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T

he interaction of T lymphocytes with antigen presenting cells (APCs) and target cells is critically
dependent on CD2–CD58-mediated adhesion (1,
2). Antibody blocking of CD2 prevents T cell receptor
(TCR)-mediated cell activation, and CD2 itself contributes to cell activation (3, 4). CD2 localizes to the T cell
uropod, where the fast on and off rates of the receptor
facilitate scanning of APCs (5, 6). The low molecular
proﬁle of the CD2–CD58 complexes allows these molecules to integrate with the TCR–peptide-bound major
histocompatibility complex (pMHC) complexes (7, 8),
providing a permissive environment in which the lowafﬁnity TCR–pMHC interactions (9–13) can achieve the
single receptor sensitivity required for antigen recognition (14). CD2-mediated T cell adhesion is modulated by
the activation state of the cell. T cell activation, induced
by TCR engagement or by phorbol-12-myristate-13acetate (PMA) stimulation, has been reported to cause a
2.5-fold enhancement of CD2-mediated T cell adhesion
(15). Several molecular mechanisms have been proposed to regulate CD2-mediated adhesion, including
changes in the conformation and cytoskeletal interaction of CD2 (6), although the biophysical manifestations
of CD2 adhesion modulation are not well deﬁned.
Based on the results of experiments performed in
solution, the CD2–CD58 interaction has a low equilibrium binding afﬁnity and a fast kinetic dissociation rate
(16–18). In the cellular context, however, adhesion
receptors interact in a 2D rather than a 3D presentation;
in the 2D environment, receptor mobility is restricted by
association with the plasma membrane and by attachment to cytoskeletal proteins. At sites of cell–cell
www.acschemicalbiology.org

A B S T R A C T The CD2 receptor on T lymphocytes is essential for T cell adhesion
and stimulation by antigen presenting cells (APCs). Blockade of CD2 function is
immunosuppressive in both model systems and humans, indicating the importance of CD2 for the cellular immune response. Although the afﬁnity of the molecular interaction between CD2 and its counter-receptor, CD58, is relatively low when
measured in solution, this interaction mediates tight adhesion within the 2D cell–
cell interface. To understand the mechanisms responsible for regulating the avidity
of the CD2–CD58 interaction, we measured the number, afﬁnity, and lateral
mobility of CD2 molecules on resting and activated T cells. Cell activation caused a
1.5-fold increase in the number of CD2 sites on the cell surface, and the 2D afﬁnity
of CD2 for CD58 increased by 2.5-fold. The combination of T cell activation and
CD2 ligation to CD58 decreased the laterally mobile fraction of the ligated CD2.
Together, these changes would substantially enhance CD2 avidity and strengthen T
cell–APC adhesion. The change in CD2 mobile fraction suggests that the cell uses
cytoskeletal regulators to immobilize the receptor selectively at the site of contact
with surfaces expressing CD58. Our observations are consistent with a model in
which T cell activation initially induces increased CD2 2D afﬁnity, cell surface
receptor expression, and lateral mobility, allowing the CD2 molecules to diffuse to
sites of contact with CD58-bearing APCs. Subsequently, T cell activation causes the
CD58-bound CD2 to be recognized and immobilized at sites of cell– cell contact,
thereby strengthening T cell–APC adhesion.
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Figure 1. Kinetics of CD58 accumulation in cell bilayer contact area. Jurkat cells were incubated
for 30 min with bilayers containing FITC–CD58 (244 molecules mⴚ2). Control cells (a) showed
less accumulation of CD58 at the contact area than did cells treated with PMA (150 nM) (b).
Color values represent ﬂuorescence intensity. c) Jurkat cells were incubated with bilayers
containing FITC–CD58, and ﬂuorescence intensity (F) in the contact area was measured as a
function of incubation time. Data points represent the mean ﬂuorescence intensity for 13–34
cells at each point. Error bars represent standard error of the mean (SEM). (〫) Resting Jurkat
cells were allowed to adhere to bilayers containing 50 molecules mⴚ2 CD58, and 150 nM PMA
was added at the indicated time. (●) Jurkat cells were pre-incubated with 150 nM PMA for 20 min,
and then the cells were allowed to adhere to bilayers containing 106 molecules mⴚ2 CD58.

contact, dynamic polyvalent interactions between receptors and counter-receptors result from the mobile nature
of receptors in biological membranes and the presentation of multiple binding sites on each cell, particularly as
the systems approach equilibrium. Therefore, the physiological CD2–CD58 interaction can be appreciated only
by determining the 2D afﬁnity of the interacting partners.
The 2D dissociation constant is deﬁned by the law of
mass action as 2D Kd ⫽ [CD2] ⫻ [CD58]/[CD2–CD58],
where [CD2], [CD58], and [CD2–CD58] represent surface
densities of free CD2, free CD58, and bound CD2–CD58
complexes in molecules m⫺2, with the 2D Kd in the
same units (19, 20).
It has been difﬁcult to obtain experimental data of
suitable quality for 2D Kd measurements, both because
of the technical difﬁculties of observing receptors in
an adhesion between two cells and because of the
problem of deconvolving adhesion receptor–counterreceptor interactions in the interface from cytoskeletal
and membrane domain interactions with the receptors.
A breakthrough was achieved in both respects by the
application of supported planar bilayers (21). Here, glycosylphosphatidylinisotol (GPI)-linked CD58 is ﬂuorescently labeled and reconstituted into planar phospholipid bilayers to simulate the membrane of an APC,
and T cell adhesion to CD58 is observed by accumulation of CD58 ﬂuorescence at the cell–bilayer interface
(22). This experimental method allows measurement
of free bilayer CD58 density (molecules m⫺2), cell–
bilayer contact area (m2), and the density of CD2–
CD58 interactions in the contact area (molecules m⫺2)
at equilibrium. We have also incorporated a linearized
plot for calculation of the 2D Kd of the CD2–CD58 interaction and the total number of laterally mobile CD2 molecules on the cell surface (23). We refer to afﬁnity as the
inverse of the 2D Kd measured by the Zhu–Golan analysis (22, 24), and we refer to avidity as the total adhesive
strength of the interaction. Two previous studies utilized
this experimental and analytical approach and found
that the CD2–CD58 interaction should result in strong
adhesion, with a 2D Kd of 1.1–7.6 molecules m⫺2
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VOL.1 NO.10 • 649–658 • 2006

ZHU ET AL.

for resting Jurkat T cells adhering to model bilayers
reconstituted with laterally mobile CD58 at 24 oC (23,
25). A comparison of this 2D Kd with the physiological
densities of CD2 and CD58 on T cell and APC surfaces,
respectively, suggests that ⬎85% of CD2 molecules are
bound to CD58 in the contact area.
Here we apply our T cell–planar bilayer system to
identify and characterize the mechanisms that regulate
the avidity of T cell CD2 for its counter-receptor CD58.
We quantify the number of receptors, receptor afﬁnity,
and receptor lateral mobility on both resting and activated T cells. By using quantitative ﬂuorescence
imaging, ﬂuorescence photobleaching recovery (FPR),
and single particle tracking (SPT), we observe that cell
activation causes an increased rate of CD58 accumulation and an increased density of CD58 at the contact
area. This increased accumulation is due to increases in
cell surface CD2 expression and receptor afﬁnity. We
also provide evidence that CD2 is selectively immobilized at the contact site, further enhancing the number
of potential CD2–CD58 bonds in the adhesion zone.
RESULTS AND DISCUSSION
Accumulation of CD58 at the Contact Area. Jurkat T
cells were used as a model, because CD2 expressed on
these cells has a 2D afﬁnity for CD58 similar to that of
human peripheral blood lymphocytes (23). Jurkat cells
adhered to bilayers containing FITC–CD58 and caused
the local density of CD58 to increase at the contact
areas. This interaction was speciﬁcally inhibited by the
adhesion-blocking monoclonal antibody (mAb) TS2/18
(24), and it was consistent with the mass-action equation for CD2 binding to CD58. We tested the effect of cell
activation on CD58 accumulation by comparing the
accumulation of ﬂuorescence in the contact area for
control cells with that for cells stimulated with PMA.
After equivalent incubation times, the accumulated ﬂuorescence in the contact area was greater for PMAstimulated cells than for control cells (Figure 1, panels a
and b). Control cells showed a plateau of accumulated
CD58 after 30–40 min of incubation (Figure 1, panel c),
www.acschemicalbiology.org
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consistent with previous results (22, 25). Introduction of
PMA after this time period caused an additional increase
in CD58 accumulation. Similarly, cells stimulated with
PMA for 20 min before incubation with CD58-containing
bilayers showed a higher density of accumulated CD58
at equilibrium and required longer for the density to
reach a plateau. These experiments indicated that the
cell surface expression, binding afﬁnity, or lateral mobility of CD2 molecules or a combination of these was
altered on PMA-stimulated cells. The rate of CD58 accumulation was also 2-fold faster in PMA-treated cells than
in control cells, probably due to the higher CD2 surface
density on the activated cells (vide infra).
Consistent with the mass-action equation, the initial
density of CD58 in the bilayer was an important determinant of the level of CD58 accumulation at equilibrium.
We determined the plateau level of CD58 accumulation
as a function of initial CD58 density for control and PMAtreated cells (Figure 2, panel a). PMA stimulation caused
the equilibrium density of CD58 in the contact area to
increase. The maximum density of CD58 was ⬃650 molecules m⫺2 for control cells and ⬃950 molecules
m⫺2 for PMA-activated cells. Cell stimulation did not
produce a signiﬁcant change in the contact area of the
cells: the maximum contact area size was 65 m2 per
cell for resting cells and 68 m2 per cell for PMAactivated cells. From these data, we conﬁrmed that
CD58 accumulation (signifying the accumulation of
CD2–CD58 complexes) depended directly on the initial
CD58 density and determined that CD58 accumulation
also depended on the activation state of the cell.
Lateral Mobility of CD58 in the Bilayer. Accumulation
of CD58 in the contact area could have been related to a
change in the lateral mobility of CD58 in the bilayer as a
result of binding to CD2. We used FPR to measure the
mobility of CD58 within and outside the cell–bilayer
contact area (Table 1). FPR was performed under conditions that did not deplete FITC–CD58 in the contact area,
such that diffusion of CD58 from the bilayer into the
contact area was not a limiting factor. The diffusion coefﬁcient (D) of FITC–CD58 in bilayer regions outside the
contact area was high, as expected for diffusion of a GPIlinked protein in a model bilayer membrane. Within the
area of contact with resting cells, the diffusion coefﬁcient of CD58 was reduced. Treatment of cells with PMA
further slowed CD58 diffusion in the contact area. The
fractional mobility (f) of FITC–CD58 showed a similar
trend: virtually no immobile CD58 was observed outside
www.acschemicalbiology.org

the contact area (f ⫽ 94%), while progressive (albeit
modest) CD58 immobilization was found within the area
of contact with resting and PMA-activated cells. Therefore, dynamic interaction with CD2 on the cell surface
caused reduced mobility of CD58 in the contact area, as
previously observed (22).
Lateral Mobility of CD2 on Cells. CD2 was labeled
with the FITC-conjugated non-adhesion-blocking mAb
CD2.1 to determine the lateral mobility of CD2 on cells
adherent to bilayers reconstituted with unlabeled CD58.
A low initial CD58 density was used to minimize migration of CD2 to the contact area while allowing cells to
adhere to the bilayer. Measurements of CD2 lateral
mobility were performed at the surface of the cell in
contact with the bilayer and at the opposite surface of
the cell not in contact with the bilayer (Table 1). The diffusion coefﬁcient of CD2 was (6–7) ⫻ 10⫺10 cm2 s⫺1 in
both resting and PMA-treated cells. This observation
was consistent with previous results (26) and with the
diffusion coefﬁcient of other adhesion receptors on
Jurkat cells, e.g., the lateral diffusion coefﬁcient of LFA-1
is (5–7) ⫻ 10⫺10 cm2 s⫺1, depending on the mAb used
to label the receptor (27, 28).
The fractional mobility of CD2 was high outside the
contact area, in resting and PMA-treated cells. In resting
cells, CD2 fractional mobility was also high within the
contact area, within experimental error of that outside
the contact area (Table 1). However, in PMA-treated
cells, the fractional mobility of CD2 within the contact
area showed a dramatic and time-dependent decrease
(Table 1). To characterize the time dependence of this
immobilization, we measured CD2 fractional mobility in
the area of contact with activated cells as a function of
time (Figure 2, panel b). The fractional mobility of CD2
was low for the ﬁrst 40 min after cell activation. The f
value then increased gradually to 50% 120 min after
PMA treatment. These results suggested that i) the cell
recognized the ligation of CD2 by CD58, ii) the cell selectively immobilized the bound CD2 only when the cell
was activated, and iii) the cell gradually released the
immobilized CD2 over a time period of several hours.
Furthermore, the combination of profound CD2 immobilization and modest CD58 immobilization was consistent with the rapid off rate for CD2–CD58 binding (16–
18), and the slowing of CD58 diffusion in the context of
cell activation was consistent with a reduced off rate
(increased afﬁnity) for CD2–CD58 binding. The selective
immobilization of CD58-bound CD2 was likely due to
VOL.1 NO.10 • 649–658 • 2006
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Figure 2. Effect of PMA activation on CD58 accumulation, CD2
lateral mobility, and CD2–CD58 afﬁnity. a) Accumulation of
bound CD58 molecules in the contact area as a function of
CD58 density in the bilayer. Cells were incubated for 50 min
with bilayers containing varying initial densities of CD58, and
the density of bound CD58 (reﬂecting the density of CD2–CD58
complexes) was measured as described in the text: (Œ) control cells; () cells pre-incubated with 150 nM PMA for 20 min.
Error is shown as SEM; n ⴝ 20 –130 cells per data point. b)
Time dependence of recovery from CD2 immobilization induced
by the combination of CD2–CD58 binding and cell activation.
Jurkat cells were incubated with bilayers containing 100 –270
molecules mⴚ2 CD58, and 150 nM PMA was added immediately thereafter (time zero). CD2 was labeled with mAb FITC–
CD2.1, and FPR was used to determine the fractional mobility
(f) of CD2 in the contact area. Data points represent the mean
values of f for 9 –28 cells from 2–3 experiments at each point.
Error is shown as SEM. c) Determination of 2D afﬁnity (2D Kd)
of CD2–CD58 interaction. The Zhu–Golan plot (B/F vs B ⴛ p)
was used to determine the 2D afﬁnity of adhesion in control and
activated Jurkat cells (23) (summarized in Table 2). Data are
shown for the following: (〫) control cells; () PMA-activated
cells; (ƒ) OKT3–GaM-treated cells; (f) CD2.1-treated cells.

protein kinase C (PKC);
CD3 crosslinking with mAb
OKT3 and secondary goat
anti-mouse (GaM) antibody stimulates the cell
through the TCR (18); and
the pair of anti-CD2 mAbs
FITC–TS2/18 and CD2.1
activates the cell through
CD2. In these experiments,
cells were examined on
bare glass coverslips, not
on CD58-containing bilayers. We observed that
neither PMA nor CD2.1
altered the fractional
mobility of FITC–TS2/18labeled CD2. Stimulation
of cells through the TCR did
increased association of CD2 with the T cell cytoskeleton, result in a signiﬁcant reduction in fractional mobility.
Number and 2D Afﬁnity of CD2 Molecules on Cells.
and the slow release of immobilized CD2 was likely
caused by time-dependent changes in the strength of the FPR and quantitative ﬂuorescence imaging experiments
showed that cell activation alters the fractional mobility
CD2– cytoskeleton association (vide infra). The time
course of immobilized CD2 release could be consistent and density of CD2 in the contact area. We reasoned
with that of cellular deadhesion required for rapid scan- that the number of cell surface CD2 molecules and the
2D afﬁnity of the CD2–CD58 interaction could also have
ning of APCs by migrating T cells (29).
We also tested whether different modes of cell stimu- a role in avidity regulation. We used the Zhu–Golan anallation could affect CD2 lateral mobility in the absence of ysis (described in Methods and elsewhere (23, 24)) to
ligation by CD58 (Table 2). PMA activates the cell through measure the number and afﬁnity of CD2 receptors in the
contact area. For a
range of initial CD58
TABLE 1. Lateral mobility of CD58 and CD2
densities in the
glass-supported
FITC-labeled molecule
Treatment
Region
f (%)a
D [ⴛ 10ⴚ10 cm2 sⴚ1]b
N
planar bilayer, plots
FITC–CD58c
Control
Outside contact area
94 ⫾ 2
26.8 ⫾ 3.7
20
of B/F vs B ⫻ p (see
FITC–CD58c
Control
Contact area
87 ⫾ 2
9.8 ⫾ 0.8
32
eq 2) were conFITC–CD58c
PMA-activated
Contact area
81 ⫾ 2
5.1 ⫾ 0.5
53
structed from
FITC–CD2.1 Abd
Control
Top of celle
77 ⫾ 6
5.9 ⫾ 0.7
18
experimental meaFITC–CD2.1 Abd
Control
Contact area
72 ⫾ 4
6.9 ⫾ 0.7
35
surements of bound
FITC–CD2.1 Abd
PMA-activated
Top of celle
74 ⫾ 4
7.3 ⫾ 0.9
25
CD2–CD58 complex
FITC–CD2.1 Abd
PMA-activated
Contact area
15–50
6.9 ⫾ 0.6
12
density (B), free
CD58 density (F),
a
b
Fractional mobility of the FITC-labeled molecule in the indicated region. Values represent mean ⫾ SEM. Diffusion coefﬁCD2 fractional
cient of the FITC-labeled molecule in the indicated region. For comparison, the diffusion coefﬁcient of NBD-labeled phosphatidylethanolamine in egg PC planar bilayers was 80 ⫻ 10⫺10 cm2 s⫺1. Values represent mean ⫾ SEM. cThe initial
mobility (f), and
density of FITC–CD58 in the glass-supported planar lipid bilayer was 200 molecules m⫺2. dThe initial density of CD58
ratio of contact area
in the bilayer was 30 molecules m⫺2 for measurements at top of cell and 100–270 molecules m⫺2 for measureto cell surface area
ments at contact area. Cell surface CD2 was labeled with FITC–CD2.1. eFocal plane was 10 m above the plane of
(p). Cell surface area
cell–bilayer contact.
was calculated as
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Scell⫽ 4r2 ⫻ 1.8, where r was the measured
TABLE 2. Fractional mobility, surface expression, and 2D afﬁnity of
radius of the cell and 1.8 was a correction factor
CD2
for surface roughness (30). We conﬁrmed the
validity of the Scell equation by osmotic swelling
Nt[ⴛ 104 molecules cellⴚ1]
experiments (25). Jurkat cells had a mean cell
Zhu–Golan
surface area of 700 m2 cell⫺1.
2D Kdc
Treatment
f (%)a
mAb assay
r2
analysis
In the Zhu–Golan plots (Figure 2, panel c), the
Control
73 ⫾ 3
4.3–8.6
13.2
8.1
0.97
X-intercept was used to determine the number of
PMA
70 ⫾ 4
4.0–8.0
20.9
3.6
0.99
CD2 receptors (Nt) according to eq 3. The number
b
OKT3–GaM
35 ⫾ 2
21.0
3.3
0.96
of CD2 receptors per cell was also determined
b
CD2.1
74 ⫾ 4
13.1
3.1
0.97
using radiolabeled mAb binding (Table 2).
Because the mAb-binding method averages over
a
Mean ⫾ SEM from ⬎40 cells determined in ⬎3 experiments. CD2 was labeled with FITC–
all cells in a sample, whereas the Zhu–Golan
TS2/18. bNot determined. cMeasured in molecules m–2.
method examines only cells that bind to CD58been observed by antibody labeling, immunocontaining bilayers, the latter method is expected
to be biased toward cells expressing high levels of CD2. ﬂuorescence, and NMR studies (32–36). Other potential
Nonetheless, the measurements obtained using the two mechanisms for altered afﬁnity, such as changes in
the topology or intermembrane separation of the T cell–
methods were within 1.5–2.5-fold of one another; as
bilayer interface, are unlikely to be important here beexpected, estimates of Nt obtained using the mAbcause the interface is ﬂat, uniform, and stable when the
binding method were systematically lower than those
bilayer is reconstituted with CD58 (36).
determined by the Zhu–Golan method. Nt values meaChanges in CD2–CD58 afﬁnity are likely to have a funsured using the Zhu–Golan method showed that resting
damental role in adhesion strengthening. A low 2D Kd
and CD2.1-labeled cells expressed similar numbers of
CD2 molecules on the cell surface, whereas cells actiresults in a small conﬁnement region of the adhesion
vated with PMA or OKT3–GaM showed a 1.6-fold
receptors (19, 25). Our ﬁndings indicate that the resting
increase in CD2 surface expression.
T cell holds CD2 in a lower afﬁnity conformation that is
In a Zhu–Golan plot, the negative reciprocal of the
capable of engaging in an initial “loose” interaction with
slope provides the 2D afﬁnity (2D Kd) of the CD2–CD58 APCs and that cell stimulation (e.g., by TCR engagement)
converts CD2 from the lower afﬁnity conformation to a
interaction (23, 25). All three cell activation treatments
higher afﬁnity form that mediates tighter adhesion
resulted in a 2.5-fold decrease in the 2D Kd (Table 2).
Taken together, we found that cell activation by PMA or through conﬁnement of both receptors. We note that our
OKT3–GaM induced an increase in CD2 expression and initial report of CD2–CD58 afﬁnity used a different clone
of Jurkat cells than that used here (25); our current data
that cell activation by PMA, OKT3–GaM, or CD2.1–
CD58 caused an increase in receptor afﬁnity. At equilib- (23, and the present study) suggest that the earlier clone
could have been activated. Cell-based functional
rium, the change in afﬁnity would result in an increase
studies have found that PMA activation of a T cell hybrifrom 87% to 96% of bound CD2 in the T cell–APC
doma enhances by 2.5-fold the avidity of adhesion
contact area. We concluded that increases in both 2D
afﬁnity and receptor expression were used by the cell to mediated by the CD2–CD58 interaction (15).
The activation-induced increase in the number of CD2
increase the avidity of the CD2–CD58 interaction. The
magnitude and direction of this shift in CD2 avidity upon molecules at the cell surface occurs within 1 h of cell
activation, and it is therefore unlikely that synthesis of
cell activation have been observed previously (15).
new CD2 molecules is responsible for the increase (37).
Our results are consistent with the involvement of a
Thatte et al. (38) (and others) have shown that transconformational change in CD2 as the basis for the
membrane receptors are stored in cytoplasmic vesicles
increase in CD2 afﬁnity, because treatment of T cells
with the activating anti-CD2 mAb pair TS2/18 and CD2.1 and that disruption of the microtubule network with
produces an increase in afﬁnity identical to that associ- colchicine can induce complete surface expression of
the stored protein within 60 min. Treatment of Jurkat
ated with cell activation through the PKC or TCR pathcells with 10 M colchicine for 30 min causes a 60%
ways (15, 31). Conformational changes in CD2 have
www.acschemicalbiology.org
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Figure 3. SPT of CD2. The diffusion of CD2 on
Jurkat cells was observed by high-speed SPT.
Beads were labeled with either mAb TS2/18
F(ab)ⴕ (a– d) or puriﬁed GPI–CD58 (e– h).
Cells were treated for 30 min with buffer
containing the following: a, e) DMSO (0.1%);
b, f) PMA (150 nM, 0.1% DMSO); or c, g)
cytoD and PMA (5 M and 150 nM, 0.1%
DMSO). Tracking data were analyzed
to determine the lateral diffusion coefﬁcients corresponding to the trajectories of
individual particles; these data are shown
as a histogram (gray) and as a smoothed
population density function (black line). The
best ﬁt of the population density is a dotted
line, and the best-ﬁtted subpopulations are
green and blue lines. The relative fraction of
the dominant subpopulation is indicated.
Representative trajectories (2 s, 1000 FPS)
are shown for control, PMA-treated, and
cytoDⴙPMA-treated cells (d, h). * denotes a
subpopulation showing directed motion. Scale
bar ⴝ 1 m.

increase in the surface expression of CD2 as measured
by FITC–TS2/18 labeling (data not shown). Longer incubations with colchicine do not increase the intensity of
FITC–TS2/18 ﬂuorescence at the cell surface, indicating
that the CD2 reservoir is depleted with 30 min of incubation. These results suggest that T cells retain a cytoplasmic pool of CD2 that can be rapidly translocated to
the cell surface in order to increase CD2-mediated
adhesion.
SPT of CD2 on Cells. Our FPR experiments suggested
that the average lateral mobility of CD2 was regulated
by cell activation and by ligand engagement. We
employed SPT to provide a non-ensemble measurement of CD2 mobility on Jurkat cells (28). Measurements of lateral mobility using FPR are proportional to
the average mobility of the population over relatively
long times and distances and are therefore biased
toward faster diffusion. In contrast, SPT measurements
sample the population of molecules over shorter times
and distances and are therefore more sensitive than FPR
to slow diffusion. In addition, SPT is capable of resolving
the presence of multiple subpopulations of molecules
(27). Because SPT resolves the immobile population
observed in FPR experiments, SPT and FPR often
measure different mean values for lateral diffusion (27).
Nonetheless, the two methods are complementary
because they provide information about the properties
of molecules on different time and distance scales (28).
All SPT experiments labeled CD2 by using 1 m beads
conjugated to either mAb TS2/18 or puriﬁed GPI–CD58,
654
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and all observations were made at the top surface of
Jurkat cells mounted on glass coverslips. Complete SPT
results are given in the supporting information (See
Supplementary Tables 1–3).
The average lateral diffusion of CD2 observed by SPT
was ⬃3-fold slower than that measured by FPR (Table 3),
consistent with measurements on other cell surface proteins (28). Beads labeled with TS2/18 showed a small
increase in average diffusion upon cell activation. Subpopulation analysis showed that there were two populations of trajectories within these data sets (Figure 3).
Consistent with the FPR results, there was a signiﬁcant
slowly diffusing subpopulation in both resting and activated cells. The slow population was reduced upon cell
activation; this change could have been responsible for
the small increase in diffusion coefﬁcient observed by
FPR upon PMA stimulation of cells (Table 1). Because
FPR measurements of lateral diffusion are biased toward
faster diffusing receptors, we interpret the population of
SPT trajectories centered at diffusion coefﬁcients greater
than ⬃(0.5–1.0) ⫻ 10⫺10 cm2 s⫺1 to approximate the
mobile fraction measured by FPR. The fractions of fasterdiffusing molecules in control and PMA-treated cells by
SPT were reasonably consistent with FPR measurements
of CD2 fractional mobility under the same conditions.
(See ref 39 for a more extended discussion of the differences between measurements of lymphocyte receptor
lateral mobility by FPR and SPT.)
The bead used to label CD2 in SPT experiments was
also employed to mimic a small area of CD2–CD58
www.acschemicalbiology.org
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contact. Beads were conjuTABLE 3. Single particle tracking of CD2
gated to puriﬁed CD58 with
a stoichiometry of ⬃5000
Major subpopulationsb
sites m⫺2 and then used
Label
Treatment
N
Mean Da
Dimmobile
Percent
Dmobile
Percent
in SPT measurements on
Jurkat cells. On resting cells,
TS2/18
Control
50
1.3 ⫾ 0.3
0.1
47
1.0
53
CD58-ligated CD2 showed a
TS2/18
PMA
36
2.0 ⫾ 0.4
0.2
34
2.0
66
modest increase in average
TS2/18
PMA⫹cytoD
34
6.7 ⫾ 1.0
0.9
17
6.2
83
lateral diffusion relative to
CD58
Control
30
2.8 ⫾ 0.7
0.3
56
5.4
44
antibody-labeled CD2.
CD58
PMA
23
0.9 ⫾ 0.2
0.1
25
0.8
75
Upon treatment with PMA,
CD58
PMA⫹cytoD
35
3.9 ⫾ 0.7
0.1
9
2.8
91
however, CD58-ligated CD2
a
Diffusion coefﬁcients are in units of 10⫺10 cm2 s⫺1, and error is given as SEM. bThe two largest populations are
showed signiﬁcantly
shown for each condition, and diffusion coefﬁcients are in units of 10⫺10 cm2 s⫺1.
reduced lateral diffusion.
Subpopulation analysis
Model for Cellular Regulation of CD2 Avidity. The
demonstrated that CD58-ligated CD2 was found in two
avidity of cell adhesion depends on a number of difmajor populations on resting cells. Cell activation
ferent variables, and new methods are needed to
changed the diffusion proﬁle of CD58-ligated CD2: a
dissect quantitatively the mechanisms that contribute
small immobile population remained, but the major
population showed an intermediate diffusion coefﬁcient to adhesion strength (avidity). We have employed a
and evidence of directed motion (Figure 3). This analysis model adhesion system and a new receptor–ligand
binding analysis to determine the 2D afﬁnity of the
by SPT conﬁrmed the FPR observation that CD2 mobilCD2–CD58 interaction in a physiological environment.
ity was synergistically affected by the combination of
Our analysis takes account of the dynamic nature of
CD2–CD58 ligation and cell activation.
the adhesion by incorporating experimental measureWe also tested whether the effect of cell activation on
ments of receptor lateral mobility (22, 24). We observe
CD2 lateral mobility was mediated by cytoskeletal interthe effects of cell activation on receptor mobility using
actions. Treatment of Jurkat cells with PMA and the actin
FPR and SPT. The two methods ﬁnd similar results: CD2
cytoskeleton disrupting cytochalasin D (cytoD) revealed
mobility is only slightly affected by activation of the cell
that the immobile populations of both antibody-labeled
or by ligation to CD58, but there is a synergistic effect
and CD58-ligated CD2 were constrained by interactions on lateral mobility when CD2 on activated cells is bound
with the cytoskeleton (Figure 3). In both cases, cytoD
to CD58. We also ﬁnd that cell activation increases the
treatment shifted the CD2 molecules into a single
afﬁnity of CD2 for CD58 by 2.5-fold and the number of
rapidly diffusing population. CytoD also increased the
CD2 receptors at the cell surface by 1.5-fold. Increased
diffusion coefﬁcients of CD2 in both cases (Table 3). The afﬁnity, increased receptor density, and decreased lateral
sensitivity of CD2 mobility to treatment with cytoD sug- mobility at the contact area combine to make CD2–
gested that these molecules are attached directly or
CD58-mediated adhesion stronger and more selective
indirectly to the actin cytoskeleton. It is likely that this
(Figure 4). Our results provide the most complete analyinteraction is mediated through binding of the cytoplas- sis of CD2-mediated adhesion to date and demonstrate
mic tail of CD2 to the CD2 associated protein (CD2AP).
that CD2-CD58 avidity is regulated by the conjunction of
CD2AP interacts dynamically with the proline-rich CD2
cell activation and contact area; receptor conformacytoplasmic tail (6), and it also contains a high-afﬁnity
tional change and afﬁnity; and receptor and ligand
lateral mobility, expression level, and surface density.
binding site for the actin capping protein capZ (40).

METHODS
Cell Culture and Reagents. The Jurkat E6.1 T leukemia cell line
(American Type Culture Collection) was maintained in RPMI
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1640 medium (Sigma) supplemented with 10% heat-inactivated
fetal bovine serum (Sigma) and 2 mM L-glutamine/100 units
mL⫺1 penicillin/0.1 mg mL⫺1 streptomycin (Sigma) at 37 °C in a
VOL.1 NO.10 • 649–658 • 2006
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Figure 4. Model of CD2–CD58 avidity regulation. We propose a comprehensive model of
CD2–CD58 avidity regulation that incorporates receptor afﬁnity (2D Kd), number (Nt), and lateral
mobility (f). a) CD2 (R) is primarily mobile (f ⬇ 50 –70%) on resting cells, but there is a
signiﬁcant population of molecules that interacts with the cytoskeleton (R*). Activation of the
cell by PMA or by TCR/CD3 cross-linking induces a conformational change that increases the
afﬁnity of CD2 for CD58 by ⬃2.5-fold (RH). The mobile, high-afﬁnity CD2 molecules can diffuse
laterally on the cell surface and engage CD58 within a contact area (RL). The bound receptor is
preferentially immobilized on activated cells to promote adhesion (RL*), likely through
association with CD2AP– capZ–actin complexes. b) Cellular activation results in increased
expression, afﬁnity, and lateral mobility of unligated CD2. At the contact area, CD2–CD58
ligation generates a second signal, likely through a second conformational change in CD2, that
immobilizes the receptor selectively in the contact area. High lateral mobility allows receptors
outside the contact area to diffuse into the contact area and engage CD58, thereby increasing
the number of bound CD2–CD58 complexes and promoting adhesion. This model couples
passive diffusion with active recognition of conformational change to strengthen adhesion.
humidiﬁed atmosphere of 5% CO2. CytoD and PMA were purchased from EMD Biosciences. Other reagents were purchased
from Sigma-Aldrich; cell media and buffers were purchased from
Invitrogen. For SPT experiments, mAb TS2/18 was obtained from
Endogen and digested to F(ab)⬘ fragments by standard procedures. GPI-linked CD58 (GPI–CD58) was puriﬁed from human
red cells as previously described (25).
Antibody Binding Assays. Jurkat cells were washed twice with
N-(2-hydroxyethyl)piperazine-N=-ethanesulfonic acid (HEPES)buffered saline containing 2% bovine serum albumin (BSA) and
resuspended to 5 ⫻ 106 cells mL⫺1. Cells were incubated with
2.3–230 nM iodinated mAb, in the presence and absence of
1.33 M cold antibody, for 1 h at 4 °C. TS2/18 and 35.1 mAbs
displayed saturation binding to cells. Because this binding
could have represented bivalent or monovalent binding to cell
surface CD2 molecules, mAb molecular weights of 75,000 and
150,000 were used to calculate the limits of a range of speciﬁc
activities. Bound and free counts were separated by centrifugation at 4000 ⫻ g for 3 min through an oil cushion (1.5 parts
dibutylphthalate to 1 part dioctylphthalate (41)) in prechilled
microsediment tubes. The cell pellet and supernatant were
separated and counted. Scatchard analysis was used to calculate the average number of CD2 sites per cell, as described (24).
Preparation of Planar Bilayers Reconstituted with FITC–CD58.
GPI–CD58 was conjugated to FITC as previously described (25).
To remove additional free FITC, the FITC–CD58 conjugate was
subjected to ultraﬁltration using a 30,000 MW cut off membrane
(Centricon, Amicon) immediately after elution from the afﬁnity
column.
Unilamellar liposomes were prepared from egg phosphatidylcholine (PC) (Avanti Polar Lipids). Liposomes with or without
reconstituted CD58 were prepared by OG dialysis (22, 42– 44),
stored under an argon atmosphere at 4 °C, and used to prepare
glass-supported planar bilayers (22, 42– 44). Brieﬂy, 10 L of
liposome suspension was deposited at the bottom of a plastic
Petri dish (50 mm ⫻ 9 mm), and a cleaned glass coverslip was
placed on the droplet to fuse the liposomes at the glass surface.
The coverslip was incubated for 30 min at RT and then gently
washed with binding buffer containing 25 mM HEPES (pH 7.4),
147 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 5 mM
D-glucose, and 1% BSA (Calbiochem). The coverslip was rinsed
3–5 times with binding buffer and then immersed in a tank
containing 1 L of binding buffer. A stainless steel slide with a
15-mm-diam hole at the center was coated on both sides with
vacuum grease and a clean blank coverslip was sealed to one
side of the slide. The slide was immersed in the tank, and the
bilayer-coated coverslip was carefully mounted to the other side
of the slide, with the bilayer facing the inside of the hole. The
slide assembly was removed from the tank and rinsed with distilled water. The blank coverslip was carefully removed to open
the chamber, and cells or reagents were added. The coverslip
was then replaced to seal the chamber. Planar bilayers were not
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exposed to open air during the procedure. The presence of GPI–
CD58 molecules in the bilayer was conﬁrmed by the speciﬁc
binding of ﬂuorescent antibodies. We observed that all of the
reconstituted FITC–CD58 molecules were oriented away from the
glass surface (23).
Imaging and Analysis. Two-dimensional 108 m ⫻ 108 m
ﬂuorescence images of FITC–CD58 redistribution in egg PC bilayers were acquired using a laser-scanning confocal ﬂuorescence
microscope (Meridian ACAS 570) with a pinhole diameter of
225 m and a step size of 0.6 m. The laser excitation wavelength was 514 nm. The focus was adjusted to the plane of the
bilayer as determined by the maximum ﬂuorescence intensity. A
quantitative measure of cellular autoﬂuorescence and background ﬂuorescence was obtained from cells in contact with
bilayers containing unlabeled CD58. Cells did not bind to CD58containing bilayers in the presence of the adhesion-blocking
CD2 mAb TS2/18 (data not shown). The contact area of a cell
with a bilayer (Sb) was deﬁned as the area of the accumulated
ﬂuorescence under the cell; the ﬂuorescence intensity threshold
for each image was set equal to the sum of cellular autoﬂuorescence/background ﬂuorescence and the free FITC–CD58 ﬂuorescence intensity (F), where F was measured from a cell-free area
of the bilayer (vide infra). Contact area determinations using this
method were in generally good agreement with those determined using interference reﬂection microscopy (25). The ﬂuorescence intensity was converted to CD58 surface density using a
standard curve of ﬂuorescence intensity vs FITC–CD58 density,
as determined by the binding of 125I-labeled anti-CD58 mAb
TS2/9. The free (or unbound) CD58 density (F) in the bilayer was
determined by the ﬂuorescence intensity in a cell-free area after
subtraction of the background ﬂuorescence of a bare glass coverslip. Cellular autoﬂuorescence/background ﬂuorescence and
free FITC–CD58 ﬂuorescence (F) were then subtracted from the
ﬂuorescence intensity in the cell– bilayer contact area to yield
the surface density of bound CD58 (B).
FPR. Fluorescence photobleaching recovery (FPR) was used to
measure the fractional mobility and lateral diffusion coefﬁcient
of FITC–CD58 in the planar bilayer membrane and of FITC–mAblabeled CD2 in the T cell membrane. Experiments were performed using a confocal laser-scanning microscope (Meridian
ACAS 570) as described (22, 25). FITC-labeled anti-CD2 mAbs
TS2/18 (adhesion-blocking) and CD2.1 (non-adhesion-blocking)
were used to label CD2 molecules on Jurkat cells. FPR measurements of CD2 mobility were performed at either the cell bilayer
contact area or the upper surface of the cell. For the latter experiments, the focal plane of the microscope was ﬁrst oriented at
the cell– bilayer contact plane and then moved up by 10 m
from the plane of the bilayer to a region at the upper surface of
the cell. (N.B., the average diameter of Jurkat cells was 11.1 m.)
All measurements were carried out at RT.
2D Afﬁnity Analysis. Scatchard analysis cannot be used to
measure the afﬁnity of receptors at a contact area in which the
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receptors are accumulating over time. Instead, we have derived
a new analysis that takes account of this dynamic condition, and
we have successfully used the analysis to measure the 2D Kd of
the CD2–CD58 interaction in resting Jurkat T cells (23, 24).
Brieﬂy, the analysis uses quantitative ﬂuorescence imaging to
determine both the number of receptors in the contact area and
the size of the contact area. FPR is then used to determine the
fraction of laterally mobile receptors. The formation of CD2–
CD58 complexes in the contact area is described by the general
Zhu–Golan equation:
B
F

⫽

Nt ⫻ f
Kd ⫻ Scell

⫺

B⫻p
Kd

(1)

where B is the density of bound CD58 in the contact area, F is the
density of free CD58 in the bilayer, Nt is the total number of CD2
binding sites on the cell, f is the percentage of laterally mobile
CD2 on the cell, Kd is the 2D dissociation constant, Scell is the
total surface area of the cell, and p is the ratio of the contact area
(Sb) to Scell (i.e., p ⫽ Sb/Scell). (Nt ⫻ f) represents the number of
available binding sites, since immobile receptors are unable to
migrate into the contact area. According to eq 1, we can plot the
data derived from ﬂuorescence imaging and FPR experiments
according to the Zhu–Golan form:
B
F

vs B ⫻ p

(2)

This plot generates a line with a negative reciprocal slope
equal to the 2D Kd, and an x-intercept (X) that can be used to
determine Nt from the following relationship:
Nt ⫽

共X ⫻ Scell兲
f

(3)

SPT. Jurkat cells were used for all SPT experiments. Cells
were cultured as described above and labeled with beads as
described elsewhere (27, 28). Brieﬂy, cells were harvested from
cultures in exponential growth and washed three times with
Hank’s balanced salt solution (HBSS) supplemented with
1% (m/v) BSA (HBSSB). The cells were then resuspended in
HBSSB containing DMSO (0.1% v/v), DMSO with PMA (150 nM),
or DMSO with cytochalasin D (cytoD) (5 g mL⫺1). Aliquots of
the cell suspension (0.25 mL) were incubated for 30 min at
37 °C and then labeled with polystyrene microspheres (vide
infra) for another 15 min at 37 °C. The samples were then diluted
to 1 mL with HBSSB and transferred to a 24-well plate containing 12 mm circular coverslips treated with Cell-Tak (BD Pharmingen). The plate was centrifuged at ⬃500 rpm for 7 min, and then
the wells were carefully washed seven times with fresh HBSSB
(1 mL). One of the coverslips was then transferred to a microslide, seated using a thin circle of vacuum grease, and sealed
with Cytoseal 60 (Richard-Allan Scientiﬁc). Samples were
observed at 37 °C within 90 min of sealing.
One-micrometer polystyrene microspheres were obtained
from Polysciences (2.6% m/v). The beads were diluted to a stock
solution of 1.3% (m/v) in deionized water with 0.1% NaN3 and
sonicated for 15 min before each use. Beads (10 L of stock
solution) were labeled by incubation with monoclonal F(ab)⬘
fragments or puriﬁed GPI–CD58 (0.1–10 g) for 1 h in 0.2 mL of
borate buffer (100 mM borate, 1 mM EDTA, 0.1% NaN3, pH ⫽
8.5) at a ﬁnal bead concentration of 0.05% (m/v). In all cases,
we used the minimum amount of protein required to achieve
selective binding of beads to cells. Control beads were labeled
with polyclonal F(ab)⬘ or BSA under identical conditions. After
adsorption of the protein to the beads, the samples were diluted
to 1 mL with blocking buffer (10 mM HEPES, 140 mM NaCl, 1 mM
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EDTA, 2% dextran, 1% BSA, 0.1% NaN3, 0.1 g mL⫺1 poly(ethylene glycol) compound, pH 7.4) and incubated for 1 h. The
samples were then sonicated for 15 min and centrifuged at 5000
rpm for 7 min. The supernatant was aspirated to 0.1 mL ﬁnal
volume, resuspended, and sonicated for 15 min immediately
before use. All labeled bead samples were used within 48 h of
preparation. Selectivity of binding was conﬁrmed at the beginning of each experiment by manually counting the number of
positively labeled cells in ⬃20 random ﬁelds. Samples were
used for tracking experiments if the selectivity of bead binding
was ⬎4-fold greater than the negative control. Bead binding was
typically 0.4% of cells for control beads, 2.8% (7-fold selectivity)
for TS2/18-labeled beads, and 2% (5-fold selectivity) for CD58labeled beads.
Cells were observed on a Nikon TE2000-E microscope
equipped with DIC optics using a 60⫻ oil objective with an oil
condenser (NA ⫽ 1.4) (45). Images were captured at 1000 FPS
using a Fastcam Super 10K camera (Photron). Video data were
processed using Metamorph (Universal Imaging) and converted
to trajectories. Trajectory data were analyzed using mean square
displacement analysis (28) implemented in a custom program
written in Matlab (Mathworks) as described (27).
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