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Direct Measurements of Heterotypic Adhesion between the Cell Surface Proteins
CD2 and CD48
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ABSTRACT. Direct force measurements were used to investigate the molecular mechanism of heterophilic
adhesion between the murine T-cell adhesion glycoprotein CD2 and its ligand CD48. From the distance
dependence of the protetprotein interaction potential, we demonstrate directly that the full-length
extracellular domains adhere in a head-to-head orientation. The absence of long-range electrostatic protein
protein attraction further indicates that the salt bridges between the binding surfaces only influence the
interaction at short range. Despite the loss of a stabilizing disulfide bond in domain 1 (D1) of CD2,
adhesive failure occurs abruptly with no evidence of partial protein unfolding during detachment. Finally,
these measurements between extended membrane surfaces directly confirm that the low-affirity CD2
CD48 bond generates weak adhesion and that lateral receptor mobility is required for the development of
appreciable adhesion. This is the first direct measurement of the range and magnitude of the forces governing
heterotypic adhesion mediated by cell surface proteins. These results both verified the head-to-head CD2
CD48 docking alignment and demonstrated the ability to elucidate the strudturetion relationships

of adhesion proteins from the measured distance dependence of their interaction potentials.

CD2, a glycoprotein on the T lymphocyte plasma mem-  The mechanism of binding was suggested by the crystal
brane (—3), is the first cell adhesion molecule demonstrated structures of the soluble, extracellular region of CD2, which

to undergo heterophilic recognition in cettell adhesion4). revealed a homodimeric head-to-head crystal contact with
It is now well established that the ligands for CD2 are CD48 an area of 656690 A2 (15, 16). There are no reports of
in mice or rats {, 5, 6) and CD58 (LFA-3) in humans 17— homophilic CD2 interactions, but the head-to-head associa-

9). The structure comparisons suggested that CD2, as welltion was proposed as a possible model for CD2 interactions
as its counterparts CD48 and CD58, belongs to the immu- With its ligands. The CD2ligand complex was thus
noglububin superfamily10, 11). CD2 binding to its ligands ~ Predicted to span an intermembrane gap of 135 A, which is
was found to have exceptionally fast dissociation rate identical to that spanned by MHC and its ligand, the TCR.
constants, which result in low affinitied,(12—14). NMR analysis of interacting soluble forms of CD2 and CD48
(17), as well as the crystal structure of the complex of CD2
D1 and CD 58 D1, further supports this view8g( 19).
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10.1021/bi020296g CCC: $22.00 © 2002 American Chemical Society
Published on Web 09/06/2002



12164 Biochemistry, Vol. 41, No. 40, 2002 Zhu et al.

el O O W elution position was consistent with their being monomeric
CHlCHahrO © N in solution. The activities of CD2 and CD48 were tested in
DSIDA oo measurements of their binding affinity with a BlAcore
o coon surface plasmon resonance instrument, as previously de-

CH3(CH2)11O H .
TN oS )J\NA/\)\N(CH?CW scribed ). Both proteins were shown to be stable under
the transport and experimental conditions used.

Force Measurement&orce measurements were conducted
with a Mark Il SFA in a temperature-controlled room at 25
+ 1 °C. The SFA was interfaced with a Jarrell Ash imaging

There is increasing evidence that, in the absence of rebinding,spectr.qmeter and aIV|deo recording system. The SFA
guantifies the normalized force between materials on the

the strengths of stressadplatedbonds far from equilibrium . A .
are determined by the activation energies for unbinding, the surfaces of two macroscopic, crosseo_l hem_|cyl|ndr|cal silica
, lenses as a function of their separation distar8®. (The

osition of the transition state, and the rate of pulli2§, ; : ; . - .
b P 9 ( absolute intersurface distance is determined with a resolution

26). A similar analysis does not, however, exist for multiple o
bonds in parallel. One significant difference in the latter case of +1 A by o_ptlcal mtgrferometryé(l). The force betwgen
the surfaces is determined withiril NN from the deflection

is th nder near-equilibrium condition n n break e X s
S that, under near-equilibrium conditions, bonds can brea of a sensitive spring, which is attached to one of the two

and re-form many times before the adhesive junction fails. I ting th 1SOX. | cantly. f
This dynamic exchange will affect the measured adhesion enses supporting the samp X Importantly, for geom-
etries where the radiuR is greater than the range of the

(27). Seifert determined how the force scales with the number .

of bonds in parallel and also demonstrated that the depen_mteractlon R> D), as in these measuremgnft%:é 2 cmy,
dence on loading rate differs from single bond behaagy.( the total force between the two macroscopic curved surfaces

o . o . . F¢(D) is related to the interaction energy per ai&éD)
Under equilibrium loading conditions, the adhesive force is | © ) o
the maximum gradient in the intersurface potential. The $ﬁ?w?e?h“’vo elﬁtlilvalentglaF plaftes "MD)/.R _t E’(D)(‘j
limitation of theoretical analyses developed thus far to . ('js IS de' well- nolvvrl 3”‘?‘:'” tgpp%xgndra '(1)_2) ;“F‘ A
describe multiple bond behavior is that they do not cover a is derived in several standard textbooks,(34). The

sufficiently wide range of loading rates to address both near- measurements thus yield the interagtion potential between
and far-from-equilibrium behavio2g, 28). Thus, the link the surfaces, and the geometry only influences the measure-

i : : ments through the scaling factorrR. This applies for any
gﬁg’v:gg eksl?:r?%sésthﬁ Oihggrgr? dérlgg;ghpggpemes of the bonOIS’arbitrary interaction potenti&(D) or force lawF(D) = —dE/

This report describes direct surface force measurementsdD (33, 34). Because the force scales with the radius, very
P : ) . weak interactions of orde(T are readily measured between
of the range and magnitude of interactions between mem-

: : ; the extended surfaces used with the SFA.
b_ranes dlsplaylng rat CD2 and CD48. The high, absolute The adhesion energy density is determined from the force
distance resolution of the surface force apparatus enabled

! X . required to separate the surfaces or the pull-off fdfge
us to establish dlreptly that thg full-length proteins adhere and the JKR theory36) for the adhesion between deformable
in a head-to-head alignment. Direct force measurements were .

i surfaces. The JKR theory states that the adhesion energy per
conducted between proteins on extended membrane surface$

which is more representative of a cell membrane than isolatedarea and the pull-off force are related through, = 2Fp/

: . ; o . S 37R. In these measurements,, is the maximum attractive
receptpr—llgand pairs. Th|s_faC|I|tated investigations of the force measured at the point of adhesive failure and abrupt
collective adhesive behavior of multiple recepttigand

bonds in parallel and the requirement of lateral mobility for ;urface sg_paration. _Importantly, unqler near-equi_librium pull-
generating detectable adhesion mediated by the low-affinity "% conditions,Fp, yields the adhesion energy directly.

NTA-DLGE

Ficure 1: Molecular structures of the two chelating lipids, DSIDA
and NTA-DLGE, used in these studies.

- Lipid Bilayer Deposition and Protein Immaobilizatiomhe
CD2-CD48 bonds. supported lipid bilayers were prepared by the LB deposition
MATERIALS AND METHODS of ||p|d mOhOlayerS from the waterair interface of a

Langmuir trough (NIMA, Coventry, England) onto freshly

Chemicals.The nickel chelating lipid, NTA-DLGE, and  cleaved mica supports, as describé@s, (37). The back
the copper chelating lipid, DSIDA, were from Northern surfaces of the mica sheets were coated with 500 A reflecting
Lipids (Vancouver, Canada). The molecular structures of silver layers, and the mica was glued silver side down onto
both lipids are shown in Figure 1. DPPE, DSPC, and DTPC a fused, hemicylindrical silica lens. The silica lenses were
were from Avanti Polar Lipids (Alabaster, AL). FITC-labeled milled with 2 cm radii of curvature. The first, inner lipid
DPPE was purchased from Molecular Probes (Eugene, OR).Jayer was a monolayer of gel phase DPPE at a mean
MOPS and all salts used in the study were purchased frommolecular area of 43 Aipid. The second, outer LB
Sigma. Aqueous solutions were prepared with water purified monolayer consisted of a mixture of either NTA-DLGE and
with a Milli-Q UV filtration system (18 M2 resistance, DTPC or DSIDA and DSPC. The chain melting temperature
Millipore). of DTPC is 14°C and that of DSPC is 53C, so that the

Protein Preparation.Soluble forms of murine CD2 and  resulting lipid mixtures were in the fluid and gel phase,
CD48 with C-terminal oligohistidine tags were expressed in respectively, at 25C. Two different lipid mixtures were
Chinese hamster ovary cells and purified using Ni-NTA  used to generate fluid and gel phase monolayers. This was
agarose, as described for sCD&)Z9). The C-terminal 12 motivated in part by the requirements of miscibility of the
residues of CD2 and CD48 were VNCPEKHHHHHH and lipid components at a variety of compositions and achieving
PCDLARHHHHHH, respectively. Both proteins were puri- both gel and fluid states over a limited range of temperatures.
fied by gel filtration on a Superdex S75 FPLC column. Their Studies with cadherin demonstrated that these different lipid
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CD48 solution into the flow cell. After the substrates were
A incubated with the protein solution under stopped-flow
A conditions for about 2 h, the cell was flushed with buffer
for 15 min at a rate of 10 mL/h. The change in the plasmon
resonance anglaé,, resulting from the protein adsorption,
was then converted to the change in the effective optical
thickness of the protein layetnd, wheren is the refractive
D |Ti|T index of the layer andl is the film thickness. This was
accomplished with the Fresnel reflectivity equations. The
lengths of the proteins are 75 A, based on crystallographic

DTPC or
DSPC —»

Histidine tag —»

NTA or IDA—»> y data (5, 16, 42, 43). The assumption that the proteins were
ff v oriented end-on was verified by the measured steric thickness
DPPE > 4 of the protein layers determined from the force curves.
&Iﬁ The fractional protein coverage relative to a densely

Ficure 2: lllustration of the sample architecture used in the force PaCked protein monolayer was then obtained using the
measurements. measured value of the refractive index of the layer ard

Xpp + (1 — Xp)Nwater Here, the refractive index of the pure
mixtures do not alter the bound protein orientation or function protein layem, = 1.53 andhyaer= 1.33 is that of pure water.
(36, 38). However, consistent with previous work with From the fractional protein coveragg and the known
streptavidin 89), the adhesion is expected to be higher on protein dimensions, we estimated the protein coverage in

fluid membranes. . terms of the area per protein. All data were recorded at room
In both cases, the monolayers were deposited from thetemperature. The lower protein detection limit with this
air—water interface at a surface pressure o434 mN/m. instrument is 0.02 mg n%, or 200 moleculegm? for a

With the DTPC/NTA-DLGE monolayers this gave a mean protein with a molecular weight of & 10%

molecular area of 6& 5 A%/lipid, and the average molecular  Fjyorescence Imaging of the Lipid Bilayefuorescence
area in the DSIDA/DSPC films was 45 5 A?lipid. The  microscopy was used to assess the lateral miscibility of the
DSIDA/DSPC I|_p|q films were deposited from an aqueous pg|pa (or NTA-DLGE) and DSPC (or DTPC). To visualize
subphase containing 100 mM Nahl@0 mM MOPS, 2mM  the |ateral texture of the bilayer, 0.5 mol % of FITC-labeled
Ca(NQy),, and 2uM Cu(NOs); at pH 7.5, while a subphase  pppE was incorporated into the outer lipid monolayers.
of 100 mM NaN@, 10 mM MOPS, 2 mM Ca(N§, and  stydies were also done with labeled proteins to establish that
25uM NiSO, at pH 7.5 was used for the NTA-DLGE/DTPC  they were homogeneously distributed on these membranes.
lipid films. The subphases were maintained at°Z5by & The dye-labeled lipids were deposited onto freshly cleaved

water jacket surrounding the trough. _ mica sheets that had been coated with a crystalline monolayer
Oriented CD2 and CD48 monolayers (Figure 2) were of DPPE and then transferred under water into a fluid cell
assembled by incubating the lipid bilayers withu/8l Hise- designed for epifluorescence microscopy. The cell was filled

CD2 or Hig-CDA48 in the same buffer used in the subphase yith a 100 mM NaCl solution buffered with Tris (pH 7.1)
for the outer lipid monolayer described above. After 2 h anq containing either 2V Cu?* or 254M Ni?*. Fluorescent
incubation at room temperature, the samples were gently micrographs were acquired using the same Olympus BX-60

nonspecifically adsorbed proteins. The protein-coated disks 1400x).

were then transferred under water and installed in the surface
force apparatus. RESULTS

Measurement of Protein Surface Density Using Surface
Plasma Resonanc&he protein surface densities bound to ~ Fluorescence Assay of the Miscibility of DTPC and DSIDA
the DSIDA and NTA-DLGE lipid monolayers were esti- 0r NTA-DLGE.Fluorescence imaging microscopy showed
mated with a custom-built SPR instrument, described previ- that FITC-labeled DPPE distributes homogeneously in pure
ously @40). The instrument consists of a precision goniometer DTPC and in DSPC monolayers. The monolayers were
(Oriel) driven by a stepper motor, an equilateral triangle Structureless on a micron scale when either NTA-DLGE/
prism, a large area Si photodiode, and a GaAs laser (5 mw,DTPC or DSIDA/DSPC contained 25, 50, or 75 mol %
665 nm) light source. A flow cell (volume-0.5 mL) was ~ NTA-DLGE or DSIDA. By contrast, DSIDA phase separated
used for the protein adsorption/desorption measurements. from DTPC at>50% DSIDA, and NTA-DLGE likewise did

For SPR measurements, the NTA-DLGE and DSIDA not mix with DSPC. The proteins that were bound to the
monolayers were supported on a self-assembled monolayefomogeneously distributed NTA-DLGE and DSIDA mono-
of 1-octadecanethiol on gold. The gold film was thermally layers were similarly homogeneously distributed.
evaporated onto a 15 A chromium adhesion layer, which Protein Surface Ceerage Determined by SPRigure 3
was evaporated onto a clean glass slidg, @1). In the shows a typical adsorption time course for CD2 binding to
protein adsorption experiments, the SPR cell containing the lipid membranes containing 25 mol % NTA-DLGE and 75
samples was first flushed with deionized water for 15 min mol % of DTPC in the buffer described above. Upon
at a rate of 10 mL/h. The IDA (or NTA) groups were then injection of the bulk protein solution, the signal increases
activated by flushing buffer containing 2V Cu?* (or 25 abruptly and plateaus after £@5 min. After being rinsed
uM Ni2") over the lipid monolayer for 10 min. The protein  with the identical buffer lacking protein, the amount of
adsorption was initiated by injecting 2 mL ofy8/1 CD2 or protein bound decreased slightly due to the removal of
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3 force curve (maximum attractive force) at 1923 A, the
. Inject protein protein—protein bonds yield and the surfaces jump out of
o 251 adhesive contact. The normalized adhesive force is weak at
X2 Fpd/R = —0.37+ 0.07 mN/m.
§ 15 Using JKR theory ané,,, the calculated adhesion energy
E T per area i€ = Fp/1.57R = 0.08 mJm? (52). This is on the
S5 11 Rinse order of the measured van der Waals attraction between
8 0.5 4 phosphatidylcholine bilayers in aqueous solutiodig).(By

0 normalizing this value by the density of CD2 (lower

coverage), we estimated the average adhesion energy per
heterophilic protein pair.

These normalized foreedistance curves were reproduc-
FiGure 3: CD2 adsorption time course measured by surface ible. If the forces were remeasured immediately after pull-
plasmon resonance. The final total change in the signal indicatesoff then the force profile was identical to that of the previous
EIt]rtleet(;tuapl);:?cr)rr]t(ijrlljg;] trr?tfa&rt?rt:masc%enctg:i(r:lzztljy Zbé) lﬁr?gl t‘?A)tR%J&?gL%jga;ned measurement. This indicated that there were no irreversible
75 mol % DTPC. The measurements were done af@5n a changes due to the rupture of the NTA/histidine bond or to
solution containing 100 mM NaN£)10 mM MOPS, 2 mM Ca-  the pull-out of the lipid anchors3g). As we demonstrated
(NOs)z, and 254M NiSO, at pH 7.5. previously @9), such changes irreversibly damage the

surfaces and alter the interaction profiles. The proteins pulled
nonspecifically adsorbed protein. The shifts in the resonanceto the opposite surface would increase the range and
angles were converted to protein surface densities (Figuremagnitude of the repulsion between the two membranes,
3) as described. Increasing the IDA or NTA content in the relative to the undamaged layer39]. Moreover, in this
bilayer correspondingly increased the protein coverage (Tablestudy, the forces measured were well below the level required
1). for lipid extraction at these loading rate39].

Surface Force Measurements: Definition of Zero Separa-  The adhesion increased with the protein surface density
tion. In the measured foreedistance profiles between CD2  (Figures 4 and 5). When 75 mol % NTA/25 mol % DTPC
and CD48 monolayers, the distanEe (Figure 2) is the was used as the outer lipid layer, the CD2 and CD48 surface
separation between the dehydrated surfaces of the matrixdensities increased to 6:3 10* moleculestm? and 6.9x
lipids that support the proteins. The bilayer separailomas 10* moleculestm?, respectively (Table 1). The range of the
determined by directly measuring the change in the total repulsion did not change, but the magnitude of the steric
thickness T; of the organic layers between the DPPE and osmotic repulsion between the membranes increased,
monolayers following the deposition of the outer lipid layer as expected (Figure 4). Most importantly, the magnitude of
and subsequent protein immobilization. Ths,= T, — the adhesion increased 3-fold .31+ 0.16 mN/m (0.23
2Torre, WhereTprecis the 16 A thickness of the DTPC lipid  mJ/n?) (Table 1). Nevertheless, the position of the adhesive
layer determined in independent measurements. When DSPGninimum was unchanged at 1535 A (Figure 4).
was used as the matrix, the monolayer thickness was 27 A Measurements between the bare lipid membranes without
(37). Alternatively, at the end of each measurement, the total attached proteins exhibit electrostatic repulsion in the buffers
thicknessT, of all the organic layers between mica substrates used in these experiments. However, the range of the double
was determined from the change in the distance of closestlayer repulsion is<25 A between, for example, membranes
intersurface approach before and after removal of all the comprising 25 mol % of NTA-DLGE and 75% DTPC. In
organic layers by UV irradiatiord@, 45), after the bufferin  all cases, the range of the repulsion was less than the 153 A
the SFA was drained. In this cas®, = T, — 2Tpppe — range of proteir-protein attraction.
2Torec, Where Toppe is the 25 A thickness of DPPE An important characteristic of the measured adhesion
monolayer 87). The measured thicknesses of the lipid, between CD2 and CD48 monolayers is the dependence of
protein, and polymer layers determined by these methodsadhesion energy on the contact time between the two
have been shown to agree quantitatively with crystallographic surfaces. As Figure 5 shows, the adhesion energy increases
data and with X-ray and neutron reflectivity datvy 44, upon prolonged membrane contact. The data shown were
46—-51). Additionally, in this study, the values @f obtained  obtained by conducting sequential measurements in which
with both of these methods agreed with each other within the contact time was varied randomly between 1 and 30 min.
+2 A Thermal drifts amount t0<0.1 mN/m during the 30 min

Adhesion between CD2 and CD48 on Fluid Membranes. incubation. There were no changes observed between any
The force profiles between CD2 and CD48 monolayers two successive force measurements. This indicates that the
bound to fluid NTA-DLGE/DTPC membranes are shown in increase in adhesion was due to a time-dependent increase
Figure 4. Data were obtained with 25 and 75 mol % NTA- in the number of protein molecules engaged in binding
DLGE membranes. When the outer monolayer contained 25interactions. At both protein densities examined, the adhesion
mol % NTA-DLGE, the CD2 and CD48 surface densities energy appeared to plateau after the surfaces were kept in
were 1.7x 10* and 2.4x 10* proteinskm?, respectively. contact for about 10 min. The estimated average adhesion
The onset of steric repulsion between these protein mono-energy per protein pair, determined from the pull-off force
layers occurs ab <170 A. Upon separation (increasiiy at the plateau, was'1 kT at 25°C.
there is a pronounced hysteresis between the forces measured CD2 and CD48 Immobilized on Gel Phase Lipiéerce
during approach (advancing) and those measured duringdistance profiles between CD2 and CD48 immobilized on
separation (receding). In addition, at the minimum in the gel phase membranes containing 75 mol % DSIDA and 25

25 0 25 50 75 100 125
Time (minutes)
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Table 1: Adhesion as a Function of the Protein Coverage and Membrane Fluidity

protein surface density estimated
composition of (moleculestm?) minimum adhesion energy per
outer lipid layer CD2 CD48 A (mN/m) bond (kT)
25% NTA/75% DTPC 1.% 10 2.4x 10¢ 152+ 3 —0.384+ 0.07 1
75% NTA/25% DTPC 6.3 10* 6.9x 10¢ 153+ 5 —1.31+0.16 1
75% IDA/25% DSPC 6.4 10* 4.8x 10¢ 153+ 3 —0.134+0.03 0.01
— 8 N
E o m £
= 5 % ® Advancing, 75% NTA E 51 L] ¢ Advancing
[ 6 » m O Receding, 75% NTA E:—' 4 f’ o Receding
E 4 L g.% EEI @ Advancing, 25% NTA ™ 3 %
w % - O Receding, 25% NTA & A
g Qg m $ 2] %
= 2 L o) L] k=]
S rf"q [ e 11 e,
[1+] = CY)
14 Q}r‘)gg @ g fea PR a
= 0 %) T H == f
8 ‘EQ_ i ) Jump out = Jump Out
= Oy I.E -1
) L ! 0 60 120 180 240 300
0 50 100 150 200 250 300 Distance, D (4)
Distance, D (4) ” = —‘
e E b
e D _‘ FiIGure 6: Force-distance profiles between CD2 and CDA48

. ) monolayers on lipid membran mprising 25 mol % DSIDA an
Ficure 4: Force versus distance profiles between CD2 and CD48 750mcz)?‘)’stSoPCIP'I|?he Sro?eﬁ] gjr?:cepdlesr:s%ieg wgreéﬂ)%anda d

monolayers on lipid bilayers containing NTA-DLGE and DTPC. 1 4 " 1¢ moleculesim? for CD2 and CD48, respectively. The

Circles indicate measurements done with membranes containing : ) ; ; ; )
25 mol % NTA-DLGE, and squares indicate the measurements done\?v%\:gnmcggsgw%da?%s% ?goﬁfigﬂ'ré%é?gﬁ?nglfé%sznf&r(ﬁaﬂgﬂles

with 75 mol % NTA-DLGE membranes. The protein surface
densities on each of these membranes are summarized in Table .20 mM MOPS, 2 mM Ca(Ng)., and 2uM CuSQ; at pH 7.5.

The curves show the adhesion measured after the protein layers . . i . .
were left in contact for 10 min. The outward directed arrows indicate Confirms that the time-dependent increase in adhesion on
the position at which the surfaces jumped out of adhesive contact. fluid lipid bilayers is due to increased lateral and rotational

mobility.

Homophilic Interactions Do Not Generate Adhesion.
Figure 7 shows the results of control measurements between
identical CD48 monolayers on fluid membranes (75 mol %
NTA-DLGE). The CD48 surface coverage was &910*
moleculestm?®. The advancing and receding force profiles
were identical, and there was no adhesion, even when the
protein monolayers remained in contact for up to 30 min.
Interestingly, the force profiles between CD2 monolayers
did display some hysteresis, but no adhesion, between the
advancing and receding curves (data not shown).

e
w

o
N
T

©
=
+—T@—+

Adhesion Energy, mJ/m?

o

0 10 20 30 40

Contact Time (minutes)

Ficure 5: Dependence of the adhesion energy per area on theDISCUSSION

contact time between fluid membranes. The percentages of NTA- : : ;
DLGE and DTPC in the outer layer were 25 mol % (squares) and This study demonstrates the use of direct ferdistance

75 mol % (circles). The force profiles were measured between CD2 Measurements to determine the molecular mechanism of
and CD48 membranes at 28 in a solution containing 100 mM  adhesion protein interactions. In particular, the position of
NaNG;, 10 mM MOPS, 2 mM Ca(Ng),, and 25:M NiSO, at pH the adhesive minimum in the foredlistance curves dem-
7.5. onstrates directly that CD2 and CD48 adhere in a head-to-
head orientation. The single angstrom resolution in the
measured intersurface spacing allows the determination of
membranes, there was no measured for@ atl80 A, and  he absolute end-to-end distance at which CD2 and CD48
the onset of intersurface repulsion occurs-a70 A. There bind. One of the more important advantages of the SFA
was weak adhesion between CD2 and CD48 monolayersyelative to other force probes is that, with the in situ
bound to gel phase lipids (Table 1). The maximum attraction interferometric technique, the SFA measurements yield the
was at 1524 5 A, but the magnitude of the adhesion was absolute distancegnot relative distances) withint1 A
significantly lower at—0.13+ 0.03 mN/m (0.03 mJ/A). In between the materials under investigati@3)( Moreover,
contrast to measurements with fluid membranes, the adhesiorcoupling this distance resolution with direct measurements
did not increase with the time in contact. The latter finding of the adhesive function allows questions regarding the

mol % DSPC are shown in Figure 6. As with fluid
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Ficure 7: Force versus distance profiles between identical CD48

monolayers on fluid lipid membranes. The supporting membranes
contained 75 mol % NTA-DLGE. The advancing (filled squares)
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of the TCR/peptide MHC complex (136-135 A) 6). This
direct demonstration that CD2 interacts with its ligand CD48
in the same orientation as CD2 and CD58 suggests that
CD2-ligand interactions may all span a similar intermem-
brane distance. It was postulated that Cligand binding
positions the membranes of the T cell and APC at a
separation distance optimal for TCR engagement of MHC
peptide complexest@). The present study confirms that the
CD2-CD48 interaction would indeed position membranes
at the optimum distance for this function.

The CD2-CD48 bond fails abruptly from the position of
head-to-head contact. The structures of both CD2 and CD58
revealed that the IgV-type structure of domain 1 of both
proteins lacks a disulfide bond 9). It was suggested that
this might impart elasticity to adhesive junctions. Others
similarly hypothesized that forced domain unfolding might
play a role in the function of IgSF adhesion proteib$§)(
Molecular extension over a range ®6 A would be evident
in the force-distance profiles, as has been observed previ-
ously with the SFA%7—59). The 20 range of motion about
the domain tdomain 2 linker 19, 54) accounts for thet5

and receding (open squares) force profiles were measured with aA variation in the measurements, but there was no evidence

CD48 surface coverage of 6:9 10* moleculestm? at 25°C. The
bathing solution contained 100 mM NaNQ0 mM MOPS, 2 mM
Ca(NG;),, and 254M NiSO, at pH 7.5.

relative binding orientations of proteins forming the adhesive
complex to be directly addressed.

of any elastic extension of the proteins during unbinding.
Given the large forces typically required to unfold protein
domains 60, 61) and the very weak heterophilic bonds
measured in this study, it is unlikely that unfolding transitions
play a role in CD2 or CDA48 function; that is, the heterophilic
protein—protein bonds will rupture before the domains

In these SFA measurements, the range of the steric no1q.

repulsion between the protein laye® <170 A) agrees
quantitatively with that expected on the basis of the 75 A
lengths of both CD2 and CD482, 54) as well as the
measured 10 A lengths of the NTA and IDA spacdbs=
2(75+ 10 A)] (36, 38). The proteins are therefore oriented

The binding interface of the CD2CD58 complex contains
several charged residues that participate in salt bridges
between the two, broad binding surfaces of fhgheets 6,

19). Because the CD2CD48 adhesive complex involves
slightly fewer such contact$(14), the ionic complemen-

end-on at the membrane surface, so that the binding SiteSarity was proposed to confer binding specificityd). The

are presented to the opposite membrane as on the cell surfacgqce—gistance profiles confirm the absence of a long-range
In force measurements between the CD2 and CD48 onelectrostatic attraction between CD2 and CD48, even at lower

fluid membranes, the measured adhesive minimum was at gonic strength (data not shown). The CD2/CD48 binding

bilayer—bilayer separation ofD = 153 + 5 A. The

affinity is also ionic strength independe®?j. By contrast,

independence of both the onset of the repulsion and thefluorescein association with 4-4-20 antifluorescein 'Fab

position of the adhesive minimum on the protein density also

ionic strength dependent. The latter is attributed to the charge

demonstrates that the protein surface density does not affect|uster surrounding the Fabinding site, which was shown,

either the protein orientation or the range of the protein
protein attraction. Accounting for the 10 A length of the NTA

by surface force measurements, to generate a long-range
electrostatic attraction between the Famd fluorescein-

tether, this shows that proteins adhere at an end-to-endcoated membranegt§). The lack of any long-range elec-

distance of 133+ 5 A. The measured range of protein
binding agrees quantitatively with the predicted end-to-end
distance of 134 A for the heterophilic CBZD48 complex

(6, 55). The predictedbinding mechanism was based on a
model derived from the (i) crystal structure of CD2, (ii) the

trostatic attraction supports the hypothesis that salt bridges
only affect short-range CD2CD48 interactions.

Homophilic head-to-head CDBZigand binding was sug-
gested by the dimer-like structure of CD2 in its crystalline
form (15, 16). The lack of CD48-CD48 binding demon-

demonstration, by complementary mutagenesis, that CD2strates the specificity of the heterophilic CBZD48 bond.
interacts with CD48 in the same head-to-head orientation asvery weak homophilic CD2 attraction, suggested by the

the homophillic interaction observed in CD2 crystab&)(

and (iii) the published structure of the complex formed by
the outer domain fragments of CD2 and CD58, the human
homologue of CD48 19). The homology with CD58
suggested that CD48 would similarly bind CD2. These direct
force measurements with the SFA confirm the model and at

slight hysteresis in the force curves between CD2 monolay-
ers, is plausible. Both rat and human CD2 crystallized with
the same homophilic contacts as at the interfaces with CD48
and CD58. Other members of the CD2 family such as SLAM
undergo homophilic binding6@). NMR studies suggested
that murine CD2 self-associates with a millimolar dissocia-

the same time show that such measurements can providgjon constant 4). Nevertheless, there is no evidence that

direct evidence for protein docking orientations.
These results also provide direct evidence that the-€D2

either CD2 or CD48 interacts homotypically under physi-
ological conditions 1), and these direct measurements

CD48 interaction spans a distance similar to the dimensionsconfirm that it would not occur.
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The low measured heterotypic adhesion demonstrates theelectrostatic attraction shows further that salt bridges at the
inherently weak nature of the CBZD48 bond. From SPR  binding interface only influence short-rangel© A) interac-
studies, the measured affinity constant between CD2 andtions. Direct measurements also confirm that the adhesion
CD48 in solution is around 20M~1, and the dissociation  mediated by the low-affinity CD2CD48 is very weak. As
rates are 7.878 (12—14, 62). In these SFA measurements, a result, lateral mobility and the accumulation of multiple
the estimated average adhesion energy per-GCR248 pair intersurface bonds are necessary for the development of
on fluid membranes (Table 1) is1 KT, regardless of the  physiologically significant adhesion. As the first direct,
protein surface density. This is much lower than the estimatedmolecular force measurements of the heterotypic adhesion
8 kT determined with the protein C-cadherin, similarly bound between cell adhesion proteins, these findings demonstrate

to fluid NTA-DLGE membranes38). At comparable protein  the

potential of this approach for probing the molecular

densities and pulling rates, cadherin adhesion is nearly anmechanisms underlying adhesion protein function.

order of magnitude larger. Cadherin is a stronger adhesion

protein since homophilic cadherin binding aggregates beadsACKNOWLEDGMENT

but heterophilic CD2 and CD48 interactions do not. This
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could be due to the differences in protein dimensions, since (o combinant proteins.

cadherin is larger, more flexible, and may exhibit a larger

reactive cross section. On the other hand, unlike the REFERENCES
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