
Frontal Lobe Funcoon and Dys:unct!on, H S Levn H 
M Elsenberg A L Benton Eds (Oxford Un~v Press, 
Ne8t!York 1991) pp 2171 Seealso P R Montague. P 
Dayan C Person, T J Sejnowsk Nature 377. 725 
(1995) Ths acton mght occur both at the col tca level 
and In subcoltca structures such as basal ganga 

7. On the bass of aseresof related studes [A Bechara, D 
Tranel H. Damaslo S W. Anderson A R Damaslo, 
Soc Ne~euroscr Abstr 21 1210 (1995). D Tranel, A 
Bechara, H Damaslo A R. Damaslo rb:d 22, 11 08 
( I  996)], ive beeve that the bas rnechansm dentf~ed 
here IS dstnct from otlier neural mechanslns whose 
ntegrlty IS cruca for decson- makng Such mecha- 
nsms ncude response nhb~ ton  [J. M Fus;er ThePre- 
ilantal Conex Anatomj), Phys!ology, and Ne~iropsy- 
chology of the Fronral Lobe (Ra\!en. New York ed 3. 
1996), R D~as, T W Robb~ns, A C Robelts, IVature 
380 69 11 996) A. Damond n The Deve10,onient and 
Neural Bases of Hlgher Cognrr~ve Funcbons A Dla- 
mond, Ed (New York Academy of Scences Neiv York, 
1990) \ lo 608 pp 637-6691 v!ork~ng memop: [P S 
Godman-Rakc n Handbook o: Physrology. The Ner- 
vous System, F Plum, Ed (Amercan Phys~olog~cal So- 
clety Bethesda, MD, 1987) \lo 5, pp. 373-LO11 and 
seIect~\!e attention [M I Posner and S Dehaene Trends 
Neuroscr 17, 75 11 99L)l In other words, ive propose an 
addton to mechansms already recognzed as neces- 
sap] for proper reasonng rather than an alternat~ve to 
those mechansms 

8. A three-way anayss of varance (ANOVA) on the antc- 
patory SCRs generated by normal paltcpants and pa- 
tents (betiveen group), durng the pre-punishment and 
pre-hunch per~ods (v!~th~n group1 acd In assoclatlon 
w~th the bad and good decks (v!~thn group) re\!eaed. 
most mportantly, a s~gn~f~cant tivo-way nteracton of 
group wth perod [F[1 1 i) = 16.24 p < 0 0011. Subse- 
quent Newman-Keus tests on these SCRs revealed 
that dur~ng the pre-punshment (basene) per~od the 
SCRs assocated w~th the good or bad decks of nor- 
mals or patents were not sgnfcanty diferent Howev- 
er, there was a sgnfcant Increase In the magntude of 
these SCRs durng the pre-hunch perod reatve to the 
pre-punshment perod, but only for normals (p i 0 01). 
The SCRs from normals dur~ng pre-hunch were also 
s~gn~f~cantly h~gher than the SCRs of pat~ents dur~ng 
both pre-punshment and pre-hunch (p < 0.01). Be- 
cause a normals generazed actcpatoty SCRs ivhere- 
as a patents d d  not Fsher s exact test based on the 
hypergeometrc dstrbuton yeded a one-sded P < 
0 001 SCRs from normals who selected cards from the 
bad decks durng the hunch perod were compared to 
the SCRs assoc~ated iv~th sampng the good decks 
The same comparisons of SCRs were done for the 
conceptual perod. Although SCRs from the bad decks 
durng the hunch or the conceptual perod ivere gener- 
ally hgher than those from the good decks the dffer- 
ence d ~ d  not reach stat~st~cal s~gn~f~cance. Hoive\/er. 
Newman-Keus tests comparng SCRs from the hunch 
or the conceptual perod to those from the pre-punsh- 
ment perod re\!eaed sgnfcant dfferences In the case 
of the bad decks [P < 0.01) but not the good decks. 
Ths suggests that SCR act\!lty was sustaned In the 
case of the bad decks, bvt may have been subsdng n 
the case of the good decks. 

9. A s~mlar ANOVA In whch mean number of cards 
selected was ~ ~ s e d  Instead of SCRs reveaed, l rost 
mporantly, a sgn~f~cant three-way nteractlon of 
group w~ th  perod w~ th  decks [R I  ,141 = 6.9, P < 
0 021 W~th  subsequent Newman-Keus tests the 
most relevant comparson was that patents selected 
sgnfcanty  more cards from the bad decks reatve 
to the good decks durng the pre-hunch perod (P < 
0.01) By contrast, controls selected more from the 
good decks reatve to the bad decks (the diierence 
was not s ta ts tcay sgnfcant).  Durng the hunch 
and conceptual per~ods, controls selected s~gn~fl-  
canty more cards from the good decks reatve to the 
bad decks (P < 0.01). By contrast, patents s t  se- 
lected more cards from the bad decks reatve to the 
good decks durng the conceptaal perod (the dffer- 
ence was not statstcaly sgnfcant).  

10. Suppolted by the Natlona nsttute of Neuroogcal 
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Single Molecule Force Spectroscopy on 
Polysaccharides by Atomic Force Microscopy 

Matthias Rief, Filipp Oesterhelt, Berthold Heymann, 
Hermann E. Gaub 

Recent developments in piconewton instrumentation allow the manipulation of single 
molecules and measurements of intermolecular as well as intramolecular forces. Dextran 
filaments linked to a gold surface were probed with the atomic force microscope tip by 
vertical stretching. At low forces the deformation of dextran was found to be dominated 
by entropic forces and can be described by the Langevin function with a 6 angstrom Kuhn 
length. At elevated forces the strand elongation was governed by a twist of bond angles. 
At higher forces the dextran filaments underwent a distinct conformational change. The 
polymer stiffened and the segment elasticity was dominated by the bending of bond 
angles. The conformational change was found to be reversible and was corroborated by 
molecular dynamics calculations. 

Recent ly  a series of si~lule ~nolecule ex~er i -  
lnents provideel cietailed Elsight into inteimo- 
lecular and i~ltranlolecular forces, L~rovicii~lg 
relevant illforlnation on molecular mecha- 
llislns (1-4). I11 prevlous experirne~lts we anci 
others chemicallv linked molecular  airs such 
as biotin and aGidin (3 ,  5), or chnjugated 
DNA strands (6) ,  betrveen the tip of an  atom- 
ic force microscope (AFM) cantilever and 
support structures. I\lolecule-specific bonci 
forces bet\\,een binding pairs were measured 
upon separation and colnpareci with known 
thennodynamic parameters (4). Here we used 
this approach to probe elastic properties of 
single poly1:mer strands. 

T h e  experilnental geonletry is depicted 
in  Fig. 1A.  Dextrans (average lnolecular 
\\eight S00.000) linked to a gold surface - 
through epoxy-alkanethiols were activated 
with one carboxymethyl group per glucose 
unit o n  average (7) and reacted with 
streptavidin such that several ~llolecules 
n.ere chemically bounci to  each dextral1 fil- 
ament (Sensor Chip SAS, Pharlnacia Bio- 
sensor AB, Uppsala, Sn.eden). T h e  mean 
distance hetn.een the  grafting points of tu;o 
different polymer strands was about 200 4, 
and the  hydrate$ "polymer bmsh" extended 
1000 to  2000 A into the  solutioll (7). Be- 
cause in nhvsiolouical buffer ciextran be- 

L ,  

haves like a n  ideal polylner, the coil overlap 
is expected to  be low. In  our experiments 
streptaviciin served as a molecular hancile 
for the  manipulation of the  polylner to he 
investigated. An AFM cantilever rvith hi- 
otin bounci to the AFM tip, following the  
protocol given in (3 ) ,  rvas used to pull o n  
individual dextran filarne~lts through the 
bioti11-streptaviciin bond (8). T o  lnini~nize 

M. R~ef, F Oesterhelt H. E Gaub. Lehrstuhl fljr Ange- 
wandte Phys~k Ludw~g-Max~mans-Un~vers~tat 80799 
Munchen, Germany. 
B. Heymann Theoretsche Bophysk nsttut  fur Medz- 
n~sche Opt~k, Ludw~g-Nax~mans-Un~vers~tat 80333 
Munchen Germany. 

the  number of multiple bonds, which typi- 
callr occur \vhen the  tip penetrates the  
polynler brush, we let the tip approach a~lci 
retract step by step \vithout it indenting 
into the sample ~ l n t i l  a binciing event \vas 
registereci. In this "tlv fishing mocie" the  
u&esirable multiple bAnds call he efficient- 
ly a~roicied (9). Alternatively, one can 
"manuallv" disentallole an  inciividual fila- 
ment froin the  p o l ~ i n e r  brush by slowly 
pulling back the  tip while monitoring all 
~n~ l l t ip l e  bonds anci tangles rupturing ~ l n t i l  
just one last filament is stretched (see the  
first trace of Fig. 4, disc~lssed further below). 
This f i la~nent  can then be repeatedly ma- 
nipulateci as lonu as the force is kept below 
the force limit of the  ~~ lo lecu la r  handles. 

Several lneasured elongation curves of - 
dextran strands of various lengths are sho\\,n 
in Fig. 1B ( 1  0). A t  the given extensio~l rate of 
0.5 ym/s the biotin-streptavidin bond is 
kno\\,n to hold up to a force F of 250 i 25 pN 
(4).  The  measureci ciefornlation curves were 
mocieled by entropy springs rvith segment 
elasticity ( 1  1 ). Although the contour lengths 
L of the polylners varieci from 0.4 to 1.6 
6111, the measured KLI~III length IK = 6 i 0.5 
A and th? segnlellt elasticity it ,,,,,,,,,, = 670 i 
100 pN/A shoned only ~nargillal variation 
between the  filaments. This result \\,as re- 
produceci for several hullcired filalnents that 
were measured with different calltilevers in 
ditferent experilnents (12) .  T h e  finding 
that the  segment elasticity and K L I ~ I I  
length are virtuallv icientical for all mea- - 
sured dextral1 strands co~lfirlns that pre- 
dominantly individual filallle~lts are mea- 
sured bv this method and that the  deforma- 
tion of the  couplers is negligible a t  ~ o l y s a c -  
charide le~lgths greater than 2000 A ( 1  3 ) .  

4 1 1  interpretation of the ~neasured seg- 
ment elasticity is given by molecular dynam- 
ics IMD) calculations. These reveal that at ~, 

lo\\ forces the main contribution of the elas- 
ticity stems from a twist of the C5-C6 bond 
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that results in an elongation of the filaments 
(Fig. 2A) (14). At forces less than 1000 pN 
this elongation is proportional to the force 
and ives rise to a segment elasticity of 750 
pN/ R (Fig. 2B, black curve) (15). This value 
is in close agreement with the experimental 
result. At higher forces, however, our simula- 
tions revealed a discontinuity of the deforma- 
tion caused by a flip of the C5-C6 bond. The 
simulation predicted a transition into a stiffer 
conformation with a segment elasticity of 
3000 p ~ / A  (Fig. 2B, black curve). 

To achieve these higher forces experi- 
mentally we introduced a different coupling 
mechanism. The loose ends of the grafted 
carboxyrnethylated dextran filaments (no 
streptavidin) were allowed to adsorb onto 
the AFM tip that had been made hydropho- 
bic by silanization (16). Because this cou- 
pling protocol is based on a nonspecific 
interaction it is suitable only for homoge- 
neous single component samples, but it 
gives rise to bond forces of more than 1000 
pN. Extension curves that were recorded 
with the same tip at different spots of the 
sample and subsequently at the same spot of 
the sample are shown in Fig. 3, A and B, 
respectively. The traces in both figures ex- 
hibit the same deformation characteristics 
that we found at low forces for the biotin- 
streptavidin-coupled filaments (17). At 
300 pN all traces show a horizontal deflec- 

tion followed by an increase in slope, indi- 
cating a stiffening of the molecule as pre- 
dicted qualitatively by the simulations. 
Typically the subsequent deformation 

(800 + 100 p ~ / A )  is similar to the carboxy- 
methvlated dextran. In the hieh force confor- 

.2 

mation the elasticity is slightly higher 
(4000 2 1000 p ~ ~ A ) .  The force range in 
which the dextran undergoes the conforma- 
tional transition seems to be verv sensitive to 

curves from the same spot show a pro- 
nounced similarity. This is a strong indica- 
tion that the AFM allows individual mole- 
cules to be addressed and ~ermits re~eated 

the carboxymethylation and is shifted from a 
range of 250 to 350 pN up to a range of 700 to 
850 pN. The experimental and the calculated 
data are congruent with respect to both the 
elasticities and the width of the transition 
(0.6 A) (Fig. 2B). However, the measured 
transition force is below the value predicted 
by theory. In view of the large differences 
between the ex~erimental time scale. where 

experiments with the identical molecule. 
Extension curves of 20 different carboxy- 

methylated dextran filame~ts with various 
contour lengths from 500 A to 2 pm mea- 
sured on different samples with different can- 
tilevers were normalized according to their 
length and plotted in Fig. 3C (18). The su- 
perposition reveals that our description of the 
molecular deformation holds for filaments 

the transition occurs within several hun- 
dredths of a second. and the com~utational 

that differ in length by nearly two orders of 
magnitude. All elastic properties scale linearly 
with length, and all filaments show a transi- 
tion at the same force. These observations 

time scale (fractions of a nanosecond), this 
difference can be explained and corroborated 
by the measured (5) and calculated (21, 22) 
rate dependence of the unbinding forces of 
molecular pairs like biotin and avidin. 

To confirm that the measured transition is 
an elastic property of the molecular system, 
and to exploit the potential of this technique 
to continuously manipulate individual mole- 
cules, we repeatedly stretched a carboxy- 
methylated dextran filament just below the 
rupture limit while the deformation was re- 
corded. A sequence of subsequent traces re- 
corded from an individual polymer is shown 
in Fie. 4. Note that in the first extension trace 

clearly show that we are indeed stretching 
individual molecules of different length (1 9). 

The transition in which carboxymeth- 
ylated dextran is forced into the stiffer con- 
formation starts at F = 250 + 30 pN and has 
a range of AF = 100 + 20 pN (20). The 
segment elasticities are 670 p ~ / A  in the low 
force regime and 1700 p ~ / A  in the high force 
configuration. For a quantitative comparison 
with the MD simulations, which were carried 
out on native dextran, a set of single molecule 

a feGshorter filaments adhered to the tip and 
eventually detached. The evident full revers- 
ibility of the deformation traces shows that 

force spectroscopy experiments was carried 
out with native dextran (Fig. 2B, dotted line). 
The segment elasticity in the low force regime 

High-force conformation 
3000 ~NIA 

Low-force conformation 
eoo ~NIA 

s 

tropic elasticity 

I I I I 

3 4 5 6 
Normalized polymer length (A) 

Fig. 2. Molecular dynamics calculations of the dextran deformation. (A) Ring conformations at different 
extension forces. (B) Normalized force versus elongation curve of a fie-glucose unit of dextran in water 
calculated by MD simulations extended by entropic contributions (black curve). The grey dotted line is a 
superposition of 10 normalized curves (18) measured on native dextran. To correctly model the elasticity 
of the polymer and at the same time minimize computation time, we performed the calculations with a 
dextran strand consisting of five glucose units. The AFM experiment was simulated as closely as possible. 
The position of the 06 atom of the first monomer was kept fixed during the simulation. The cantilever spring 
acting on the other end of the molecule was represented by subjecting 01 of the last monomer to an 
additional potential Vm, = kcLl(t ) - z,(t )12/2, the center of which was continuously shifted in the z 
direction by z-(t ) = z-(0) + v-t (ZO), where t is time. The spring cbnstant kc was chosen as 70 
mNfm. As in the AFM experiment, the exerted force F, was measured by Hooke's law by observing the 
deflection b l ( t )  - z-(t ) of the lever. The pulling velocity v, was chosen as 0.25 &ps. 

0 4.000 8,000 12.000 16,000 
Extension (A) 

Fig. 1. (A) Schematics of molecular binding and 
polymer stretching. Dextran strands are chemical- 
ly bound to a goldsurface and are picked up by an 
AFM tip through a bond between streptavidin (half 
circlesj and biotin (full circle). (6) ~e&ured defor- 
mation curves of individual dextran filaments 
(dots) superimposed by a fit with an extended 
Langevin function (solid lines). 
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the transition is a nondissipative process. This 
finding confirms our interpretation of the pla- 
teau in the deformation curves of the dextran 
and signs it as a (at least in our time scale) 
purely elastic conformational change of the 

4 
0 2,000 4,000 6.000 8,000 10,000 12,000 

Extension (A) 

I 
0 500 1,000 1,500 2,000 2,500 3,000 

Extension (A) 

0 1 2 3 4 5 6 7  
Normalized polymer length (A) 

Fig. 3. Measured deformation curves of car- 
boxymethylated dextran at higher forces (A) at 
different spots and (B) at the same spot. (C) Su- 
perposition of different normalized curves mea- 
sured on different carboxymethylated samples. 

6.000 8.000 10.000 12.000 
Extension (A) 

Fig. 4. Subsequent deformation curves, forcing 
an individual carboxymethylated dextran filament 
through the conformation transition. The mea- 
sured deformation traces showed no visible hys- 
teresis in the time scale of our experiments, there- 

polysaccharide. The full reversibility indicates 
that the transition has onlv a low activation 
barrier and that the experiment is carried out 
under equilibrium conditions. 

Single molecule force spectroscopy by 
AFM has proven to be a powerful addition 
to the nanoscopic piconewton toolbox. 
This technique that allows the controlled 
manipulation of individual molecules has 
revealed details of the molecular basis of the 
mechanical properties of polymers that 
could not be obtained otherwise. Whether 
this discovered discontinuous change in 
conformation, which is accompanied by an 
elongation of the molecule and followed by 
an increase in stiffness, has biological rele- 
vance remains speculation. One would, 
however, expect that such polymer charac- 
teristics significantly improve the polymer's 
ductility and may be a ubiquitous natural 
phenomenon. 
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