contrast, SW
does not alter the fraction of Lck-
Tyr(P)394 within GEMs of TCR-,
CD45-, and CD4-deficient Jurkat T
cells (Fig. 5C). Increased Lck activity
and partition of the TCR complex
into GEMs should induce TCR�
immunoreceptor activation motif
hyperphosphorylation and recruit-
ment of Zap70. Indeed, Mgat5 defi-
ciency and SW treatment enhance
Zap70 expression in GEMs of rest-
ing cells, a phenotype blocked by
Lck deficiency (Fig. 5D). We con-

clude that the galectin lattice prevents Lck activation in the
absence of TCR agonists by promoting CD45 retention within
GEMs as well as preventing TCR/CD4-Lck recruitment to
GEMs.
Galectin Lattice-mediated Recruitment of CD45 to the Early

Immune Synapse Inhibits TCR Signaling—TCR binding to pep-
tide-MHC induces clustering of GEMs, the TCR complex, Lck-
Tyr(P)394, andCD45 at the early immune synapse (9, 10, 37, 58).
This suggests that relative levels of TCR/CD4-Lck-Tyr(P)394
versus CD45 present in the early immune synapse may in part
be determined before TCR engagement via galectin lattice reg-
ulation of GEM structure. Because GEM clustering at the
immune synapse is independent of CD28 in mouse T cells (10),
we tested this hypothesis by stimulating Mgat5�/� and
Mgat5�/� T cells with anti-CD3 coated microbeads. Mgat5
deficiency and/or coincubation of wild type T cells with lactose
increases TCR (13) and Lck-Tyr(P)394 levels while reducing
CD45 clustering at the contact site with anti-CD3-coated
microbeads (Fig. 6A). Importantly, the amount of clustered
GEMs is not significantly altered byMgat5 deficiency, consist-
ent with only a change in TCR versus CD45 content. Lysis of
mouse and Jurkat T cells stimulated with anti-CD3-coated
microbeads indicates the greatest difference in phosphoryl-
ation of Lck-Tyr394, Zap70, and LAT produced by galectin
lattice disruption occurs 3 min post-stimulation (Fig. 1B,
supplemental Fig. 2A), consistent with CD45 negatively reg-
ulating TCR signaling at the early immune synapse. Defi-
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FIGURE 4. Galectin-lattice regulation of GEM structure is independent of Src kinase activity. Mgat5�/� T
cells pretreated for 20 min at 37 °C with or without lactose and/or PP2 were patched and stained with the
indicated markers as in Fig. 2. Quantification and statistical analysis of the co-localization coefficient were
determined and displayed as described in Fig. 2. p values were generated by comparison with untreated
Mgat5�/� cells. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars are S.E. of five or more replicates.
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ciency of CD45 in Jurkat T cells prevents SW-induced
increases in Lck-Tyr(P)394, pZap-70, and pLAT after stimu-
lation with anti-CD3-coated microbeads (supplemental Fig.

2A). Conjugating Mgat5�/� T cells with anti-CD3/anti-
CD45-coated microbeads restores expression of CD45 in
GEMs at the cell-microbead contact site and markedly reduces
Lck-Tyr394 phosphorylation (Fig. 6A). Lysis ofMgat5�/�Tcells
stimulated with anti-CD3/anti-CD45-coatedmicrobeads dem-
onstrates reduced phosphorylation of Zap70 and LAT relative
to controls (Fig. 6B). In the mature immune synapse, CD45 is
excluded from peripheral TCR microclusters that are actively
signaling but co-localizes with central TCR microclusters that
have terminated their signaling, consistent with a negative reg-
ulatory role for CD45 (59). Taken together these data indicate
galectin lattice regulation of the GEM structure at rest pre-sets
T cell activation thresholds by controlling Lck activity and TCR
versus CD45 clustering at the early immune synapse and indi-
cates a negative regulatory role for CD45 in TCR signaling at
the immune synapse.

DISCUSSION

Lateral compartmentalization of transmembrane proteins
into functional microdomains plays critical roles in cell signal-
ing; however, their structural determinants are controversial
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FIGURE 5. The galectin lattice prevents Lck activation and Zap70 recruit-
ment to GEMs in the absence of TCR agonist. A, C, and D, sucrose density
gradient separation of detergent-resistant membrane fractions and Western
blotting (WB) were performed with the indicated cells and analyzed as
described in Fig. 3. B, resting Mgat5�/� mouse T cells were treated with
latrunculin-A and/or N-Ddpdp as indicated for 20 min at 37 °C, lysed, and
Western-blotted for Lck-Tyr(P)394. N-Ddpdp is a cell-permeable and reversible
protein-tyrosine phosphatase (PTP) inhibitor with selectivity for CD45 (57).
The IC50 for pLck peptide is 3.8 �M, compared with IC50 � 30 �M for protein-
tyrosine phosphatase 1B (protein-tyrosine phosphatase N1) and FAP (pro-
tein-tyrosine phosphatase N13). Bands were quantified using Gel Pro Ana-
lyzer software analysis of digitally scanned blots and compared initially to the
resting non-stimulated lane to calculate a -fold difference and then normal-
ized to actin levels (see “Experimental Procedures”). Numbers are shown
below each band.
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FIGURE 6. The galectin lattice clusters CD45 at the early immune synapse
to inhibit TCR signaling. A, Mgat5�/� and Mgat5�/� T cells were co-spun for
15 s with microbeads coated as indicated, incubated at 37 °C for 3 min, fixed,
stained with CD45-FITC and CTB-TRITC, permeabilized, and then stained with
anti-Lck-Tyr(P)394 antibody followed by aminomethylcoumarin acetic acid-
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er’s exact test. B, Mgat5�/� mouse T cells were conjugated with or without
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Regulation of Membrane Microdomains in T Cells

NOVEMBER 30, 2007 • VOLUME 282 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 35369



and not well understood (1–6). Our data demonstrate that par-
tition of TCR versus CD45 within GEMs in resting T cells is
dependent on two counterbalancing mechanisms regulating
lateral movement, notably multivalent galectin binding to Glc-
NAc-branched N-glycans on extracellular domains and cyto-
plasmic domain tethering to actin microfilaments (Fig. 7A).
This provides a molecular mechanism for coupling microdo-
main organization on the outer and inner leaflets of the cell
membrane.
Galectins bind surface glycoproteins in proportion to the

number of associated N-glycans, an encoded feature of protein
sequence (i.e.NX(S/T)), as well as degree of GlcNAc branching
withinN-glycans (13, 15, 18). The latter is sensitive tometabolic
flux through the hexosamine pathway to UDP-GlcNAc as well
as genetic determinants of Golgi activity. Galectins are nonco-
valently associated with the cell surface. Galectin-1 and -3 sur-
face levels are reduced by in vitrowashing of ex vivoT cells3 and
enhanced by the addition of recombinant galectins (40). This
indicates the galectin lattice is highly dynamic, undermetabolic
and genetic control, and varies with in vitromanipulation of the
cell, factors that may contribute tomicrodomain heterogeneity
and inconsistencies in their structural definition. For example,
over-washing of cells, which is strictly avoided in our experi-
ments, would weaken the galectin lattice and alter membrane
microdomain structure and function. Current estimates sug-
gest membrane microdomains are very small (�5–20 nM) and
short-lived (half-life�100ns) (2),measurements that should be
re-evaluated in the presence and absence of the galectin lattice.
Many details of microdomain regulation by galectin lattice-

actin cytoskeleton competition remain to be defined, including
identification of other glycoproteins and lectins on the outer
membrane and cytoskeletal adaptor proteins, protein-tyrosine
kinases, and phosphatases on the inner membrane. For exam-
ple, the galectin family has 15 members, and their relative roles
require examination. Additional molecular details for F-actin-
mediated exclusion of CD45 from microdomains is also
required, although others have proposed a role for ankyrin,
which binds the cytoplasmic tail of CD45 and tethers it to F-ac-
tin via the ankyrin-spectrin/fodrin scaffold (49).
Agonist-mediated clustering of two TCR complexes induces

Nck binding to the cytoplasmic tail of CD3� via a tyrosine phos-
phorylation-independent conformational change (41, 42). Nck
binding to CD3� is not essential for agonist-induced prolifera-
tion (60) but serves as a marker of a more general conforma-
tional change required for T cell activation (42). Remarkably,
we find that in the absence of TCR ligand and Src kinase activ-
ity, disruption of the galectin lattice inducesNck/WASp/SLP76
and CD4 binding to the TCR complex and F-actin-mediated
targeting of TCR/CD4-lck toGEMs (Fig. 7B). This phenocopies
many of the earliest steps in ligand-inducedTCR activation and
indicates that separation of TCR molecules by the galectin lat-
tice actively preventsTCRclustering/conformational change in
the absence of ligand. Affinity of TCR for peptide-MHC is sim-
ilar to that of galectin forN-acetyllactosamine inN-glycans (i.e.
�10�5 M) (13). Thus, only peptide-MHC complexes with affin-

ities forTCRabove those ofTCR-galectin binding are predicted
to overcome negative regulation by the galectin lattice and
induce TCR clustering, the conformational change and activa-
tion signaling. Reductions in N-glycan GlcNAc branching
reduce avidity of TCR for galectin and, therefore, should lower
thresholds for ligand-induced TCR dimerization/conforma-
tional change. Thus, a nonstimulatory/antagonistic peptide-
MHC such as self- peptide-MHC may be converted to an acti-
vating complex simply by lowering N-glycan GlcNAc
branching. In this manner, GlcNAc branching deficiency may
induce loss of tolerance to self-peptides and thereby promote
autoimmunity. Indeed, Mgat5�/� mice develop spontaneous
autoimmunity and susceptibility of inbred mouse strains to T
cell-mediated autoimmunity is regulated by strain specific dif-
ferences in GlcNAc branching (13, 23).
Microclusters of �140 TCR are observed within �30 s after

attachment of preactivated T cells toMHC-peptide-containing
planar bilayers (50). Galectin lattice regulation of TCRpartition
to GEMs, the ligand-induced CD3� conformational change,
and TCR microcluster formation are all prevented by blocking
F-actin polymerizationwith latrunculin-Abut not by Src kinase
inhibition with PP2. We speculate that these three phenomena
are observations of the same molecular process, namely loss of
galectin binding to TCR, allowing clustering, the conforma-
tional change in CD3�, and finally, Nck/WASp/SLP76/F-actin
transfer of TCR/CD4-Lck clusters to GEMs. These data also
suggest that the first critical step in TCR signaling is removal of
galectin, a phenotype achieved by TCR agonists or GlcNAc
branching deficiency.
Lck phosphorylation at Tyr394 is required for agonist-in-

duced TCR signaling and T cell activation. Our data indicate
that in the absence of TCR agonists, the galectin lattice actively
prevents Lck activation by antagonizing F-actin-mediated par-
tition of CD45 outside and TCR/CD4-Lck inside GEMs (Fig.
7B). Our data also indicate activation thresholds are regulated
by this same mechanism, as Lck activity and TCR versus CD45
clustering at the early immune synapse are in part determined
by restructuring membrane microdomains before encounter
with antigen (Fig. 7B). These data provide a novel mechanism
coupling basal and activation signaling and demonstrate that
N-glycan GlcNAc branching regulates Lck activation inde-
pendent of TCR engagement by ligand. miR-18 has recently
been shown to positively regulate multiple TCR signaling
molecules, including Lck, via down-regulation of multiple
non-receptor tyrosine phosphatases (61). Thus, TCR sensi-
tivity is regulated post-transcriptionally by miR-18 and post-
translationally by the galectin lattice.
Multiple protein-tyrosine phosphatases regulate Lck Tyr394

phosphorylation and proximal TCR signaling in addition to
CD45, such as LYP/PEP (protein-tyrosine phosphatase non-
receptor type 22 (PTPN22)) and possibly PTPH1 (62). How-
ever, a critical negative regulatory role for CD45 in galectin
lattice-mediated control of Lck activity is confirmed by 1) neg-
ative regulation of Lck-Tyr(P)394 and TCR signaling by the
galectin lattice in the presence but not absence of CD45 (Fig.
1C, supplemental Fig. 2A), 2) partition of CD45 to GEMs after
F-actin depolymerization is associated with reduced Lck-
Tyr394 phosphorylation in the absence but not presence of a3 A. Grigorian and M. Demetriou, unpublished data.
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selective CD45 phosphatase inhibitor (Figs. 2, 1D, and 5B), and
3) forced localization of CD45 to the early immune synapse
inhibits Lck-Tyr394, Zap-70, and LAT phosphorylation (Fig. 6).
These data are also consistent with earlier observations that 1)
average Src kinase activity is increased in CD45-deficient cell
lines despite hyperphosphorylation atTyr505 (63, 64), 2) expres-
sion of LckY505F in CD45�/� thymocytes results in hyper-
phosphorylation of Tyr394 (65), 3) overexpression of CD45
within membrane microdomains inhibits Src kinase activity
and TCR signaling, whereas CD45 localization outside mem-
brane microdomains positively regulates T cell activation (35,
36), and 4) in the mature immune synapse CD45 co-localizes
with central TCR microclusters that have terminated their sig-
naling (59). Although deficiency of CD45 induces Lck hyper-
phosphorylation at inhibitory Tyr505 and reduces TCR signaling
(29, 30), our data indicate that the galectin lattice does not signifi-
cantlyalterLckphosphorylationatTyr505.Therefore,weconclude
that within microdomains, maintenance of Lck-Tyr(P)394 after
autophosphorylation is negatively regulated by CD45.
The extracellular domain of CD45 lacks a non-carbohydrate

binding ligand; however, it is paradoxically required for parti-
tion to membrane microdomains (34). Our data provide the
molecular mechanism for CD45 partition to microdomains,
namely galectin binding to GlcNAc-branched N-glycans in
CD45. CD45 is recruited to the early immune synapse (3 min)
by an unknown mechanism (37). Our data demonstrate that
this recruitment is regulated by the galectin lattice. In resting B
cells, loss of �2,6-linked sialic acid produced by the ST6Gal-I
sialyltransferase promotes partition of the B cell receptor (BCR)
to CD22-enriched clathrin-coated pit microdomains, increas-
ing endocytosis and dampening agonist-induced BCR signaling
(66, 67). In distinction, disruption of the galectin lattice in rest-
ing T cells does not reduce surface expression of TCR, CD4,
CD8, CD28, or CD45 and enhances antigen receptor signaling.
Surface expression of CD45 is marginally increased by galectin
lattice disruption, possibly by redistribution out of clathrin-
coated pitmicrodomains. The combined observations inT cells
and B cells raise the possibility of a general mechanism for pro-
tein-carbohydrate interactions in the regulation of receptor
distribution within microdomains and associated signaling
capacity.
Our results reveal that dynamic interactions of the galectin

lattice and F-actin regulate the relative proportions of TCR/
CD4-Lck versus CD45 in GEMs of naı̈ve T cells as well as their
clustering at the early immune synapse. This mechanism regu-
lates basal growth signaling andTCR agonist thresholds to acti-
vation. However, TCR signaling markedly increases N-glycan
GlcNAc branching/galectin lattice strength via enhanced met-
abolic supply of UDP-GlcNAc to the Golgi and increases in
Mgat5 mRNA levels (13, 18–20). This promotes surface reten-
tion of CTLA-4 in T cell blasts, a phenotype that induces
growth arrest of T cells �3–5 days after TCR stimulation (22).
This suggests that the galectin lattice and N-glycan GlcNAc
branching co-evolved with the larger regulatory network in T
cells to integrate three temporally distinct facets of T cell
growth, namely basal, activation, and arrest signaling. N-Gly-
can GlcNAc branching and galectin lattice strength are addi-
tively controlled by metabolic (i.e. UDP-GlcNAc production)

and genetic inputs, providing an additional level of integration.
Disruption of these mechanisms via genetic or metabolic alter-
ations in GlcNAc branching promote loss of self-tolerance and
autoimmunity. With greater insight into the functional inter-
play of the galectin lattice and the actin cytoskeleton, an
improved understanding of membranemicrodomain structure
and its regulation of T cell function should be achieved.
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