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Manipulation of single molecules in biology

Michelle D Wang

The mechanical manipulation of single biological molecules is
stimulating new and exciting research in many fields of study,
including molecular motor mechanics, biopolymer properties,
protein unfolding, receptor—-ligand interactions, and more.
Some recent highlights include the elucidation of the coupling
ratios of myosin and kinesin, the demonstration of oscillatory
forces in dynein arms, the determination of the force-velocity
relation of RNA polymerase, and the direct mechanical
observation of unfolding of single domains of titin and tenascin.
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Abbreviation
AFM atomic force microscopy

Introduction

Since the early part of this decade, the advent of bio-
physical techniques for the manipulation of single
biological molecules has made possible a large number of
significant breakthroughs in biology. The effectiveness of
these techniques has perhaps been best demonstrated in
the field of molecular motors, particularly with the use of
optical trapping techniques in conjunction with nanome-
ter-precision position detection schemes (optical trapping
nanometry). An optical trap is produced by highly
focused laser light, and can be used to grab, move, and
exert measurable forces on micron-sized (and smaller)
objects, such as dielectric microspheres (see Figure 1). A
microsphere, chemically coupled to a molecule of inter-
est, provides a means of measuring the molecule’s
position and the force that it exerts. About six years ago,
when single kinesin molecules were observed to have a
step-size of 8 nm [1], it became clear that optical trapping
nanometry had great potential to probe the molecular
mechanisms of motor proteins. Further demonstration
came from the subsequent observation of forces and dis-
placements produced by single myosin molecules using
feedback-enhanced optical traps [2]. Since then, optical
trapping nanometry has revolutionized the field of mole-
cular motors, and has become the technique of choice for
many researchers in this field.

Single-molecule mechanical manipulations complement
conventional biochemical approaches and can often yield
important new information. Firstly, motions of individual
molecules can be monitored without the complications of
population kinetics. Secondly, the progress of a reaction or
process can be tracked continuously without suffering loss

of temporal and spatial resolution. Thirdly, and most
importantly, the mechanical properties of molecules can be
studied through direct and well-controlled manipulation.

A number of single molecule manipulation techniques exist,
including optical trapping nanometry, magnetic bead tech-
niques, microneedle techniques, micropipette techniques,
and some scanning probe microscopies. These techniques
differ in their precision of position detection (~1 A to 10s of
nanometers) and force regimes (~0.1-10,000 pN).

Besides the field of molecular motors, single molecule
manipulation techniques have transformed many other
fields of biology, such as biopolymer mechanical studies,
protein unfolding, receptor-ligand interactions, and oth-
ers. This review will highlight advances in these areas of
study from 1997 to the present day, which were brought
about by the development and use of single-molecule
manipulation techniques.

Molecular motors

The field of molecular motors continues to benefit from
the advancement of single-molecule manipulation tech-
niques. Molecular motors are essential molecules of life,
carrying out diverse functions in cells, such as muscle
contraction, vesicle transport, chromosome separation,
replication, transcription, translation, and so on. Two
classes of molecular motors exist — those that move
along a linear substrate (linear motors) and those that
rotate (rotary motors). Examples of linear motors include
the conventional molecular motors, such as actin-based
myosin, and microtubule-based kinesin and dynein, as
well as the not-so-conventional molecular motor RNA
polymerase. Examples of rotary motors include the bac-
terial flagellar motor and F;-ATPase. All molecular
motors use available chemical energy to perform
mechanical work.

During this decade, much progress has been made
towards understanding the conventional motors myosin
and kinesin (Figures 1la,b). Recently, more advanced
physical instrumentation and analysis provided insights
into a key aspect of these motors — the coupling of the
mechanical cycle of a motor with its chemical cycle of
ATP hydrolysis. By combining optical trapping nanometry
with total internal reflection fluorescence microscopy,
Ishijima ez a/. [3°*] directly observed the interactions of a
single myosin molecule with an actin filament while
simultaneously detecting ATP binding to, and ADP
release from, the myosin. Using optical trapping nanome-
try in conjunction with caged-ATP photolysis, Higuchi ez
al. [4°] examined the lag time between ATP binding to
kinesin and kinesin force generation. Using optical trap-
ping interferometry (which combines optical trapping
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Figure 1

(a) Myosin

Actin filament
ha T g TV h s T Wp gy, TEE g
Myosin S-1
Fixed
support

Bead

F

:

(b) Kinesin (c) RNA polymerase

Kinesin RNA

g

RNA polymerase

i

Microtubule
DNA

Pty dan
frtrpetd

(d) Flagellar motor 'y (e) Fy-ATPase
i — -Q-
— i
':_o- = e,
Tethered S
bacterium
Flagellum E
* ;.

b

.

l Actin filament

Current Opinion in Biotechnology

Cartoon (not drawn to scale) illustrating some
typical experimental configurations for
manipulating molecular motors. Note that
vertical arrows indicate the direction of laser
light propagation. (a—d) The force and
displacement of the motor are detected via
the trapped bead. (a) Myosin. An actin
filament, suspended by two separate optical
traps via two beads attached to its ends, is
lowered over a third, fixed bead coated with
myosin S-1 fragment (e.g. see [2]). (b) Kinesin
(or dynein), coated onto a bead, moves along
a microtubule which is attached to the surface
of a microscope coverglass (e.g. see [1]). (c)
RNA polymerase. A bead is attached to the
transcriptional downstream end of DNA so
that it becomes tethered to the surface of a
microscope coverglass via the RNA
polymerase fixed to the coverglass (e.g. see
[19]). (d) Bacterial flagellar motor. An E. coli
cell is anchored to the surface of a coverglass
via its flagellum and rotates around the point
of attachment. The cell body pushes against
the trapped bead (e.g. see [21]). (e) The F;-
ATPase is anchored to the surface of a
coverglass. The rotation of its y-subunit (in the
center of the molecule) relative to the rest of
the molecule is visualized by an attached
fluorescent actin filament (e.g. see [22°]).
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with an interferometric position detection scheme) in con-
junction with a statistical analysis method, Schnitzer and
Block [5°°] found that kinesin consumes one ATP per
8 nm step, consistent with results of a video-tracking
method applied to the same question [6].

Progress has also been made towards understanding other
aspects of these motors. For myosins, optical trapping
nanometry and atomic force microscopy (AFM) have per-
mitted investigation of individual myosin-actin
interactions [7], the strength of these interactions [8], the
orientation dependence of these interactions [9], the stiff-
ness of actomyosin cross-bridges [10], and the forces and
displacements of smooth, skeletal, and cardiac muscle
myosins [11,12]. For kinesins, optical trapping nanometry
has permitted further investigation of the kinesin velocity
dependence on the applied load [13,14], the function of
the neck domain of kinesin using recombinant Kkinesin
[15], the velocity of a kinesin-like motor NCD [16], and
the organization of microtubules by kinesin [17].

Another microtubule-based molecular motor, dynein, has
not been left out of the discovery-fest. Using optical trap-
ping nanometry combined with photolysis of caged-ATP,
Shingyoji e a/l. [18°] recently found that single dynein arms
produced oscillatory forces as they moved along a micro-
tubule. Their discovery suggests that these oscillatory
forces of dynein may be the key to the rhythmic beating
motions of eukaryotic flagella.

Many DNA-based enzymes are also molecular motors. For
example, RNA polymerase is a highly processive molecu-
lar motor, capable of moving through thousands of
basepairs without detaching from the DNA template.
Using optical trapping interferometry, Yin er a/. [19]
demonstrated that RNA polymerase is capable of generat-
ing at least 14 pN of force (Figure 1c). Recently, with a
high precision, feedback-enhanced optical trapping inter-
ferometer, Wang e¢r a/l. [20°°] revised this figure up to
25 pN, and determined the speed of transcription as a
function of applied force. These studies demonstrate the



potential of optical trapping nanometry for the study of
DNA-based mechanoenzymes.

Besides the aforementioned molecular motors that move
along a linear substrate, rotary motors have also been stud-
ied using single molecule techniques (Figures 1d,e). By
using optical trapping nanometry, Berry and Berg [21]
demonstrated that a bacterial flagellar motor is capable of
generating a torque of ~4500 pN nm. A single molecule iz
vitro motility assay has already been established for another
rotary motor — F{-ATPase, which is a part of ATP synthase.
By attaching a fluorescent actin filament to the y-subunit of
the F;-ATPase, Noji ez a/. [22°] directly demonstrated that
the y-subunit of F;-ATPase rotates relative to the rest of the
molecule in the presence of ATP. The torque that the motor
can generate was estimated to be ~40 pN nm based on vis-
cous drag. Further studies showed that the y-subunit rotates
in discrete 120° increments [23]. More elaborate and con-
trolled biophysical manipulation techniques should help to
further elucidate the molecular mechanism of the rotation.

Biopolymer mechanics

Single-molecule manipulation techniques are ideally suit-
ed to the study of both molecular motors and the
substrates along which they move. In fact, these tech-
niques can be readily adapted to investigate the physical
properties of single biopolymers (or single polymers in
general). Mechanical properties of these substrate mole-
cules feed back to the functions of their motors, and also
determine the structural rigidity of cellular components.

"The flexural rigidity of an actin filament (the substrate for
myosin) has been measured to be ~2 % 10* pN nm? using
optical trapping nanometry [24]. These results are in the
same ballpark as earlier single-molecule mechanical mea-
surements on the torsional rigidity, flexural rigidity, and axial
stiffness, of actin filaments [25-27]. Using optical tweezers,
flexural rigidity values have also been determined for single
microtubules (the substrate of kinesin and dynein) without
(~ 4% 100 pN nm2) and with microtubule-associated pro-
teins [28]. These measurements supplement somewhat
similar earlier studies [29,30]. In addition to being the sub-
strate for molecular motors, actin and microtubules have
been speculated to drive various cellular motility activities
(e.g. motions of chromosomes during mitosis) via their poly-
merization and depolymerization reactions. Significant
progress towards single-molecule investigations of these
possibilities has already begun [31,32].

Few polymers have captured as much fascination from
researchers as has DNA. This is, at least in part, due to the
importance of its physical properties in regulating genetic
information storage and expression. Since the initial
mechanical studies on single molecules of DNA [33],
research in this area has expanded dramatically. Some rep-
resentative recent work includes DNA elasticity studies
using optical tweezers, micropipette, or AFM [34-36],
DNA supercoiling and its effects on homologous pairing
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Cartoon illustrating a typical experimental configuration for unfolding
single molecules of titin (or tenascin). Titin stretched by an AFM tip is
used as an example here. One end of a titin molecule is anchored on
the surface of a coverslip, while the other end is attached to the tip of
an AFM tip. As the AFM tip is pulled away, the molecule unfolds (e.g.
see [48°°]).
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using a magnetic bead [37,38], effects of DNA-binding
proteins on DNA elasticity using optical tweezers or
micropipette [39,40], DNA duplex separation using AFM
or microneedle [41,42], and hydrodynamics of DNA mole-
cules using a flow field [43-46].

Protein unfolding

Although proteins comprise a subset of biopolymers, the
importance of recent protein unfolding studies using single-
molecule manipulation techniques deserves more emphasis.

Conventionally, when a single protein molecule was
manipulated (e.g. in molecular motor studies), it was typi-
cally studied as a whole when exploring its mechanics.
Recently, several research groups have undertaken the
task of unraveling the internal mechanical properties of
single protein molecules (Figure 2). Among the most
notable examples are studies of the proteins titin (impor-
tant in maintaining sarcomere structural integrity and
generating passive force in muscle), and tenascin (an
extracellular matrix protein thought to provide a rigid
mechanical anchor that supports and guides migrating and
rolling cells). Individual protein molecules were stretched
out from end-to-end at speeds of 0.01-10 pum s-1, taking
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advantage of several different biophysical manipulation
techniques, including AFM [47°°,48°°], optical trapping
nanometry [49°], and optical trapping techniques in com-
bination with micropipette [50°]. One experimental
configuration is shown in Figure 2. Both titin and tenascin
contain repeating domains, which were expected to unfold
under sufficient tension. Indeed, the force-extension
curves of the stretching experiments showed repeating
stick-slip patterns as a protein molecule was stretched out
[47°°,48°°]. During stretching, the force increases monoto-
nically, with extension to some value, but then dropped
suddenly. Each of these drops in force (slip events) was
speculated to correspond to the unfolding of one of the
protein domains. The stick-slip peaks typically are
150-300 pN, spaced at 25-30 nm, over the range of the
stretching speed. Upon relaxing the stretched molecule
back to its natural equilibrium position, the molecule
refolds. So, the same molecules can be repetitively
stretched out and relaxed back reversibly. These types of
studies lay the cornerstones for new approaches to the pro-
tein folding problem — the energy landscapes of
individual proteins may be directly explored by improving
the physical instrumentation to cover both smaller and
larger time scales.

Receptor-ligand interactions

Receptor-ligand interactions, which are important in a
wide range of signal transduction pathways and cellular
adhesion processes, are also ideally suited for single-mole-
cule manipulation techniques. The effectiveness of
mechanical manipulation for the study of receptor-ligand
interactions was first demonstrated using several physical
techniques, including surface force apparatus [51,52],
AFM [53,54], and micropipette suction apparatus [55].
Some representative recent studies have revealed the
interaction forces for P-selectin-ligand complexes [56] and
for antigen—antibody binding [57,58] using AFM.

New techniques for the future?

The advent of new physical instrumentation continues to
redefine the limits of precision of single-molecule measure-
ments and manipulations. For example, a single molecule of
oxygen has been induced to dissociate, or to rotate forward
and backward [59,60°]. These events were also simultane-
ously visualized using scanning tunneling microscopy
(STM). High-precision and well-controlled manipulation
techniques, such as STM, hold promise for addressing bio-
logical questions at the sub-macromolecular level.

Conclusion

The important contributions to biology by single-molecule
manipulation techniques have marked the beginning of an
exciting era for such studies. Motions of individual biomol-
ecules can now be monitored with high temporal and
spatial resolution. More importantly, the mechanical prop-
erties and behaviors of these molecules can now be directly
examined at the single-molecule level and correlated with
their native functions. The combination of advanced bio-

physical manipulation techniques with biochemical and
structural studies will yield a complete picture of biological
systems and processes in the years to come.

Acknowledgements
The author wishes to thank Steve Koch, Robert Fulbright, and Wilson Ho
for useful comments on the manuscript.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
*¢ of outstanding interest

1. Svoboda K, Schmidt CF, Schnapp BJ, Block SM: Direct observation
of kinesin stepping by optical trapping interferometry. Nature
19983, 365:721-727.

2. Finer JT, Simmons RM, Spudich JA: Single myosin molecule
mechanics: piconewton forces and nanometre steps. Nature
1994, 368:113-119.

. Ishijima A, Kojima H, Funatsu T, Tokunaga M, Higuchi H, Tanaka H,
e+ Yanagida T: Simultaneous observation of individual ATPase and
mechanical events by a single myosin molecule during interaction
with actin. Ce// 1998, 92:161-171.
These experiments allowed correlation of force production of kinesin with
nucleotide release, using optical trapping nanometry and total internal reflec-
tion fluorescence microscopy.

4. Higuchi H, Muto E, Inoue Y, Yanagida T: Kinetics of force generation

. by single kinesin molecules activated by laser photolysis of
caged ATP. Proc Natl Acad Sci USA 1997, 94:4395-4400.

These experiments determined the time-lag between caged-ATP release and

transient force production by kinesin using optical trapping nanometry. This

type of study allows mechanical events of kinesin to be correlated with its

ATPase cycle.

5. Schnitzer MJ, Block SM: Kinesin hydrolyses one ATP per 8-nm

e step. Nature 1997, 388:386-390.

These experiments addressed the question of the mechanochemical cou-
pling ratio of kinesin — how many molecules of ATP are consumed per 8 nm
step of kinesin movement? A statistical analysis on optical trapping interfer-
ometry measurements of kinesin movement showed that kinesin consumes
one ATP per 8 nm step at low loads.

6. Hua W, Young EC, Fleming ML, Gelles J: Coupling of kinesin steps
to ATP hydrolysis. Nature 1997, 388:390-393.

7. Mehta AD, Finer JT, Spudich JA: Detection of single-molecule
interactions using correlated thermal diffusion. Proc Nat/ Acad Sci
USA 1997, 94:7927-7931.

8.  Nakajima H, Kunioka Y, Nakano K, Shimizu K, Seto M, Ando T:
Scanning force microscopy of the interaction events between a
single molecule of heavy meromyosin and actin. Biochem Biophys
Res Commun 1997, 234:178-182.

9. Tanaka H, Ishijima A, Honda M, Saito K, Yanagida T: Orientation
dependence of displacements by a single one-headed myosin
relative to the actin filament. Biophys J 1998, 75:1886-1894.

10. Veigel C, Bartoo ML, White DC, Sparrow JC, Molloy JE: The stiffness
of rabbit skeletal actomyosin cross-bridges determined with an
optical tweezers transducer. Biophys J 1998, 75:1424-1438.

11. Guilford WH, Dupuis DE, Kennedy G, Wu J, Patlak JB, Warshaw DM:
Smooth muscle and skeletal muscle myosins produce similar
unitary forces and displacements in the laser trap. Biophys J 1997,
72:1006-1021.

12. Sugiura S, Kobayakawa N, Fujita H, Yamashita H, Momomura S,
Chaen ST, Omata M, Sugi H: Comparison of unitary displacements
and forces between 2 cardiac myosin isoforms by the optical trap
technique — molecular basis for cardiac adaptation. Circ Res
1998, 82:1029-1034.

13. Coppin CM, Pierce DW, Hsu L, Vale RD: The load dependence of
kinesin’s mechanical cycle. Proc Natl Acad Sci USA 1997,
94:8539-8544.

14. Kojima H, Muto E, Higuchi H, Yanagida T: Mechanics of single
kinesin molecules measured by optical trapping nanometry.
Biophys J 1997, 73:2012-2022.



15. Inoue Y, Toyoshima YY, Iwane AH, Morimoto S, Higuchi H, Yanagida T:
Movements of truncated kinesin fragments with a short or an
artificial flexible neck. Proc Nat/ Acad Sci USA 1997,
94:7275-7280.

16. Allersma MW, Gittes F, deCastro MJ, Stewart RJ, Schmidt CF: Two-
dimensional tracking of ncd motility by back focal plane
interferometry. Biophys J 1998, 74:1074-1085.

17. Nedelec FJ, Surrey T, Maggs AC, Leibler S: Self-organization of
microtubules and motors. Nature 1997, 389:305-308.

18. Shingyoji C, Higuchi H, Yoshimura M, Katayama E, Yanagida T:

. Dynein arms are oscillating force generators. Nature 1998,
393:711-714.

These experiments demonstrated that dynein arms produce oscillating

forces, providing a possible explanation for the eukaryotic flagellar rhythmic

beating motion. The forces were detected with optical trapping nanometry.

19. Yin H, Wang MD, Svoboda K, Landick R, Gelles J, Block SM:
Transcription against an applied force. Science 1995,
270:1653-1657.

20. Wang MD, Schnitzer MJ, Yin H, Landick R, Gelles J, Block SM: Force

e« and velocity measured for single molecules of RNA polymerase.
Science 1998, 282:897-901.

This work demonstrated that the transcription rate of single molecules of

RNA polymerase could be tracked under various loads with feedback-

enhanced optical trapping interferometry, and established a force-velocity

relation for this motor.

21. Berry RM, Berg HC: Absence of a barrier to backwards rotation of
the bacterial flagellar motor demonstrated with optical tweezers.
Proc Natl Acad Sci USA 1997, 94:14433-14437.

22. Noji H, Yasuda R, Yoshida M, Kinosita K Jr: Direct observation of the
. rotation of F,-ATPase. Nature 1997, 386:299-302.

This was the first direct demonstration that F;-ATPase can rotate when sup-
plied with ATP. The rotation was visualized by attaching a fluorescent actin
filament to the y-subunit of this rotary motor. Based on the speed of rotation,
the motor was estimated to generate a torque of ~40 pN nm.

23. Yasuda R, Noji H, Kinosita K Jr, Yoshida M: F{-ATPase is a highly
efficient molecular motor that rotates with discrete 120 degree
steps. Cell 1998, 93:1117-1124.

24. Dupuis DE, Guilford WH, Wu J, Warshaw DM: Actin filament
mechanics in the laser trap. J Muscle Res Cell Motil 1997,
18:17-30.

25. Kojima H, Ishijima A, Yanagida T: Direct measurement of stiffness of
single actin filaments with and without tropomyosin by in vitro
nanomanipulation. Proc Natl Acad Sci USA 1994,
91:12962-12966.

26. Yasuda R, Miyata H, Kinosita K Jr: Direct measurement of the
torsional rigidity of single actin filaments. J Mo/ Biol 1996,
263:227-236.

27. TsudaY, Yasutake H, Ishijima A, Yanagida T: Torsional rigidity of
single actin filaments and actin—actin bond breaking force under
torsion measured directly by in vitro micromanipulation. Proc Nat/
Acad Sci USA 1996, 93:12937-12942.

28. Felgner H, Frank R, Biernat J, Mandelkow EM, Mandelkow E, Ludin B,
Matus A, Schliwa M: Domains of neuronal microtubule-associated
proteins and flexural rigidity of microtubules. J Cell Biol 1997,
138:1067-1075.

29. Felgner H, Frank R, Schliwa M: Flexural rigidity of microtubules
measured with the use of optical tweezers. J Cell Sci 1996,
109:509-516.

30. Kurachi M, Hoshi M, Tashiro H: Buckling of a single microtubule by
optical trapping forces: direct measurement of microtubule
rigidity. Cell Motil Cytoskeleton 1995, 30:221-228.

31. Dogterom M, Yurke B: Measurement of the force-velocity relation
for growing microtubules. Science 1997, 278:856-860.

32. Holy TE, Dogterom M, Yurke B, Leibler S: Assembly and positioning
of microtubule asters in microfabricated chambers. Proc Nat/
Acad Sci USA 1997, 94:6228-6231.

33. Smith SB, Finzi L, Bustamante C: Direct mechanical measurements
of the elasticity of single DNA molecules by using magnetic
beads. Science 1992, 258:1122-1126.

34. Baumann CG, Smith SB, Bloomfield VA, Bustamante C: lonic effects
on the elasticity of single DNA molecules. Proc Nat/ Acad Sci USA
1997, 94:6185-6190.

Manipulation of single molecules in biology Wang 85

35. Wang MD, Yin Y, Landick R, Gelles J, Block SM: Stretching DNA
with optical tweezers. Biophys/ J 1997, 72:1335-1346.

36. Shivashankar GV, Libchaber A: Single DNA molecule grafting and
manipulation using a combined atomic force microscope and an
optical tweezer. App/ Phys Lett 1997, 71:3727-3729.

37 Strick TR, Allemand JF, Bensimon D, Croquette V: Behavior of
supercoiled DNA. Biophys J 1998, 74:2016-2028.

38. Strick TR, Croquette V, Bensimon D: Homologous pairing in
stretched supercoiled DNA. Proc Nat/ Acad Sci USA 1998,
95:10579-105883.

39. Leger JF, Robert J, Bourdieu L, Chatenay D, Marko JF: RecA binding
to a single double-stranded DNA molecule: a possible role of
DNA conformational fluctuations. Proc Nat/ Acad Sci USA 1998,
95:12295-12299.

40. Sakata-Sogawa K, Kurachi M, Sogawa K, Fujii-Kuriyama Y, Tashiro H:
Direct measurement of DNA molecular length in solution using
optical tweezers: detection of looping due to binding protein
interactions. Eur Biophys J 1998, 27:55-61.

41. Essevaz-Roulet B, Bockelmann U, Heslot F: Mechanical separation
of the complementary strands of DNA. Proc Nat/ Acad Sci USA
1997, 94:11935-11940.

42. Bockelmann U, Essevaz-Roulet B, Heslot F: Molecular stick-slip
motion revealed by opening DNA with piconewton forces. Phys
Rev Lett 1997, 79:4489-4492.

43. Bakajin OB, Duke TAJ, Chou CF, Chan SS, Austin RH, Cox EC:
Electrohydrodynamic stretching of DNA in confined environments.
Phys Rev Lett 1998, 80:2737-2740.

44, Smith DE, Chu S: Response of flexible polymers to a sudden
elongational flow. Science 1998, 281:1335-1340.

45. Quake SR, Babcock H, Chu S: The dynamics of partially extended
single molecules of DNA. Nature 1997, 388:151-154.

46. Perkins TT, Smith DE, Chu S: Single polymer dynamics in an
elongational flow. Science 1997, 276:2016-2021.

47. Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE: Reversible
e+ unfolding of individual titin immunoglobulin domains by AFM.
Science 1997, 276:1109-1112.
This is one of the three initial papers on unfolding titin (see also Tskhorebova
et al., 1997 [49°] and Kellermayer et al., 1997 [50°]). Single titin molecules
were unfolded reversibly at various speeds using AFM. The force-extension
curves show stick-slip patterns, with peaks of 150-300 pN, spaced at
25-28 nm.

48. Oberhauser AF, Marszalek PE, Erickson HP, Fernandez JM:

¢ The molecular elasticity of the extracellular matrix protein
tenascin. Nature 1998, 393:181-185.

These are the first experiments on unfolding tenascin. Single tenascin mole-

cules were stretched reversibly at various speeds using AFM. Its force-exten-

sion curves showed stick-slip patterns, with peaks of 100-180 pN, spaced

at ~25 nm.

49. Tskhovrebova L, Trinick J, Sleep JA, Simmons RM: Elasticity and

. unfolding of single molecules of the giant muscle protein titin.
Nature 1997, 387:308-312.

This is one of the three initial papers on unfolding titin (see also Rief et

al., 1997 [47°*] and Kellermayer et al., 1997 [50°]). Single titin molecules

were unfolded reversibly using optical trapping nanometry. Force-jump

experiments showed step-wise stress-relaxation patterns, with a step-size

of ~ 20 nm.

50. Kellermayer MS, Smith SB, Granzier HL, Bustamante C: Folding

. unfolding transitions in single titin molecules characterized with
laser tweezers. Science 1997, 276:1112-1116.

This is one of the three initial papers on unfolding titin (see also Rief et al.

1997 [47°] and Tskhovrebova et al. 1997 [49°]). Single titin molecules were

unfolded reversibly using optical tweezers and micropipette techniques.

51. Helm CA, Knoll W, Israelachvili JN: Measurement of ligand-receptor
interactions. Proc Nat/ Acad Sci USA 1991, 88:8169-8173.

52. Leckband DE, Israelachvili JN, Schmitt FJ, Knoll W: Long-range
attraction and molecular rearrangements in receptor-ligand
interactions. Science 1992, 255:1419-1421.

53. Florin EL, Moy VT, Gaub HE: Adhesion forces between individual
ligand-receptor pairs. Science 1994, 264:415-417.

54. Radmacher M, Fritz M, Hansma HG, Hansma PK: Direct observation
of enzyme activity with the atomic force microscope. Science
1994, 265:1577-1579.



86

55.

56.

57

58.

Analytical biotechnology

Evans E, Berk D, Leung A: Detachment of agglutinin-bonded red
blood cells. I. Forces to rupture molecular-point attachments.
Biophys J 1991, 59:838-848.

Fritz J, Katopodis AG, Kolbinger F, Anselmetti D: Force-mediated
kinetics of single P-selectin/ligand complexes observed by atomic
force microscopy. Proc Natl Acad Sci USA 1998, 95:12283-12288.

Ros R, Schwesinger F, Anselmetti D, Kubon M, Schafer R,

Pluckthun A, Tiefenauer L: Antigen binding forces of individually
addressed single-chain Fv antibody molecules. Proc Nat/ Acad Sci
USA 1998, 95:7402-7405.

Willemsen OH, Snel MME, van der Werf KO, de Grooth BG, Greve J,
Hinterdorfer P, Gruber HJ, Schindler H, van Kooyk Y, Figdor CG:

59.

60.

Simultaneous height and adhesion imaging of antibody-antigen
interactions by atomic force microscopy. Biophys J 1998,
75:2220-2228.

Stipe BC, Rezaei MA, Ho W, Gao S, Persson M, Lundqvist BI:
Single-molecule dissociation by tunneling electrons. Phys Rev Lett
1997, 78:4410-4413.

Stipe BC, Rezaei MA, Ho W: Inducing and viewing the rotational
motion of a single molecule. Science 1998, 279:1907-1909.

These experiments suggest that scanning tunneling microscopy is a poten-
tially powerful tool for manipulating domains of biological molecules. The two
atoms of single molecules of oxygen were visualized and made to rotate rel-
ative to each other at up to a few hundred rotations per second.



	Manipulation of single molecules in biology
	Introduction
	Molecular motors 
	Biopolymer mechanics
	Protein unfolding
	Receptor–ligand interactions
	New techniques for the future?
	Conclusion
	Acknowledgements
	References and recommended reading

	Figures
	Figure 1
	Figure 2


