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Abstract Here we report on a method that extends the
study of the mechanical behavior of single proteins to the
low force regime of optical tweezers. This experimental
approach relies on the use of DNA handles to speciWcally
attach the protein to polystyrene beads and minimize the
non-speciWc interactions between the tethering surfaces.
The handles can be attached to any exposed pair of cysteine
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residues. Handles of diVerent lengths were employed to
mechanically manipulate both monomeric and polymeric
proteins. The low spring constant of the optical tweezers
enabled us to monitor directly refolding events and Xuctuations between diVerent molecular structures in quasi-equilibrium conditions. This approach, which has already
yielded important results on the refolding process of the
protein RNase H (Cecconi et al. in Science 309: 2057–
2060, 2005), appears robust and widely applicable to any
protein engineered to contain a pair of reactive cysteine residues. It represents a new strategy to study protein folding
at the single molecule level, and should be applicable to a
range of problems requiring tethering of protein molecules.
Keywords Laser tweezers · DNA handles · Protein-DNA
chimeras · Single molecule mechanical manipulation ·
Protein folding
Abbreviations
AFM
Atomic force microscope
RNase H
E. coli ribonuclease HI
DTDP
2,2⬘-Dithiodipyridine
DTT
Dithiothreitol
RT
Room temperature
GdmCl
Guanidinium chloride
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide
gel electrophoresis
HPLC
High performance liquid chromatography
CD
Circular dichroism

Introduction
Single molecule force spectroscopy has emerged as a new
and powerful technique to study protein folding, allowing a
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host of new questions to be addressed. The method allows
one to investigate areas previously inaccessible to study
such as: (1) the response of individual molecules to a denaturant (force) along a well-deWned reaction coordinate,
deWned by the molecular end-to-end distance, (2) rare
unfolding and refolding events, (3) the magnitude and
range of the forces responsible for maintaining the tertiary
structure of molecules, (4) alternative regions of the energy
landscape not accessible with thermal or chemical denaturation. To date, the primary tool for protein single molecule
force spectroscopy has been the atomic force microscope
(AFM). Recently, however, we reported on the mechanical
un/refolding of E. coli ribonuclease HI (RNase H) using the
optical tweezers (Cecconi et al. 2005) by employing the use
of covalently attached double strand DNA “handles”. Here
we present the development of such DNA/protein chimeras
as a general method to investigate the mechanical stability
of single proteins across any axis using the optical tweezers.
For mechanical folding studies using the AFM, the protein of interest is tethered between a cantilever and a substrate (Rounsevell et al. 2004). A crucial issue in these
studies is to maintain a large separation between the relatively large tethering surfaces. This requirement is easy to
fulWll when manipulating micrometer-long polymers, such
as titin (Rief et al. 1997), but it becomes an experimental
challenge when working with small globular proteins
whose ends are only a few nanometers apart. One solution
to this problem is to create polyproteins similar to titin,
where the molecule consists of a linear array of globular
domains. Such polyproteins are usually synthesized
through recombinant DNA techniques—creating a gene
that will express the entire protein polymer (Carrion-Vazquez et al. 1999; Best et al. 2001). The synthesis of such
polyproteins can be very laborious and is often complicated
by the bacterial recombination machinery, which tends to
rearrange such repeated proteins (Graham and Maio 1992,
and our unpublished data), and by solubility problems
(Steward et al. 2002). In addition, the repeating units in
these polyproteins are connected via their N- and C-termini,
thus preventing the application of force on the protein along
alternative axes. The ability to apply force across diVerent
domains of a molecule allows one to explore the anisotropic nature of the energy landscape of proteins (Brockwell et al. 2003; Carrion-Vazquez et al. 2003; Dietz et al.
2006a; Dietz and Rief 2006).
To date, AFM studies have focused on characterizing the
mechanical unfolding of proteins in the high force regime.
Under these circumstances, it is diYcult to study the refolding process, due to the high spring constants of commercially available cantilevers (typically in the 10–100 pN/nm
range) and the correspondingly high loading rates (Berkemeier et al. 2006; Lee et al. 2006; Walther et al. 2007).
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Moreover, these experiments are almost always carried out
far from equilibrium, and as such, it is diYcult to follow the
folding–unfolding reaction reversibly. Many of these limitations can be overcome by using the force-measuring optical tweezers (Smith et al. 2003).
The low mechanical stiVness of the optical tweezer technique enables us to collect force–extension data at close to
equilibrium conditions and directly monitor Xuctuations
between diVerent conformations. Like the AFM, samples
for the optical tweezer are also tethered between solid supports—in this case two polystyrene beads. Our approach
relies on the use of molecular handles that function as spacers between the protein and the beads making it possible to
manipulate single protein domains. The two molecular handles (each a »500 bp dsDNA) can be attached via disulWdes
to any cysteine residues exposed on the surface of the protein, so that various pulling geometries can be used. In addition to our previously reported studies on the protein RNase
H (Cecconi et al. 2005), we have successfully used this new
method to manipulate variants of several globular proteins,
as well as to pull on polyproteins synthesized from monomers post-translationally. For the proteins examined, we
Wnd that the DNA handles do not signiWcantly alter the
structure and folding/refolding properties of the proteins.

Materials and methods
Protein preparation
Cysteine-modiWed proteins were generated using the QuikChange Site-Directed mutagenesis kit from Stratagene. All
genes were cloned into high copy plasmids under a T7 promoter (pAED4 or pET27). The proteins were puriWed using
their respective published protocols with the diVerence that
1 mM DTT was present during all puriWcation steps (Dabora and Marqusee 1994; Llinas and Marqusee 1998; Robic
et al. 2002).
Gel electrophoresis
Linear polyacrylamide SDS gels were prepared using a
Bio-Rad apparatus. Gradient polyacrylamide SDS gels, 4–
20%, were purchased from Bio-Rad.
The Xuorescent dyes SYPRO Red (speciWc for proteins)
and SYBR Green II (speciWc for RNA and DNA) were purchased from Molecular Probes. Fluorescently stained gels
were scanned and visualized using a Typhoon 8600, from
Molecular Dynamics. After imaging processing with
Photoshop, the protein bands that stained with SYPRO Red
appear red, while DNA bands dyed with SYBR Green II
appear green. When both protein and DNA were present,
the bands appear yellow.
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Atomic force microscopy
AFM was performed in air with a Digital Instrument Nanoscope III, in tapping mode, using tips from Nanosensors
(pointprobes, type NCH-100). Molecular constructs were
diluted to a Wnal concentration of 2 nM in deposition buVer
(10 mM HEPES, pH 7.5, 10 mM NaCl, 2 mM MgCl2).
Twenty microliters of this solution were deposited onto
freshly cleaved mica (Asheville-Schoonmaker mica company #472X8/10XSF) and allowed to adsorb onto the surface for 1 min. The sample was then gently washed with
doubly distilled water and dried with a stream of nitrogen.
DTDP activation of cysteine-modiWed proteins
Protein molecules in buVer A (0.1 M NaH2PO4/Na2HPO4,
pH 7.0) were typically reduced with 10 mM DTT for »1 h
at RT, and then buVer exchanged into 0.1 M NaH2PO4/
Na2HPO4, pH 5.5 using size-exclusion columns, either
Sephadex G-25 (Pierce) or HiTrap desalting columns
(Amersham Biosciences). The resulting protein was reacted
with a concentrated stock of DTDP (4.5 or 10 mM in 0.1 M
NaH2PO4/Na2HPO4, pH 5.5, 15% acetonitrile) such that
DTDP was in 5- to 25-fold molar excess of the protein, and
allowed to react for 2–24 h at RT. The excess of DTDP was
then removed using size-exclusion columns equilibrated
with buVer A.
Attachment of DNA handles to proteins
Typically, a 30–40 M DNA handle solution in 15 mM
NaH2PO4/Na2HPO4, pH 7.0 was reduced with an excess of
DTT (40:1 molar ratio) at RT for 1 h, and then buVer
exchanged into 0.1 M NaH2PO4/Na2HPO4, pH 8.0 using
three Micro Bio-Spin 6 chromatography columns (BioRad). The resulting DNA molecules were immediately
reacted with a thiol-pyridine activated protein solution.
After the Wrst step of the sequential attachment of handles
to proteins, the protein-handle complexes were isolated
from the unreacted proteins by gel Wltration, using a TosoHaas G2000SWXL 5-mm column (7.8 £ 300 mm) on a
Shimadzu LC10A series HPLC system.
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AAA-ACC-CCT-CAA-GAC-CC. The PCR products were
puriWed using HiSpeed Plasmid Maxi Kit, from QIAGEN.
Short handles (20 and 40 bp) were generated by annealing
complementary oligonucleotides.
Attachment of protein-DNA chimeras to polystyrene beads
Protein-DNA constructs were Wrst reacted with polystyrene
beads coated with anti-digoxigenin antibodies (dig-beads)
for 5–15 min at room temperature (RT). Dig-beads were
generated by coupling anti-digoxigenin antibodies (Roche)
to 3.18 m proteinG-coated beads (Spherotech). After
reacting with the protein-DNA construct, a dig-bead was
placed in the optical trap and then brought in close proximity to a 2.10 m streptavidin-coated bead (Spherotech)
which was held in place at the end of a pipette, until a tether
between the two beads was attained.
Circular dichroism experiments
CD data were taken using an Aviv 62 DS spectropolarimeter. Temperature melts were equilibrated for 3 min at every
temperature. Blank sample values (buVer only) were subtracted from all data.

Results
DNA handles, both short (20 or 40 bp) and long (558 bp),
were attached to cysteine-modiWed proteins via disulWde
bond formation. To speed up the oxidation reaction as well
as to allow direct monitoring of the reaction, the thiol
groups were activated with 2,2⬘-dithiodipyridine (DTDP)
(Grassetti and Murray 1967; Pedersen and Jacobsen 1980;
Riener et al. 2002) (Fig. 1a). In theory, DTDP can be used
to activate the thiol groups of either DNA or proteins. In
practice, however, we almost exclusively used the second
strategy as it allowed the use of mass spectrometry to follow the reaction, and the activated proteins could then be
used as the starting material to synthesize polyproteins (see
below).
Attachment of DNA handles to a single protein domain

Generation of DNA handles
DTDP activation of cysteine-modiWed proteins
The 558 bp DNA handles were generated in large quantities
by PCR using Taq DNA polymerase and pGEMEX 1 plasmid DNA from Promega as template. Usually 400–500 g
of handles were generated at a time using 9 ml of PCR
reaction. The two types of handles were generated using
the primer 5⬘ thiol-GCT-ACC-GTA-ATT-GAG-ACC-AC
together with either the primer 5⬘ biotin-CAA-AAA-ACCCCT-CAA-GAC-CC or the primer 5⬘ digoxigenin-CAA-

Two speciWc cysteine residues were engineered into otherwise cysteine-free proteins. The proteins were puriWed in
the presence of 1 mM dithiothreitol (DTT) and then further
reduced with a 10- to 25-fold molar excess of DTT (pH 5.5)
for approximately 2–24 h at RT. DTT was then removed by
size-exclusion chromatography and the protein immediately reacted with an excess of DTDP. The time course of
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selective modiWcation could be important in other applications such as the selective incorporation of dyes suitable for
Xuorescence energy transfer experiments.

the DTDP activation was monitored spectrophotometrically
at 343 nm via the release of pyridine-2-thione (Fig. 1b).
The reaction often reached completion in a few minutes,
and the experimental data could be well-Wt by a single
exponential, indicating equal reactivity of the two cysteines. Occasionally, however, a double-exponential Wt was
required (Fig. 1b inset), suggesting diVerential accessibility
of one of the two thiols. In this case, addition of the denaturant guanidinium chloride (GdmCl) abolished the diVerential reactivity. Mass spectrometry was used to conWrm
that the protein was activated with two thiol pyridines, and
the activated protein could then be stably stored at 4°C for
months, Table 1.
In cases where diVerential reactivity of the thiols is seen
it should be possible to selective modify one of the two cysteines. While this is not important in our application
because the two DNA handles are essentially equivalent,
Fig. 1 Attachment of DNA
handles to protein molecules.
a Schematic of the reactions
used to: (1) activate protein’s
cysteine residues with DTDP,
and (2) attach DNA molecules to
activated protein thiols. b Time
course of the release of pyridine2-thione during the activation of
RNase H*Q4C/V155C (red
dots), T4L*K16C/D159C
(green triangles), and of the cysteine-free variant RNase H*
(blue dots). Inset, activation of
T4L*T21C/K124C with (purple
dots) and without 3M GdmCl
(orange triangles)

Attachment of DNA molecules to single protein domains
In order to obtain samples with the ability to bind diVerentially to two functionally diverse polystyrene beads
(speciWcally, a bead coated with anti-digoxigenin antibodies and another coated with streptavidin), two distinctly modiWed 558 bp dsDNA handles were attached to
the protein molecules. One handle contained a 5⬘ thiol
group and a 5⬘ biotin moiety; the other handle cotained a
5⬘ thiol group and a 5⬘ digoxigenin moiety. The attachment of the two handles was carried out as described
below, either sequentially or through a one-step chemical
reaction.
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Table 1 Mass spectrometry
measurements of the molecular
weight of diVerent proteins before and after DTDP-activations

123

Protein

Calculated M.W. (Da)

Measured M.W. (Da)

RNase H* Q4C/V155C

17,479.80

17,480.39 § 0.82

DTDP-activated RNase H* Q4C/V155C

17,698.10

17,698.41 § 1.68

T4L*K16C/D159C

18,565.3

18,566.1 § 1.05

DTDP-activated T4L* K16C/D159C

18,783.3

18,783.3 § 1.07

T4L* D61C,D159C

18,577.4

18,578.8 § 0.7

DTDP-activated T4L* D61C/D159C

18,795.4

18,796.7 § 1.23
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this case, a thiol-pyridine activated protein was reacted with
a two to fourfold excess of a 1:1 mixture of the two handles
at RT for 12–24 h. The Wnal result is a mixture of DNAmodiWed proteins where only 50% of the molecules have
the required conWguration of one biotin- and one digoxigenin-labeled handle. As expected, the time course of this
reaction is biphasic; a fast phase occurring during the Wrst
20–30 min, probably corresponding to the attachment of
the protein to one handle, is followed by a much slower
phase that likely corresponds to the attachment of the second DNA molecule (Fig. 2e). This method provides a good
yield of correctly labeled proteins and has been our method
of choice to prepare samples for the optical tweezer. The
one-step attachment protocol does not require any further
puriWcation, as only correctly labeled proteins will function
in the laser tweezer experiments. Other species present in
the sample, such as protein without/with one handle or protein Xanked by identical handles, are unable to bind simultaneously to the two diVerently functionalized beads and
therefore do not complicate our data. Sporadically, force–
extension curves lacking any discontinuity were observed;
these traces likely come from the stretching of DNA–DNA
dimers. The same one-step attachment reaction was also

Sequential attachment
To ensure the maximum likelihood of two diVerent handles
attaching to each protein, the handles can be attached
sequentially. First a Wve to tenfold excess of derivatized protein was added to one handle (2–4 h at RT); this reaction
usually reached completion in 20–30 min as determined by
the time course of the release of pyridine-2-thione (data not
shown). Unreacted protein was then removed by size-exclusion chromatography, and a Wve to tenfold molar excess of
the second handle was added (RT for 24–72 h) to complete
the reaction. The attachment of the second handle to the protein is typically much slower than the attachment of the Wrst
one; this reaction usually takes days to reach completion.
This slower kinetics is likely the result of the electrostatic
repulsion between the DNA molecule already attached to
the protein and the incoming one. The product of the reaction was analyzed both by SDS-PAGE and AFM (Fig. 2).
One-step attachment
Handles can also be attached to proteins through a simpler,
more direct and less time-consuming, one-step reaction. In
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Fig. 2 Attachment of 558 bp DNA handles to protein molecules. a–c
Show atomic force microscopy images of DNA handles alone, RNase
H bound to one handle and RNase H bound to two handles, respectively. d SDS-PAGE analysis of the sequential attachment of DNA
handles to T4L*T21C/K124C. This 4% gel shows handles alone (lane
1, position a and c; the latter band is the result of the reaction between
two DNA handles through their thiol groups), T4 lysozyme bound to
one handle (lanes 2 and 5, positions b), and T4 lysozyme bound to two
DNA handles (lane 5, position d). Lanes 3 and 4 show two diVerent
DNA ladders. As expected, the bands in position b and d are not present
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when the sample is treated with proteinase K (data not shown).
When the sample is run on a native gel, the molecules electroeluted
from band d all display the same structure of the two DNA-proteinDNA complexes shown in c (data not shown). The gel was stained with
SYBR Green II and is shown in gray scale. e Time course of the release
of pyridine-2-thione during the one-step attachment of both DNA handles to RNase H. The kinetics of the reaction is biphasic. f Four percent
SDS-PAGE gel of handles alone (lane 1), and of the product of the onestep attachment (lane 2). The bands corresponding to RNase H bound
to one or two handles are visible in position b and d, respectively
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cysteine residues that can be placed anywhere on the surface of the protein, allowing the protein structure to be
pulled along diVerent axes of force application, and (3)
polymers longer than ten monomers can easily be obtained.
DNA handles were attached to these polyproteins
through the same one-step attachment method described
above. In this case, shorter polymers were generated during
the attachment reaction, probably as a result of the DNA
thiols attacking the polyprotein’s internal disulWde bonds
(compare lanes 1 and 2 in Fig. 3c).

successfully used to attach small handles (20–40 bp long)
to single globular proteins (data not shown).
Synthesis of polyproteins and their attachment
to DNA handles
Polymers of proteins for use in single-molecule studies
were constructed using the same DTDP-mediated reaction.
After engineering two solvent-exposed cysteine residues,
the polymerization was carried out in two steps (Fig. 3a).
First, thiol-pyridine activated proteins were reacted with a
twofold molar excess of unactivated molecules at RT overnight, and then more activated proteins (usually ¼ of the
amount used in the Wrst reaction) were added to the reaction
to ensure that most of the polymer ends were capped with
thiol-pyridine activated cysteines. The extent of the polymerization reaction can be assessed by SDS-PAGE
(Fig. 3b, c); polymers as long as 20–30 monomeric units
can be reproducibly synthesized with this method. After the
reaction, HPLC size-exclusion chromatography was used to
eliminate the excess of protein monomer, as well as to
select the longest polymers (Fig. 3c, lane 1). This approach
presents several advantages over the traditional polymerization methods (Dietz et al. 2006b): (1) it does not require
the engineering of tandem repeats of a protein gene and the
expression of polyproteins, (2) the connections between
adjacent domains along the polymers are created through

Fig. 3 Synthesis of protein
polymers and their attachment to
DNA handles. a Schematic of
the reaction used to polymerize
proteins. b A 4–20% gradient
SDS-PAGE gel of the polymerization reaction of RNase H
stained with SYPRO Red and
shown in gray scale. c A 4–20%
gradient SDS-PAGE gel of polyRNase H alone (lane 1), polyRNase H after reaction with
40 bp DNA handles bearing a
5⬘-thiol group (lane 2), and polyRNase H after reaction with
40 bp DNA handle (lane 3). The
gel was stained both with SYBR
Green II and SYPRO Red

A series of traditional bulk experiments can be carried out
to assess the eVect of the attached handles on the protein’s
structure, stability, and folding. Circular dichroism (CD)
studies were carried out on protein bound to small handles
(20 or 40 bp DNA) as it is technically diYcult to obtain
enough sample with long handles for CD studies. For the
proteins studied to date, the CD spectra suggest that the
proteins maintain their overall fold, and thermal denaturation studies indicate that the handles do not have a signiWcant eVect on the thermal stability (e.g., Fig. 4). In addition,
RNase H modiWed with long DNA handles retains enzymatic activity (Cecconi et al. 2005). Of course, the lack of a
notable perturbation will be protein speciWc and needs to be
veriWed for any new sample.

S

a
N

S S

S

S

N

+

HS

SH

N
N

S S

-S--S-

-S--S-

n
Thiol-pyridine-activated
protein

b

Cysteine-modified
protein

c

1

123

Characterization of protein-DNA chimeras

2

3

Poly-protein

S S

N

Eur Biophys J (2008) 37:729–738

735

a

Fraction Unfolded

1.0
0.8
0.6
0.4
0.2
0.0

5

b

25

45
65
Temperature (°C)

85

105

30

CD signal (millidegrees)

20
10
0
5

-10

0
-5

-20

-10
-15
-20

-30

-25
200 220 240 260 280 300 320

-40
180

200

220

240
260
280
wavelength (nm)

300

320

340

Fig. 4 EVect of DNA handles on protein stability. a Temperature
melts of T4L*D61C/D159C alone (blue dots) and attached to two single stranded 20 base DNAs (light blue triangles). The data were normalized to show the fraction of protein unfolded at each temperature.
In both cases, the two-state Wts to the data yield a Tm of 57°C. b CD
spectra of T4L*D61C/D159C attached to two single stranded 20 base
DNAs, before (red dots) and after (blue dots) thermal unfolding. The
CD spectrum of the protein alone is shown in the inset (green dots)

Mechanical manipulation of DNA-modiWed proteins
using the optical tweezers
Globular proteins coupled to long DNA handles were
manipulated using the optical tweezer set-up depicted in
Fig. 5. The protein of interest is tethered between two polystyrene beads using DNA handles. One polystyrene bead is
held in place at the end of a pipette by suction, while the
other is held in the optical trap. During the experiment, the
protein is stretched and relaxed by moving the pipette relative to the optical trap, and the forces applied on the molecule are determined by measuring the change in momentum
of the light beams leaving the trap (Smith et al. 2003). The
force–extension curves for DNA have been well characterized (Smith et al. 1992, 1996; Seol et al. 2007) therefore the
contribution of the DNA handles to the overall signal can
be easily distinguished. Handle Xuctuations can sometimes
give rise to small transitions in the recorded traces. These

transitions however can be carefully characterized with
control experiments, where handles alone are pulled, and
easily distinguished in the overall signal. Figure 5b shows a
typical force–extension curve obtained by pulling on a single globular protein. The unfolding of a protein is usually a
very cooperative process, characterized by a sudden increment in the molecular end-to-end distance and a drop in
force. Conversely, the refolding process gives rise to
upward transitions in the relaxation traces that usually
restore the original length of the molecule. If the protein
unfolds and refolds reversibly, Xuctuations between diVerent molecular states can be monitored by keeping the tension on the molecule at a constant preset value using a force
feedback mode of the optical tweezers instrument (Fig. 5c,
Cecconi et al. 2005).
Polyproteins were mechanically manipulated through
either short (40 bp) or long (558 bp) handles (Fig. 5e).
Short handles are easier to synthesize and attach to proteins; however, they are sensitive to force and melt at forces
above 40 pN (S. Smith, personal communication). Long
handles keep the attachment points further away from each
other, thereby reducing the interactions between the tethering surfaces, and can be overstretched to check for multiple
molecular attachments.
The stretching and relaxation of polyproteins yielded
force–extension curves characterized by saw-tooth-like patterns (Fig. 5e), as expected from the unfolding (Bustamante
et al. 1997; Forman and Clarke 2007) and refolding of tandem repeats of protein domains. The number of peaks
observed with diVerent molecular tethers varied because of
the heterogeneity in the number of domains; however typically 4–10 peaks were observed. We have not thoroughly
investigated the diVerences due to the handle length; qualitatively, however, the saw-tooth-like patterns obtained with
short and long handles were similar. A tethered molecule
could be pulled and relaxed several times before it broke or
detached from the beads. Dissimilarities between successive unfolding–refolding cycles reXect the stochastic nature
of the thermally facilitated denaturation and renaturation
processes.

Discussion
Advances in single molecule manipulation techniques
through the use of AFM and optical tweezers have made it
possible to study the behavior of proteins under mechanical
stress (Forman and Clarke 2007). Proteins are subject
to mechanical stress in a variety of biological processes
(Bustamante et al. 2004) and the response of proteins to
mechanical stimuli is largely dependent on their particular
mechanical properties and varies among diVerent systems.
Extracellular matrix proteins, for example, such as Wbronectin
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Fig. 5 Experimental set-up and force–extension curves. a Schematic
of a single globular protein attached to polystyrene beads through
DNA handles. One handle is derivatized with a 5⬘ biotin moiety, which
interacts with a streptavidin-coated bead held in place at the end of a
pipette by suction. The other handle is derivatized with a 5⬘ digoxigenin moiety, which interacts with an antibody-coated bead held in a
laser trap. b Force–extension cycles obtained by stretching and relaxing a single RNase H molecule (see also Cecconi et al. 2005). c Exten-

sion versus time trace of an RNase H molecule held at constant force,
F = 6.0 pN. d Schematic of a protein polymer attached to polystyrene
beads through DNA handles. e Force–extension cycles obtained by
stretching and relaxing a tetramer of RNase H molecules multiple
times using long handles. f Force–extension cycles obtained by stretching and relaxing a polymer of RNase H molecules (likely a heptamer)
multiple times using short handles

and tenascin, as well as intracellular cytoskeletal proteins,
such as spectrin and -actinin, resist mechanical stress to
help retain the shape of tissues and cells. Other proteins
yield to mechanical perturbation to allow their translocation
from one cellular compartment to another. For example,
many mitochondrial proteins synthesized in the cytosol
must be mechanically unfolded for translocation into mitochondria (Matouschek 2003). Mechanosensors respond to
force with subtle structural deformations that mediate the
transduction of mechanical stimuli into cellular processes
(Janmey and Weitz 2004; Ingber 2006; Vogel 2006).
Understanding the basic principles that govern the response
of diVerent proteins to force will provide insight about the
mechanisms by which fundamental biological processes in
the cell are inXuenced and regulated by direct mechanical
interactions.
Over the last decade AFM has been the technique of
choice for most of these studies. The results have yielded
important insights into the mechanical properties of several
molecules and have started to tease out the biophysical
basis of a protein’s response to force. Thanks to these

experiments, we now have a better understanding of: (1)
the magnitude of the forces that hold together protein structures, (2) the relationship between topology and mechanical
resistance, (3) the energy proWles of mechanical denaturation trajectories, and (4) the dependence of the tensile
strength on the direction of the applied force vector. These
studies, however, have been limited mostly to the characterization of mechanical behavior of protein molecules in
the high force regime. Forces below 15–20 pN are very
diYcult to measure with probes whose spring constant is of
the order of 10–100 pN/nm. Moreover, the extrapolation of
the high-force unfolding data to lower forces might not
always lead to a correct description of the mechanical
behaviors of the molecules at the lower tensions. Indeed,
some experiments suggest that lower loading rates may
reveal very diVerent mechanical properties (Williams et al.
2003).
Optical tweezers are much better suited to study the
behavior of molecules in the low-force regime. The low
spring constant of optical traps (»0.1 pN/nm) permits better control of the force applied to the molecules and the
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study of their mechanical properties under much lower
loading rates. The engineered polyproteins used in AFM
experiments (usually 8–10 monomers long), however are
not suited for use in the optical tweezers. The polystyrene
beads used in the tweezers are much larger (radius of curvature »500 nm or bigger) than an typical AFM tip (radius of
curvature »10 nm) and therefore more space between the
ends of the sample is required to avoid non-speciWc interactions between the tethering surfaces. Until the approach
reported here (and used in Cecconi et al. 2005), the only
proteins amenable to study with the optical tweezers have
been micrometer-long molecules naturally organized in linear arrays of hundreds of globular domains, such as titin
(Tskhovrebova et al. 1997; Kellermayer et al. 2000). These
experiments have revealed important aspects of the overall
mechanical properties of these molecules, but failed to provide information on speciWc domain behavior due to heterogeneity of these naturally occurring polymers.
The use of protein/DNA chimeras is widely applicable to
any protein that can be engineered to have two exposed
cysteine residues. The axis of force application on the molecule can be changed at will by altering the location of the
protein’s cysteines. The response to force of diVerent polyprotein domains along diVerent pulling axes has already
been investigated with AFM by several groups, using
diverse experimental strategies (Brockwell et al. 2003; Carrion-Vazquez et al. 2003; Dietz et al. 2006a; Dietz and Rief
2006). Particularly noteworthy to this regard is the cysteine-based methodology developed by Rief group to polymerize GFP and study the response to force of this protein
along Wve diVerent pulling axes (Dietz et al. 2006a, b). The
method described here is unique in its ability to study the
anisotropy of the energy landscape of individual protein
monomers, while avoiding the protein-speciWc limitations
of previously described alternative tethering methods
(Brockwell et al. 2003; Carrion-Vazquez et al. 2003).
To successfully generate DNA-protein constructs for use
in laser tweezer experiments large concentrations (M) of
both protein and DNA are required in the coupling reaction.
This entails the expression and puriWcation of large
amounts of protein and the generation of substantial quantities of DNA, with the resulting necessity of purchasing
large amounts of expensive material, such as derivatized
primers. Once generated, however, these protein-DNA
complexes are stable for months at 4°, and the amount of
sample generated is suYcient to perform hundreds of
experiments.
Recently Garcia-Manyes et al. (2007) used a very complimentary approach to study the behavior of individual
protein molecules in the high force regime of the AFM. In
this AFM study, single protein monomers were Xanked
by small peptide handles, consisting of 12 amino acid residues at the C-terminus and four amino acid residues at the
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N-terminus. Inspite of the very short handles, and the fact
that the tethering of the protein relies on the non-speciWc
adsorption of the molecule on the AFM probe, the authors
were able to successfully capture unfolding and refolding
events of individual protein monomers and characterize
their kinetics.
The speciWc eVect of the DNA handles on the energy
landscape of a tethered protein has not been investigated
yet. In the case of a tethered RNA hairpin, however, variations in the length of the handles from 1 to 10 kbp resulted
in changes of less than 1 kT in the energy landscape (Manosa et al. 2007). Based on these data, we expect the eVects
on the protein landscape to be fairly small.
In sum, the optical tweezers’ low spring constant permits
the manipulation of individual molecules near equilibrium
and the direct monitoring of Xuctuations between diVerent
molecular structures, making it possible to follow in realtime the interconversion of molecules between alternative
structures and to characterize the kinetics and thermodynamics of these processes. The technique we describe
here—a robust and facile method to create chimeric biomolecules and the simple means of monitoring those coupling reactions—should be broadly applicable to a range
of problems requiring the tethering of molecules to other
molecules or surfaces, and to the site-speciWc tagging of
macromolecules.
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