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Direct Measurement of a Tethered 
Ligand-Receptor Interaction Potential 

Joyce Y. Wong,* Tonya L. Kuhl, Jacob N. Israelachvili, 
Nasreen Mullah, Samuel Zalipsky 

Many biological recognition interactions involve ligands and receptors that are tethered 
rather than rigidly bound on a cell surface. A surface forces apparatus was used to 
directly measure the force-distance interaction between a polymer-tethered ligand and 
its receptor. At separations near the fully extended tether length, the ligands rapidly lock 
onto their binding sites, pulling the ligand and receptor together. The measured inter- 
action potential and its dynamics can be modeled with standard theories of polymer and 
colloidal interactions. 

I n  Inany biological systems, ligands are at- 
tached to the ends of flexible or serniflexible 
tether groups rather than fixed or ilnlnobilized 
on a surface or macromolecule. In many sys- 
tems designed for selective targeting, flexible 
tethers are used. For example, in sterically 
stabilized lioosolnes ( 1  ), a fraction of the  ~ , ,  

llpid head groups of a liposome are modified 
with a poly(ethy1ene glycol) (PEG) chain 
that has a targeting moiety attached a t  the  
extrernitv. T h e  oresence of the  PEG chain 
increase; the  i n  vivo circulation tirne ( 2 )  
essentially bv steric stabilization (3) ,  
whereas the  targeting moiety provides spec- 
ificity. It is not known, ho~vever,  how the  
presence of a flexible tether-which nor- 
mally would be in a coiled state-alters the  
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ligand-receptor interaction potential. 
W e  have directly measured the  interac- 

tion ootential between a tethered lipand u 

and its receptor. 'We chose the  well-charac- 
terized receptor-ligand system of streptavi- 
din-biotin. After immobilizing streptavidin 
o n  a supported lipid bilayer (4 ) ,  we mea- 
sured the  interaction force-distance (F-D) 
profile with a n  opposing supported bilayer 
surface containing biotin tethered to  the  
distal end of lipid-PEG (henceforth, PEG- 
biotin) (5) (Fig. 1 )  using the  surface forces 
apparatus technique (6). 

The  effect of the PEG tether on the 
streptavidin-biotin interaction force profile is 
shown in Fig. 2, with a schematic representa- 
tion in Fig. 3. As expected, we observed a 
weakly repulsive electrostatic "double-layer" 
force at large separations arising from the net 
negative charge on both the PEG-biotin and u u 

streptavidin surfaces (Fig. 3 A  and inset to Fig. 
2). The  magnitude and range of the repulsive 
electrostatic interaction can be fitted by stan- 
dard theorv based on the Poisson-Boltzmann 

scrpt 'mn '  specf~es the structure at the mnmum of 
the potenta energy surface, and ( )? and ( ), denote 
stat~st~cal averages (first moments of d~str~but~ons) at 
300 K n the class~cal and quantum canonca ensem- 
bles respect~vely w~th the root-mean-square w~dths 
(from second moments) of the dstributions follow~ng 
the -t sgns. Acomparison usng rada dstrbuton func- 
tons also reinforces our f~ndng that the classical and 
quantum H,O,- complexes show strik~ngly s~mlar 
characteristcs at 300 K wth the quantum fluctuations 
resutng in sghty  broader dstrbutons, as expected 

24. The follow~ng data characterze H,O,-. ra; = 0.97 
A. (rOH)c = 0.97, 0.03 a ,  (r,,), = 0 99 i 0.07 A, 
r r r ~ n  OaH. = 1 13 A rg tH.  = 1 39 A (roar.), = 

1.07 = 0 05 a ,  (rObHJc = 1.53 -t 0.13A, (rOaHJo = 
= 1.28 = 0.05 A; RE; = 2 52 A, (Roo), = 

2.59 I 0 l 0 A ,  = 2.54 I 0.09 A; LglHTOb = 

178". For notat~on see (23). 
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equation and values for the potential of biotin 
(-55 mV) and streptavidin (-51 mV) (4).  
The  interaction of the tethered biotin-streota- 
vidin system is quite different from that of the 
untethered svstem. When  the lieand and re- 
ceptor are bdth rigidly bound toiheir  respec- 
tive surfaces, the ligand-receptor 1nter;ction is 
intrinsically of very short range (<5 A) (Fig. 
2, solid curve). Conversely, with the ligand 
attached to the end of a free oolvmer-like 
chain, there is a large attracti;e force (7) 
whose range corresponds directly with the 
fully extended length of the PEG chain with 
its biotin group, L = 16C r\ (Fig. 2, point B, 
and Fig. 3B). This observation leads us to 
conclude that the end of the oolvmer chain 
freely samples all distances up' to 'full exten- 
sion, but,o when the terminal ligand cornes 
within 5 A of its streptavidin binding site, the 
soecific, short-range interaction locks in. T h e  u 

resulting tension in the almost fully extended 
polymer chain then pulls the surfaces together 
(Fig. 3, B + C). 

Wi th  resoect to the  dynamic asoects of 
this kind of kinding interaction, the'ories of 
end-grafted polymer chains h a r e  predicted 
that the  free chain ends are, o n  average, 
located at a distance of 0.7R, from the  
anchoring surface, where RF = j 5  A is the  
Florv radius for a PEG-2000 tether (Fig. 1 ) .  
~ o \ i , e v e r ,  the chain can experience a';luc- 
tuation that will allow it t o  explore all 
possible configurations, including near-full 
extension. For a particle diffusing in  an  
external potential, E,,,(D), the  typical ex- 
ploration titne, 7 ,  is given by 

where k is the Boltzmann constant and T is 
temperature (their product being the  ther- 
mal energy). If the intrinsic relaxation rate of 
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a single chain, ' T ~ ,  is given by the Zimrn time 

where -q is the viscosity of water and 
E,,,(D) for D > RF is the parabolic potential 

(a) ,  the typical exploration time for a PEG- 
2000 chain to sample a configuration near 
full extension is .r = 1@-%xo(12.5) = 10-3 & .  

s, that is, 'T is in the millisecond range. T h ~ s  
time is much shorter than our measuring , - 
time resolution and is consistent with the 
observation of a raoid locking-on. However, 

u 

it 1s st111 much shorter than the time it would 
take two comple~nentary binding sites, each 
rigidly attached to a bulky enzyme co~nplex 
or membrane surface, to find each other. 

O n  the first approach, the surfaces jump 
in from D = 150 A - L to a distance of D .2 

43 A - RF (Fig. 2,  point C). This distance 
corresponds roughly to the equilibrium 
thickness of a compressed polymer layer of 
chains that have one end bound to a surface 
(9). A t  this point in the interaction, there 
is a mixed population of polymer chains: 
The chains located on the outer edge of the 
contact zone are stretched, whereas those 
closer to the center are under conlpresslon 
(compare with Fig. 1B). With decreasing 
separation below R,, the competition of, 
respectively, attractive and increasingly re- 
uulsive forces from the oolvnler chains de- 
;ermines the locations o? the minimum and 
reoulsive walls in the interaction orofile. 

Strong ligand-receptor bonds are essential- 
lv irreversible (the streotavidin-biotin bond 
energy 1s -35kT), and, as two bonded surfaces 
are seoarated, breakage occurs not at the 11- " 

gand-receptor bond but at the weakest part of 
the svsten-which in manv cases is the 
supporting membrane, anchoring molecule, 
or te ther~ng l~p id  ( I  I?). In the present sys- 
tem, separation at the membrane involves 
pullout of the anchoring biotin-PEG-lipids 
from the bilayer (Fig. 3D) because the force 
required to pull out a biotin-PEG-lipid, Flip, 
is lower than the force needed to break a 
streptavidin-biotin bond (1 1).  That lipid 
pullout occurred on separation was estab- 
lished by the flat shape of the potential well 
(see below) and also by the observation 
that on subsequent approaches the Interac- 
tlon was not the same ithat 1s. ~rreverslble): 
The surfaces still julFied in fimn the sake  
seuaration of -150 A,  but the final contact 
positions gre~v~farther out with e2ch new 
approach (463 A on the first, 55 A on the 
second, 60 A on the third, and so on) .  

The highly unusual U-shape of the mea- 
sured interaction potential, characterized by 
three distinct regions (C --t D, D --t E, and E 
+ B 111 Fig. 3),  can be readily sholvn to be 

Fig. 1. (A) Schematc illustration of A 
the PEG-blotln and streptav~din 
molecular conf~guration~ The PEG- 
biotin coverage IS 950 A' per moe- 
cule or 4.5 mol% and corresponds 
to the so-called "weakly overlap- 
ping mushroom regime"; D corre- 
sponds to the distance from the 
outer edge of the streptavidin layer 
to the outer lipid head group sur- 
face on the opposing surface. The 
iipd head groups of PEG-botin are 
negatlvely charged and the blotin 
molecule itself 1s neutral; the 
streptavidin proteln IS negatlvely 
charged at pH 7.2. (B) Schematic 
Ilustration of the relevant parame- Receptor 

ters used in the calculation of the 
interacton force profile (Fig. 3). The 
tether length L for the fullyoextended 
PEG-2000 char  is 153 A, and the 
PEG-biotin molecules used in this Membrane 
study have a polydlspersity [from - 
matrix-assisted laser desorption/ionization (MALDI)] of 1.001 8. 

Fig. 2. Interacton force profile as a 
fiinction of separation distance for 
streptavidin and PEG-biotln nor- 

10 mallzed by the radius of curvature. 
R. The force profile was measured 
at pH 7.2, 0.5 mM Naf. and 25°C 
[below the solid-liquid transition 5 
temperature of dlauroyphosphati- - E dylethanolamine (DLPE) (melting 2 
temperature T,, = 30°C) and DSPE E 
(74°C) (76)l. The solid curve shows - 
the interaction between streptavi- $ 
dn with 5% biotn without the PEG 
tether (77). Symbols: frst approach -5 

(0) and separaton (0): second ap- 
proach (I) and separation (H); third 
approach (0) and separation (+). -1 0 
Arrows J denote inward and out- 0 50 100 150 200 250 300 

ward jumps on approach and sep- D (A) 
aration, respectively. The inset shows the weakly repusve, electrostatic "double-layer" force. The data 
are highly reproducible in comparisons of different contact positions within the same experiment as well 
as between different experiments. 

Fig. 3. Schematc construction 
of the "ideal" tethered ligand-re- 
ceptor interaction potential. (A) 
At large separation distances, 
the interaction is a double-ayer 
electrostatic repulsion. (B) Bi- 
otin molecules attached to PEG 
at near-full extension are able to 
"lock" into the biotin binding 
site. The minimum of the attrac- 
tive potential on approach is de- 
termined by the coil elastic re- 
storing force. Eq. 7, and is close 
to R,. (C) Coil steric repulsion 
acts over a range of D < R,, (D 
and E) The effective separation 
potential (solid line) is deter- 
mined by the strength of lipid 
pullout or ligand-receptor bond 
(whichever is weakest-here 
11p1d pullout, dashed lne) and 
the aolvmerco~l interaction fdot- 

Repulsive + 

0 

$ 
Le 

5 0 -  
0 
E 
d - 

- 
Attractive 

B: Specific ligand-receptor binding 

-.$%-ww ....... Distance - 

C: Steric repulsion D-E: Lipid pullout 
, , 

ted Ine). and acts over a range of the fully extended tether length. L 
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generic to all tethered ligand-receptor inter- 
actions if, as is usually the case, the strength of 
the ligand-receptor bond exceeds the strength 
of the anchoring membrane or molecule (1 0, 
12) .  Consider two surfaces that are to be 
separated after being brought together to a 
separation Do. Initially, all tethers within a 
certain radius ro (or a certain fraction of teth- 
ers) are locked onto the other surface (Fig. 
lB) ,  where ro is related to Do, R, and L by the 
Chord theorem (1 3): 

Because the outermost tethers at 7 = ro are 
fully stretched, these molecules will be pulled 
out from the membrane as soon as the surfaces 
begin to separate, and PEG-lipid pullout a7111 
continue until D reaches the value of (D, + 
P), where t is the lipid chain length. The total 
force, due to lipid pullout only, to separate the 
two surfaces from D = D, to D = (Do + e) 
scales directly with the active area (Fig. 1B) 
and is given by 

Regime 1: D = Do to (Do + P) (5)  

where o is the surface coverage of PEG- 
biotin, and f is the fraction of PEG-biotin 
molecules attached to streptavid~n. This is 
the first regime, corresponding to the path 
C + D in the dashed force curve of Fig. 3. 
Inserting the relevant values for these ex- 
periments [R = 1.32 cm, a = 10" in-" f = 

0.1 (4) ,  Flip = 23 pN ( 1  1 )] into Eq. 5 gives 
a steep constant slope in FIR of -2.rrojFl,, - 1.5 x 10' N inp', compared with the 
measured slope of 4 x 106 N mp'  (Fig. 2).  

A t  D > (D, + e)  another regime takes 
over until D = L. In this regime the outer- 
most l~pids are cont~nually being plucked 
out from the membrane (in contrast to the 
first regime where they are still partially 
inside the membrane), whereas the inner- 
most l ip~d  tethers are still not f ~ ~ l l y  
stretched. The  force law for lipid pullout in 
this second regime is 

Regime 2: D = (Do + e) to L ( 6 )  

This force is independent of D and thus 
constant. Jnserting the appropriate values 
(e = 28 A, and so forth) into Eq. 6 gives 
FIR .= 4.4 tnN ~ n - '  for the lipid pullout 
contribution in this regime. This value may 
be compared with the measured value of 8 
mN m-' (Fig. 2 and Fig. 3, D + E), which 
includes contributions from the tnaxiinuin 
polymer force bet~veen the surfaces given by 

In the third and last regime, starting at D = L, 
all of the PEG lipids are fully stretched and 
the outermost ones are continually being 
plucked out from the membrane until the last 
one leaves when D = (L + 0.  The force law 
in the third regime is 

Regime 3: D = L to (L + P) ( 8 )  

which gives a force with a constant slope of 
+2.rrRofFIi, - 2 x lo4 N m-' and is equal to 
that in regime 1 but of opposite sign. Because 
this slope is now positive, at the turning point 
(Fig. 3, point E), the surfaces "jump out" of 
their potential well (7). 

The above analysis appears to explain, 
both qualitatively and quantitatively, the 
measured interaction potential. Although 
the exact numbers are systetn-dependent, a 
similar type of interaction potential (depict- 
ed schematically in Fig. 3 )  can be expected 
to apply to many different types of comple- 
mentarv interactions. The "tethered ooten- 
tial" edhibits a number of interesti~~g fea- 
tures, especially when coppared with the 
"basic" short-range (<5 A )  interaction of 
the untethered bioti11-streptavidin llgand-re- 
ceptor pair (Fig. 2, solid curve) (14). First, 
the tether tnarkedlv extended the ranee of 
the int~raction (experimentally, we &und 
-150 A )  11 5). Second, althoutrh the adhe- , .  , - 
sive force (regime 2) in the high-affinity 
streotavidin-biotin system was determined 
by lipid pullout, the total energy of the in- 
teractlon was set by the d~stance over w h ~ c h  
the force acted. ~ e n c e ,  In other lower affin- 
~ t y  cases with a tether, the total energy will 
be controlled by both the ligand-receptor 
bond energy and the length of the tether. 

In terms of general biological interactions, 
t h ~ s  may be another means of regulating the 
time and length scales of the binding process 
independently of the specific ligand-receptor 
affinity (an important point because tethered 
ligands are currently being exploited for use in 
drug delivery systems and tissue engineering 
applications). Our results demonstrate that 
the addition of a flexible molecular tether 
extends the effective range of a spec~fic li- 
gand-receptor interaction by the length of the 
fully extended chain, and thus that the effec- 
tive receptor-ligand on-rate is controlled by 
the tether length and dynamics. 
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