
we used the x-ray coordinates (9). To  re- Ligand Binding: Molecular Mechanics Calculation duce the computational cost, we 
of the Stre~tavidin-Biotin Ru~ture Force only a streptavidin monomer; we do not 

expect this restriction to affect our results. 
Helmut Grubmiiller,* Berthold Heymann, Paul Tavan All MD simulations were carried out in 

water solvent (10). As indicated by the 
The force required to rupture the streptavidin-biotin complex was calculated here by symbolic "spring" in Fig. lB, we pulled the 
computer simulations. The computed force agrees well with that obtained by recent single biotin out of the binding pocket in the z 
molecule atomic force microscope experiments. These simulations suggest a detailed direction by subjecting the oxygen atom 
multiple-pathway rupture mechanism involving five major unbinding steps. Binding forces 0 2 ,  which in the AFM experiment was 
and specificity are attributed to a hydrogen bond network between the biotin ligand and connected to the cantilever through a link- 
residues within the binding pocket of streptavidin. During rupture, additional water bridges er molecule, to a harmonic potential 
substantially enhance the stability of the complex and even dominate the binding inter- 
actions. In contrast, steric restraints do not appear to contribute to the binding forces, vspring = ko[~o,(t) - zCant( t)I2/2 

although conformational motions were observed. acting on the z coordinate of atom 0 2  
( b z ) .  Here, ko is the spring constant and 
cant(t) is the cantilever position. This 
spring potential, centered at 

Molecular recognition is a prerequisite for actual unbinding reaction pathway and is 
information processing in biological systems given by the steepest slope in the free en- ~ant(t)  = tant(0) + Vcantt 

and is realized by specific ligand-receptor ergy profile along that pathway (5). It is, serves to model the elastic cantilever; ac- 
interactions. Despite progress in obtaining therefore, a function of the shape of the free cordingly, VSprin, was shifted toward the 
experimental data on such interactions, energy profile and generally has no relation right (positive z direction) with cantilever 
there is little known about the binding and to the value of the binding free energy. The velocity wCant during each simulation, while 
unbinding reaction pathways and about the AFM data show that this is true for the the protein's center of mass was kept in 
molecular basis for the specificity of the streptavidin-biotin complex (1). place such that the protein was free to 
reactions. This lack of knowledge arises To  reveal the microscopic processes un- adjust to the pulling force by rotational and 
from the difficulty in bridging apparent gaps derlying the AFM observations, we present internal motions. Each simulation was start- 
between experimental data obtained by dif- here a theoretical approach using extended ed with cant(0) = b z ( 0 ) ,  such that at t = 
ferent techniques. O n  the one hand, x-ray MD simulations (6) of a large protein-sol- 0, the spring was relaxed. The spring con- 
or nuclear magnetic resonance (NMR) vent system. Because of recent algorithmic stant ko was chosen as 2.8 N m-' (1 1). As 
studies provide structural information at and technological advances (7), we were in the AFM experiment, the binding force 
atomic resolution, but typically yield static able to avoid nonphysical truncations of was measured by use of Hooke's law by 
pictures-for example, of bound and un- long-range forces, which up to now have observing the deflection b 2 ( t )  - zcant(t) of 
bound states. O n  the other hand, experi- been inevitable in simulations of that size. the cantilever as a function of cantilever 
ments that probe the binding kinetics rarely Our nonequilibrium approach might appear position can,(t). As in the AFM experi- 
pertain to atomic details. both obvious and unusual. In our computer ment, our simulated rupture force was de- 

Recent atomic force microscope (AFM) simulations (Fig. lB), we simply pulled the fined as the largest force observed during 
experiments (Fig. 1A) have probed the biotin out of the streptavidin binding pock- the simulated unbinding process. 
force required to rupture single streptavi- et and measured the required force-that is, The only major difference between the 
din-biotin complexes (1, 2) and have pro- we tried to model the AFM experiment as AFM experiment and our simulation con- 
vided additional insights into the binding closely as possible (8). cems the value for the pulling velocity w,,,,. 
properties of this well-known model system As a starting point for our simulations, Whereas the AFM experiment was carried 
(3). By measuring binding forces, these 
AFM experiments have provided a new 
view of ligand-receptor interactions (1 1. Fig. 1. Experimental setups. (A) AFM rupture experiment 
Conventionally, experiments on ligand (1). Biotin molecules (black ball models) were fixed 
binding deal with binding free energies; through linker molecules to the cantilevertip (right) as well 
these have been calculated for the strepta- as to an agarose bead (left). Additionally, the biotin mol- 
vidin-biotin complex by molecular dynam- ecules at the cantilever were complexed with streptavidin 

(MD) simulations in combination with tetramers (only the backbone is shown), whereas most of 
the biotin molecules at the bead were blocked with sol- 

free energy perturbation techniques (4)' uble streptavidin. The cantilever was brought into contact 
from One with the agarose bead, and typically only a few strepta- 

cannot derive the rupture force measured in vidin-biotin complexes were formed. As the cantilever 
the AFM experiments for the following rea- was subsequently retracted, the biotin molecules were 
son. The perturbation techniques men- pulled out of the streptavidin binding pocket, more or less 
tioned above, on the one hand, use a non- one after the other. Eventually, one single complex re- 
physical reaction pathway to compute the mained for a short period of time. In this case, the binding 
free energy difference between bound and force of this single ligand-receptor pair at the point of 
unbound states. ~h~ rupture force, on the rupture could be measured by observation of the deflec- 

other hand, is the largest force along the tion of the cantilever. (B) Computer simulation. One biotin 
molecule and one streptavidin monomer (shown as a 

meoretishe ~ i ~ ~ h ~ ~ i k ,  lnstitut fiir ~~.i~i~i~h~ optik, M. ribbon model) were considered. The biotin was pulled out 
wig-Maximilians-Universitat Miinchen, Theresienstrape 37, of the binding pocket through a harmonic potential (the 
0-80333 Miinchen, Germany. "spring"), which was moved with constant velocity v,, (arrow), while the streptavidin was kept in place. 
*TO whom correspondence should be addressed, The pulling force acted on the same biotin atom (02) to which the linker is connected in the AFM 
E-mail: Helmut.Grubmueller@Physik.uni-rnuenchen.de experiment (23). 
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out o n  a millisecond time scale, our simu- 
lations were limited to  nanoseconds; there- 
fore, we hail t o  consider thermal fluctua- 
tions and dissipation. Because of these non- 
equilibrium phenomena, the rupture force 
should vary systematically with rupture 
speed (2 ) ,  and thus the computed rupture 
forces should be able to be extraoolated to  
the  experimental time scale. T o  do  this, we 
carried out a series of s imulat io~s  with pull- 
ing velocities ranging from 0.4 A pspl  down 
to 0.015 A pspl .  T h e  apparent linear de- 
pendency of the  computed rupture force o n  
~ u l l i n g  velocity at velocities less than 0.15 
A ps-' (Fig. 2) suggests that simple friction, 
described bv a friction coefficient of 20 o N  
s m-', dolAinates the  noneq~~i l ibr ium 'ef- 
fects in this regi~ze (12).  A t  velocities 
greater than 0.2 A psp l ,  the  increase of 
rupture force saturates. 

In  the  AFM experiment,  individual 
rupture forces scatter considerably with a 
standard deviation of about 5 0  pN ( 1 ) .  Of 
course, tha t  scatter could be attributed 
exclusively to  experimental error. Howev- 
er, the  computed rupture forces also scat- 
tered considerably (Fig. 21, with a stan- 
dard deviation from the  linezr fit (for 
values of G,,,, less t h a n  0.15 A psp')  of 
roughly 35  pN-nearly as large as the  
observed value of 5 0  pN.  T h a t  scatter of 
computat io~lal  results is due to a hetero- 
geneity of reaction pathways observed in  
our simulations and is related to  the  
known structural microheterogeneity of 
proteins commonly described in  terms of 
conforlnational substates (1 3) .  

T h e  good agreement between the results 
obtained in the  AFb1 experiment and those 
obtained by our simulations enables us to  
suggest a detailed rupture mechanism, 
which we base o n  the  simulations with 

(14).  In the  force profile obtained from this 
simulation (Fig. 3 A ) ,  the  apparent multi- 
tude of force maxima mirrors the  complex- 
ity of the  energy landscape traversed by the  
biotin o n  its way out of the  binding pocket. 
Here, the  force peaks may be attributed to  
the  rupture of short-range interactions like 
those of hydrogen bonds. This view is sup- 
ported by the  observation that the  rupture 
of several dominant hydrogen bonds and 
water bridges correlates well with force 
maxima. 

W e  obtained further insight by inspect- 
ing the  motion of biotin during rupture 
(Fig. 3B). T h e  ureido ring moved in a series 
of steps, each of which was preceded by a 
force peak. T h e  s;~dden displacement of the  
ring a t  7,,,, = 5 A was caused by rupture of 
apparently strong hydrogen bonds, whose 
preceding elongation gave rise to the  largest 
force peak shown in Fig. 3A. By identifying 
this event as the experimental point of 
rupture, we oobtained an  effective rupture 
length of 5 A, which is within the  range of 
values estimated from the  AFM experi- 
ments (1 ). A seconi  force maximum ap- 
peared a t  7,,,,, = 9 A. It was smaller than 
the  first and has not been observed by 
AFM, as only the maximum force has been 
able ;o be measured. 

T o  explain how the  measured forces 

slow-pulling velocities and, in partjcular, 
the  slowest one with uc,,,, = 0.015 A psp' 

Fig. 2. Computed rupture forces (closed circles) 
and the experimental rupture force (open dia- 
mond) as a function of pulling velocity v,,,,,. For 
some of the velocities, two computer simulations 
with slightly different initial conditions were per- 
formed. For the computed forces, the error bars 
give an estimated uncertainty (24). The dashed 
line shows a linear fit to the $omputed forces for 
values of v,,,, less than 0.1 5 Aps -I. Note that the 
experimental pulling velocity is close to 0 at the 
chosen scale. 

Fig. 3. (A) Pulling force exerted on the biotin mol- 
ecule as a function of caniilever position z,,,,(t) at a 
pulling velocity of 0.01 5 A ps-I (24). The dashed 
vertical lines mark the ruptures of hydrogen bonds 
(bold lines) and water bridges (thin lines) between 
the biotin and the indicated residues of the strepta- 
vidin binding pocket. (B) "Snapshot" of the motion 
of the biotin. The position of the oxygen atom 0 2  
(see Fig. 1B) (upper curve), on which the pulling 
force was exerted , and the position of the center of 
mass of the ureido ring (lower curve), which points 
toward the interior of the binding pocket, are plot- 
ted as a function of cantilever position z,,,,,(t). Eight 
"snapshots" of the biotin structure during rupture 
are depicted. 

arise from local interactions between biotin 
and the  streptavidin binding pocket, we 
took a series of five "snapshots" that char- 
acterize major steps of the  rupture process 
(Fig. 4).  T h e  bound complex (Fig. 4 A )  is 
stabilized by a network of hydrogen bonds 
(15) and a large number of water bridges 
between the  oolar ureido rine "R" of the  " 
biotin and selected residues of the  binding 
pocket. T h e  strongest hydrogen bond (ap- 
proximately 6 kcal mol-l)  is formed to 
Asp1'" the  combination of the  two bonds 
to  Ser27 and Tyr'3 is of similar strength. 
Additionally, the  oxygen atom 0 2  is weakly 
hydrogen bonded to Asnq9. 

Fig. 4. "Snapshots" of rupture. Biotin is drawn 
here as a ball-and-stick model (hydrogen atoms, 
white; heavy atoms, black) within the streptavidin 
binding pocket; the dashed lines show hydrogen 
bonds (bold) and water bridges (thin), from which 
only a selection is shown. The relevant residues of 
the binding pocket are drawn with depth-cued 
lines; only polar hydrogen atoms are shown. 
"Snapshots" were taken (A) at the start of the 
simulation (t = 0, z,,,, = 0) and after (B) 200 ps 
(z ,,,, , = 3.0 A). (C) 340 ps (z,,,, = 5.1 A), (D) 520 
ps (z ,,,, = 7.8 A), and (E) 71 0 ps (z, ,,,, = 10.65 A), 
respectively (23). 
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After0the cantilever was moved by z,,,,, 
= 1.5 A, the  hydrogen bond to  Asp'" 
ruptured, as did subsequently t h e  weak 
bond to  As114' (compare the  dashed lines 
in Fig. 3). W e  were surprisecl to  see, how- 
ever, t ha t  despite a pulling force of Inore 
t h a n  100 DN, this destabilization did not  
seem to  provoke considerable unbinding 
motions of the  biotin (Fig. 4B; see also t h e  
second "snapshot" in Fig. 3B). Rather ,  t he  
particular architecture of the  pocket al- 
lowed those water molecules, which are 
involved in  the  network of water bridges, 
to  rearrange such as to  keep the  ureido 
ring allnost in place (for the  sake of clar- 
ity, only two of t h e  many water molecules 
are plotted in  Fig. 4B). A force larger than  
250 pN is required to  rupture this network 
and  the  two remaining hydrogen bonds. 
Only after such a force was attained was 
the  biotin r e l ~ a s e d  and actually "flicked" 
forward by 5 A in two steps (Fig. 4, C and 
D ) .  This motion was acco~nnanied bv a 
reorientation of the  ring and by structural 
rearrangements within the  outer &?art of 
t h e  binding pocket, as exe~nplified by the  
considerable motion of ArgS4 (Fig. 4, A 
through D) .  However, because substantial 
conforlnational motion occurs only after 
t h e  force maximum, the  induced rear- 
rangements do  not  seem to  contribute 
much to  the  rupture force. 

A t  this stage, the  polar ureido ring ap- 
proached Val" and, after further rearrange- 
ment,  formed a hydrogen bond to this res- 
idue (Fig. 4D; additional water bridges are 
not  shown). This hydrogen bond, in com- 
bination with a subsequently established 
bond to Args4 (Fig. 4E), gave rise to the  
second major force barrier. T h e  rupture pro- 
cess was completed onlv after the latter 
hydrogen bond broke, w k c h  caused further 
deforlnatioll of the binding pocket entry. 
During the  whole rupture process, the bi- 
~ t i ~ ~ ~ m o l e c u l e  covered a distance as large as 
12 A. This total rupture length is consider- 
ably larger than the  effective rupture length 
in the AFM experiment, as the  latter does 
not  include the second force barrier. 

Our  simulatiolls here provide detailed 
insight into the  co~nplex mechanisms of 
streptavidill-biotill rupture. They attribute 
the binding force to a network of hydrogen 
bonds between the  ligand and the binding 
pocket. In  particular, the  simulations show 
that water bridges actively and substantially 
enhance the stability of the complex. Fur- 
ther work is required to also understand the  
energetics of the  rupture process. Upon ex- 
tending our approach, it should be possible 
to quantify the  suggested enthalpic nature 
(16) of the  streptavidin-biotil7ti rupture. 
Similar studies shol~ld allow the  prediction 
of the  effects of point  nuta at ions or ligand 
substitutio~ls on binding forces for various 
systelns. 

Note added in l~roofi A calculation of the  
rupture force for irni~~obiotin-streptavidin 
yields 125 2 20 pN in cornparison to the  
atomic force microscopy lneasurernent of 
135 +- 15 pN ( I  ). A preliminary examina- 
tion of the  rupture process indicates that 
the  unbinding pathway differs from that for 
the  biotin-streptavidin system. 

11. 
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