
Abstract DNA looping is caused by the interaction
between DNA binding proteins located at separate posi-
tions on a DNA molecule and may play an important role
in transcription regulation. We have developed a system to
stretch single DNA molecules and to measure changes in
molecular length. DNA molecules were prepared and 
5′ end-labeled by PCR amplification. Two beads and the
intervening DNA molecule were trapped and manipulated
independently with dual trap optical tweezers. The trapped
DNA molecule was then stretched and the extension (the
distance between the two beads) was measured. The ex-
tension at the specific tension force of 30 pN was calcu-
lated and used as a molecular length. The molecular length
was found to be proportional to the base pair number. The
rise per residue was calculated to be 3.31±0.05 Å. The
length measurement was applied to DNA fragments con-
taining GC box sequences at two different locations sep-
arated by a distance of 2.428 kbp. The addition of GC box
binding transcription factor Sp1 shortened the molecular
length, suggesting DNA looping forms as a result of inter-
action between transcription factors.
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1 Introduction

Protein-protein interactions on DNA, as well as protein to
DNA binding, play important roles in regulating replica-
tion and transcription. These protein interactions cause
structural changes in DNA molecules microscopically, as
in bending near proteins, or macroscopically, as in loop-
ing. DNA looping is generated by the attachment of pro-
teins that are bound on different sites of a DNA molecule
(Schleif 1992). Cooperative interactions are important in
regulating the transcription mechanism and are made easier
when distant binding proteins are brought closer together
by looping. Many experiments have been conducted to ob-
serve and detect such DNA looping. Biochemical ap-
proaches based on gel mobility shift assay (Krämer et al.
1988) and DNase I foot printing experiments (Hochschild
and Ptashne 1986) gave indirect evidence. Observations
by electron microscopy (Krämer et al. 1988; Mastrangelo
et al. 1991) and atomic force microscopy (Lyubchenko
et al. 1997) provided direct structural information, but
looping remains ambiguous since even a random aggrega-
tion of proteins on incorrect sites could produce a looped
image on a fixed sample. Hence, a new measuring tech-
nique to detect and characterize DNA looping is obviously
needed. One possible method is to measure the length of a
DNA-protein complex before looping, since the DNA will
become shorter after looping.

To measure DNA length in solution, the DNA sould be
pulled with a defined force. Recently many researchers
have investigated the elastic properties of DNA molecules
by stretching single DNA molecules using magnetic force
and fluid flow (Smith et al. 1992), receding meniscus (Ben-
simon et al. 1994), optical tweezers and micropippet 
(Smith et al. 1996), glass needle (Cluzel et al. 1996), mag-
netic force (Strick et al. 1996), optical tweezers and an-
chored and stalled RNA polymerase complex (Wang et al.
1997).

The length of a DNA molecule of known base pairs can
be calculated using a unit of base pair separation. It is
widely accepted that base pair separation, or the rise per
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residue, is 3.38 Å according to the X-ray analysis of aque-
ous B-form DNA crystal (Saenger 1988; Dickerson et al.
1982). Free DNA molecules in solution, however, are dy-
namic and change their structure constantly due to thermal
perturbation. For example, they behave like coils and glob-
ules so that even the end-to-end distance of a molecule is
not fixed. The rise per residue measured in a fixed crystal
is therefore not analogous to the DNA structure in solu-
tion. Accordingly, it is necessary to define the rise per res-
idue in solution as a standard length in our DNA length
measurement method.

In this paper, we report the development of a new meas-
urement method that stretches a single DNA molecule by
using dual trap optical tweezers and attached beads. It is
critical to determine the ends of molecules precisely for an
accurate measurement of the absolute length of DNA be-
cause the edges of the attached beads are indistinct under
the microscope. To avoid this, relative increases in DNA
length for different molecules of known base pair numbers
were determined. This technique is applied to measuring
stretched DNA with GC box sequences to detect DNA
looping caused by the addition of transcription factor 
Sp1.

2 Materials and methods

2.1 DNA preparation

DNA molecules were prepared by PCR amplification. Both
ends of the DNA were labeled using 5′ end-labeled prim-
ers simultaneously. Each end was labeled differently to pre-
vent the two ends of a single DNA from attaching to the
same bead. The reaction was performed using DNA poly-
merase LA-Taq (TaKaRa, Japan) and λ-phage DNA as a
template for DNA molecules to evaluate the rise per resi-
due. One primer of each pair was 5′ end-labeled with bio-
tin (TaKaRa, Japan) and the other was 5′ end-labeled with
digoxigenin (TaKaRa, Japan). The ZAP Express vector
(Stratagene, USA) was used as a template for DNA mole-
cules with GC box sequences.

Agarose gel electrophoresis was used on DNA frag-
ments to remove the unreacted primer oligonucleotides. 
A 1% agarose gel with Howry buffer (80 mM tris, 4 mM

Na2EDTA, 25 mM sodium acetate and 50 mM acetic acid)
was used.

2.2 Protein-coated beads

Streptavidin (Boehringer Mannheim, Germany) was cou-
pled to 2.73-µm diameter carboxylated polystyrene beads
(Polyscience, USA) using 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimid according to the manufacturer’s pro-
tocol. Polyclonal antidigoxigenin (Boehringer Mannheim,
Germany) was bound to 1.909-µm diameter carboxylated
polystyrene beads by the same method.

2.3 Bead-DNA-bead assembly

DNA fragments were mixed with streptavidin-coated
beads in a buffer solution of 10 mM tris-HCl, pH 7.5, con-
taining 1 mM EDTA, and 150 mM NaCl and introduced into
a micro chamber made of two glass cover slips and a spacer.
The antidigoxigenin-coated bead suspension was added,
and the micro chamber was filled with the buffer solution.
The bead-DNA-bead assemblies were formed after an in-
cubation of one hour at room temperature. The concentra-
tion of DNA and the two kinds of beads were kept at the
same molecular ratio in order to efficiently obtain a single
DNA molecule between the two beads.

2.4 Sp1 binding reaction to GC box sequences

Sp1 (Promega, USA) and the DNA with GC box sequences
were mixed in a buffer solution of 12 mM HEPES-KOH,
pH 7.5, containing 50 mM KCl, 5 µM ZnSO4, and 0.5 mM

dithiothreitol and incubated in ice for one hour. A molar
ratio of seven Sp1 proteins per GC box was used to reduce
binding at non-specific sites of DNA (Mastrangelo et al.
1991).

2.5 Gel mobility shift assay

The sequences of the probes used in the gel mobility shift
assay were as follows:

(1) the GC box sequence in SV40 promoter (SV40 probe)

(2) the GC box sequence in CMV promoter (CMV probe)

Sp1 was mixed with double-stranded poly (dI-dC) (4 mg
for SV40 and 40 ng for CMV probe) in 10 mM HEPES buf-
fer, pH 7.9, containing 1 mM MgCl2, and 1 mM dithioth-
reitol. After incubation on ice for 15 minutes the 32P-end-
labeled probe (2×104 cpm) was added to the mixture and
incubated again at 24 °C for 25 minutes. Unlabeled DNA
probes were used 300 times in the competition experi-
ments. The reaction mixture was electrophoresed in a 4.5%
native polyacrylamide gel to separate protein-bound
probes from free probes.

2.6 Dual trap optical tweezers

Beads were observed under an inverted microscope 
(Nikon, TMD 300, Japan) equipped with a Plan Apochro-
mat 100× oil-immersion objective (numerical aper-
ture = 1.4), an oil immersion condenser lens for high-mag-
nification objectives, and a 100-W halogen lamp. Images
were detected with a Newvicon camera (Hamamatsu Pho-
tonics, C2400-07, Japan), enhanced with an image proces-
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sor (Hamamatsu Photonics, DVS-3000, Japan) and re-
corded with a video cassette recorder (SONY, EVO-9650,
Japan). A linear polarized TEMoo mode laser beam from
a Nd-YAG laser (Spectron Laser Systems, SL902T, UK)
emitting at 1064 nm was divided in two by a polarizing
beam splitter cube and sent to a galvano mirror scanner
system. They were then recombined at a second polariz-
ing cube and went into the microscope through the epiflu-
orescence port. The two trapped laser beams were inde-
pendently manipulated over the field of microscopic view
(about 30 µm×20 µm) using a galvano scanner controller
(General Scanning Inc., CX-660, USA) by changing the
incident angle of the laser beams into the back aperture of
the objective. The laser power incident to the microscope
was measured by a thermal detector (Newport, Model 835,
USA). The optical tweezers’ trapping force was calibrated
by applying the Stokes drag law and by holding a single
polystyrene bead steady against relative constant flow with
a liner translator (Sigma Koki, HPA-30, Japan). The trap
stiffness was 0.057 pN nm–1 (for 1.909-µm diameter bead
at a laser power of 140 mW without the objective).

2.7 Fluorescence microscopy

DNA fluorescently labeled with YOYO-1 (Molecular
Probes, USA) was excited by an argon ion laser (Coher-
ent, INNOVA 300, USA) at 488 nm, and the resulting flu-
orescent images were detected with a silicon-intensified
target video camera (Hamamatsu Photonics, C2400, Ja-
pan), processed with an image processor (Hamamatsu Pho-
tonics, ARGUS-10, Japan) and recorded with a video cas-
sette recorder (Sony, CVD-1000, Japan). To reduce photo
bleaching of dyes and the resulting DNA cleavage, oxy-
gen was enzymatically scavenged with glucose oxidase
(216 µg/ml), glucose (4.5 mg/ml), catalase (36 µg/ml),
and 5 µM dithiothreitol (Kishino and Yanagida 1988).

2.8 Measurement of DNA length

DNA molecules were invisible but detectable because one
bead followed when the other was trapped and moved. 
A DNA molecule was stretched when one bead was held
stationary and the other was moved away. The first bead
shifted slightly from its position in accordance with the
tension force applied to the DNA molecule and was pulled
continuously until the held bead or the moved bead tore
away abruptly from the trap. Bead images during this
stretching procedure were captured and analyzed on a
Power Macintosh 8500 computer using public domain NIH
image software (developed by the US National Institutes
of Health and available on the Internet by anonymous FTP
from Zippy.nimh.nih.gov or on floppy disk from the Na-
tional Technical Information Service, Springfield, Vir-
ginia, part number PB95-500195GEI). After setting the
threshold of the captured bead image, the x- and y-coordi-
nates of the bead’s center were determined. The diameter
of a bead was tentatively defined as the distance between

the sharp peaks in a density profile plot along a straight
line passing through the centers of the beads, although it
is not sure that this peak corresponds to the surface boun-
dary of a bead (Fig. 1 A). The stretched length of DNA was
calculated from the distance between bead centers by sub-
tracting the two bead radii (Fig. 1 B). The tension force F
applied to the DNA molecule was calculated from the dis-
placement of the trapped bead based on trap stiffness
(Fig. 1 C).

3 Results

3.1 DNA-bead system assembly

The purity of different base pair DNA molecules obtained
by the PCR method was first checked by agarose gel elec-
trophoresis. Each fragment resulted in a single band, indi-
cating that there was no significant contamination by dif-
ferent length DNA fragments (Fig. 2 A). These DNA mole-
cules were incubated to add beads to the ends, according
to the procedure described above. After one hour of incu-
bation, one out of about 100 beads was followed by an-
other bead when manipulated, and a DNA molecule was
assumed to be connecting them. This assembly formation
was confirmed by fluorescence visualization. A fluores-

57

Fig. 1 A – C Evaluation of DNA extension and tension force. 
A Bead images and density profile plot. d1, d2: bead diameter. 
B DNA extension (E) was obtained by subtracting bead radii from
the distance between two beads (D). C1, C2: bead center. C The ten-
sion force (F) was calibrated from the displacement (∆X) of the right
bead from the trapping spot using the trap stiffness



cence image of the bead-DNA-bead assembly is shown in
Fig. 2 B. For length measurement experiments, the DNA
was not stained because the fluorescent staining could af-
fect its mechanical properties. The molecular extensions
were inferred from the position of the beads following the
procedure described in 2.8.

3.2 Molecular length measurement

DNA molecules of four different sizes (7.960 kbp,
12.039 kbp, 14 .991 kbp, and 20.707 kbp) were examined.
Two beads of the assembly were trapped and manipulated
independently. Usually the smaller bead was held at a fixed
position and the other was moved away at a constant ve-
locity of about 1 µm/sec. The bead images in the DNA
stretching procedure were analyzed and the tension force

F and the DNA extension were evaluated. Typical force
versus extension curves and the contour length of each
DNA molecule, calculated with a value of 3.38 Å/bp from
B-form crystal, are shown in Fig. 3.

With a small stretching force (<10 pN), the DNA mole-
cule was extended up to 90% of the contour length reflect-
ing the entropic elasticity of DNA. Tension force rose rap-
idly when contour length approached, and 100% contour
length was not reached, since one of the beads escaped
from the trap when the tension force exceeded the maxi-
mum trapping power of about 30 pN. In this linear
stretched region, the extension can be approximated as the
elastic modulus. The averaged data were analyzed for each
molecule size, and the molecular length at specific tension
forces of 30 pN and 0 pN was calculated and is shown in
Table 1.

Molecular lengths measured were plotted as a function
of base pair number in Fig. 4. Error bars representing stan-
dard deviation were too small to be shown. The molecular
lengths increased linearly from 7 kbp to 20 kbp. The best
fits for the base pair number and molecular length at 30 pN
and 0 pN were calculated using a least squares regression
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Fig. 2 A Agarose gel electrophoresis of DNA fragments for mo-
lecular length measurement. Lane 1, 20.707 kbp: 2, 14.991 kbp: 
3, 12.039 kbp: 4, 7.960 kbp: 5, size marker, λ-HindIII digest. A 1%
agarose gel with Howry buffer (80 mM tris, 4 mM Na2EDTA, 25 mM

sodium acetate and 50 mM acetic acid) was used. DNA fragments
were visualized with ethydium bromide. B A fluorescence image of
a single DNA molecule. Each end of a 14.991 kbp DNA molecule
was attached to micro polystyrene beads (1.909 µm and 2.73 µm in
diameter) and stretched by dual trap optical tweezers. DNA mole-
cule was fluorescently labeled with YOYO-1 and excited by an 
argon-ion laser operating at 488 nm

Fig. 3 Force versus extension curves of DNA molecules. DNA
molecules were stretched in the buffer of 10 mM tris, pH 7.5, con-
taining 150 mM NaCl and 1 mM EDTA. The base pair numbers of
DNA are 7.960 kbp (B, b), 12.039 kbp (D, d), 14.991 kbp (C, c),
and 20.707 kbp (A, a), Contour length of each DNA, assuming 
3.38 Å/bp is shown using the dotted line. The solid lines show 
linear approximations of elastic modulus

Table 1 The results of length measurement of different size DNA

Base pair number DNA length (µm)

(kbp) G+C content (%) at 30 pN at 0 pN

7.960 57.56 2.55±0.12 (16) 2.34±0.09 (16)
12.039 57.30 3.98±0.04 (9) 3.68±0.05 (9)
14.991 56.78 4.95±0.15 (12) 4.53±0.12 (12)
20.707 46.09 6.78±0.11 (15) 6.32±0.11 (15)

The results are given as mean±standard deviation (number of the
molecules examined)



analysis and are also shown in Fig. 4. The rise per residue
was evaluated to be 3.31±0.05 Å (at 30 pN) and 3.11±0.04 Å 
(at 0 pN) from the slopes of the best fit. The intercepts at
the y axis were close to zero but not exactly zero.

3.3 Sp1 binding ability of GC box sequences

To examine Sp1-dependent DNA looping, we used DNA
with GC box sequences. The structure of the DNA mole-
cule is shown in Fig. 5 A. This DNA was synthesized us-
ing the PCR method from the ZAP Express vector, which
was derived from λ-phage DNA. The vector had a 4518 bp
pBK-CMV phagemid region containing GC box sequences
derived from SV40 and CMV promoters. We designed the
primer sequences from J and gam regions of the ZAP Ex-
press phage DNA. The PCR gave a single DNA product of
15 kbp as analyzed by agarose gel electrophoresis (data not
shown). The Sp1 binding ability to both GC box sequences
was checked by a gel mobility shift assay. Since the SV40
promoter contains five GC box sequences, we chose the
third GC box as the probe (Mitchell and Tjian 1989). As
shown in Fig. 5 B, Sp1 bound to the SV40 and CMV
probes. The amount of poly (dI-dC) had to be decreased to
40 ng for the CMV GC box sequence, suggesting relatively
weak binding affinity. The addition of excess unlabeled
probes completely prevented Sp1 binding to the labeled
DNA probes, indicating that the Sp1 binding was specific.

3.4 Molecular length of the DNA 
with GC box sequences

In order to investigate the effects of Sp1 on molecular
length, the length of DNA synthesized by PCR was meas-

ured in the presence or the absence of transcription factor
Sp1, which binds to the GC box with high affinity. The re-
sults of the measurement with a pulling force of 30 pN are
shown in Table 2. The original length of the DNA when
Sp1 was not added was measured to be 4.76 µm. The base
pair number was determined to be 14.52 kbp using the re-
lation between the DNA length and the base pair number
obtained above, and roughly agreed with the results from
agarose gel electrophoresis. When Sp1 was added, the mo-
lecular length data can be classified into two groups. Ta-
ble 2 shows that the mean length of 20% of the DNA mole-
cules examined became 1.03 µm shorter than the length of
the other DNA, corresponding to the base pair numbers of
3.12 kbp. The rest of the DNA molecules became almost
as long as when Sp1 was not added. The force versus ex-
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Fig. 4 Base pair numbers versus DNA length at 30 pN (C) and 0 pN
(c). The best fit equations for the linear approximation are
y = 0.331x–0.047 (30 pN) and y = 0.311x–0.109 (0 pN)

Fig. 5 A The structure of the DNA with GC box sequences. The
DNA has two GC box sequences derived from SV 40 and CMV 
promoter. GC box sequences of both promoter regions are shown. 
B Gel mobility shift assay. DNA probes were 32P-end-labeled and
detected by auto radiography. (a) SV 40 probe at the poly (dI-dC)
concentration of 4 mg. (b) CMV probe at the poly (dI-dC) concen-
tration of 40 ng. Lane 1, DNA probe: lane 2, DNA probe with the
addition of Sp1: lane 3, competition experiment with adding un-
labeled DNA probe. The arrow shows the retarded band



tension curves of the DNA with Sp1 were plotted in Fig. 6.
The curves of DNA molecules whose length stayed con-
stant show the typical patterns of DNA stretching. In con-
trast, the shortened DNA molecules gave more complex
curves. In some curves, the force started to rise at the
shorter extension of DNA and rose gently.

4 Discussion

DNA molecules were stretched and DNA length was meas-
ured as extension at a specific tension force of 30 pN. The
rise per residue we measured was 3.31±0.05 Å at a stretch-
ing force of 30 pN and 3.11±0.04 Å at 0 pN under linear
extrapolation. These values roughly agree with the rise per
residue of 3.38 Å in B-form DNA seen in X-ray crystal-
lography. The discrepancy, however, indicates that the base
pairs under no stretching force favor more compact base
pair shapes. In other words, the base pair distance in crys-

tals is expanded by a hydrate force corresponding to nearly
40 pN, judging from the curves in Fig. 3.

We examined the molecular length of four different base
pair numbers, and compared the G+C content (%) of each
DNA.As shown in Table 1, the G+C contents of 7.960 kbp,
12.039 kbp and 14.991 kbp are almost the same. On the
other hand that of 20.707 kbp DNA is 10% less than the
others. Our experiments could not precisely determine
whether DNA length depended on G+C content. There-
fore, it appears that the G+C content of the DNA doesn’t
influence the length measurement result.

In the best fit for the relation between the base pair num-
ber and the molecular length, the intercept on the y axis
was not zero but –47 nm, probably a result of experimen-
tal errors in measuring the DNA extension. Because the
accuracy of bead center measurement was within 3 nm, the
experimental errors are not in image capturing or in bead
center calculation. The diameter of beads measured by the
method described above is 6% larger than the diameter that
was measured by TEM or by using the principle of centrif-
ugal photo sedimentation (manufacture’s information).
These facts suggest that bead diameter was overestimated
due to ambiguity in determining bead edges. In addition,
the accuracy of our bead boundary evaluation was within
30 nm. Accordingly, bead image calculation errors could
be the most plausible reason for the experimental error.
Consequently, four different sizes of DNA molecules must
be compared for more accurate results.

As shown in a fluorescence image of bead-DNA-bead
assembly, we can consider that the assembly used in the
length measurement method has a single DNA molecule
between two beads. Because multiple DNA molecules will
affect the DNA length distribution, we controlled the con-
centration of DNA and beads to the same molar ratio and
kept their concentrations in the incubation low to have a
single DNA molecule in the assembly.

We applied our technique to the detection of DNA loop-
ing caused by transcription factor Sp1, which is known for
GC box sequence binding (Kadonaga et al. 1987) and for
protein-protein interactions (Pascal and Tjian 1991). Al-
though electron microscopy and scanning transmission
electron microscopy confirmed both DNA looping and the
nexus structure composed by the Sp1 multimer at the spe-
cific DNA sites (Mastrangelo et al. 1991), the measured
loop contour lengths were imprecise. By stretching the
DNA, we could evaluate loop contour shortening. As
shown in Table 2, the average shortening of the stretched
DNA was estimated to be 1.03 µm, which corresponded to
the 3.12 kbp measured with the rise per residue at the same
30 pN stretching force. This shortening can be interpreted
as the result of Sp1 binding on the two GC box sites on
DNA and looping out the intervening base pairs. The DNA
examined here has two GC box sequences 2.428 kbp apart,
0.69 kbp shorter than that observed above. The different
patterns of the shortened DNA curves in Fig. 6 suggest that
this discrepancy could be attributed to a non-specific inter-
action between Sp1 proteins and DNA. Figure 6 also shows
that the effects of this interaction remain even when the
DNA molecule is pulled by a 30 pN force. Stronger ten-
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Table 2 Effect of Sp1 addition on the length of DNA with GC box
sequences

DNA length Calculated base pair 
(µm) number (kbp)

without Sp1 4.76±0.14 (15) 14.52±0.43 (15)
with Sp1* (group 1) 4.69±0.15 (33) 14.31±0.44 (33)
with Sp1* (group 2) 3.66±0.13 (8) 11.19±0.41 (8)

* With the addition of Sp1 the DNA lengths distributed into two
groups. The DNA length of group 1 kept almost the same as when
Sp1 was not added. The DNA length of group 2 became shorter than
that of group 1. The results are given as mean±standard deviation
(number of the molecules examined)

Fig. 6 Force versus extension curves of the DNA with GC box se-
quences. Transcription factor Sp1 was added to the DNA and the so-
lution was incubated before forming the bead-DNA-bead assembly.
Filled signs correspond to the DNA with original length. Open signs
show when the DNA shortening occurred



sion forces will counteract this weaker non-specific inter-
action.

As shown in the gel mobility shift assay, the Sp1 bind-
ing capability of a CMV GC box was found to be weak.
This weak binding ability may explain why only 20% of
the DNA with GC box sequences becomes shorter with the
addition of Sp1.

Here we used PCR amplification to label both ends of
the DNA molecule. Recent developments in PCR amplifi-
cation enabled us to obtain over 35 kbp of DNA molecules
(Barnes 1994), making it possible to prepare any kind of
DNA molecule containing interesting sequences by using
specific primers and template DNA. We have shown here
that our length measurement method is successful in de-
tecting DNA shortening due to looping even in the pres-
ence of non-specific interactions. This method could also
be used to investigate DNA looping in which other tran-
scription factors are at work.

Acknowledgements This work is supported in part by a Grants-in-
aid for Scientific Research from the Ministry of Education, Science,
Sports and Culture, Japan, No. 09279102 to H. T.

References

Barnes WM (1994) PCR amplification of up to 35-kb DNA with high
fidelity and high yield from λ bacteriophage templates. Proc Natl
Acad Sci USA 91: 2216 – 2220

Bensimon A, Simon A, Chiffaudel A, Croquette V, Heslot F, Bensi-
mon D (1994) Alignment and sensitive detection of DNA by a
moving interface. Science 265: 2096 – 2098

Cluzel P, Lebrun A, Heller C, Lavery P, Viovy J-L, Chatenay D, Car-
on F (1996) DNA: an extensible molecule. Science 271: 792 – 794

Dickerson RE, Drew HR, Conner BN, Wing RM, Fratini AV, 
Kopka ML (1982) The anatomy of A-, B-, and Z-DNA. Science
216: 475 – 485

Hochschild A, Ptashne M (1986) Cooperative binding of λ repres-
sors to sites separated by integral turns of the DNA helix. Cell
44: 681 – 687

Kadonaga JT, Carner KR, Masiarz FR, Tjian R (1987) Isolation of
cDNA encoding transcription factor Sp1 and functional analysis
of the DNA binding domain. Cell 51: 1079 – 1090

Kishino A, Yanagida T (1988) Force measurements by micromanip-
ulation of a single actin filament by glass needles. Nature
334: 74 – 76

Krämer H, Amouyal M, Nordheim A, Müller-Hill B (1988) DNA
supercoiling changes the spacing requirement of two lac opera-
tors for DNA loop formation with lac repressor. The EMBO Jour-
nal 7: 547 – 556

Lyubchenko YL, Shlyakhtenko LS, Aki T, Adhya S (1997) Atomic
force microscopic demonstration of DNA looping by GalR and
HU. Nucleic Acids Res 25: 873 – 876

Mastrangelo IA, Courey AJ, Wall JS, Jackson SP, Hough PVC (1991)
DNA looping and Sp1 multimer links: a mechanism for transcrip-
tional synergism and enhancement. Proc Natl Acad Sci USA 88:
5670 – 5674

Mitchell PJ, Tjian R (1989) Transcriptional regulation in mammal-
ian cells by sequence-specific DNA binding proteins. Science
245: 371 – 378

Pascal E, Tjian R (1991) Different activation domains of Sp1 gov-
ern formation of multimers and mediate transcriptional syner-
gism. Genes & Development 5: 1646 – 1656

Saenger W (1988) Principles of nucleic acid structure. Springer, New
York, p 226

Schleif R (1992) DNA looping. Annu Rev Biochem 61: 199 – 223
Smith SB, Finzi L, Bustamante C (1992) Direct mechanical meas-

urements of the elasticity of single DNA molecules by using mag-
netic beads. Science 258: 1122 – 1126

Smith SB, Cui Y, Bustamante C (1996) Overstretching B-DNA: the
elastic response of individual double-stranded and single-strand-
ed DNA molecles. Science 271: 795 – 799

Strick TR, Allemand J-F, Bensimon D, Bensimon A, Croquette V
(1996) The elasticity of a single supercoiled DNA molecule.
Science 271: 1835 – 1837

Wang MD, Yin H, Landick R, Gelles J, Block SM (1997) Stretching
DNA with Optical tweezers. Biophys J 72: 1335 – 1346

61


