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DNA is traditionally seen as a linear sequence of instructions for cellular
functions that are expressed through biochemical processes. Cellular DNA,
however, is also organized as a complex hierarchical structure with a mosaic of
mechanical features, and a growing body of evidence is now emerging to imply
that these mechanical features are connected to genetic function. Mechanical
tension, for instance, which must be felt by DNA within the heavily constrained
and continually fluctuating cellular environment, can affect a number of
regulatory processes implicating a role for biomechanics in gene expression
complementary to that of biochemical regulation. In this article, we review

evidence for such mechanical pathways of genetic regulation.



I. Introduction

Critical to the coordinated functioning and development of cells is the ability to process
mechanical signals and stimuli. A failure to respond appropriately to mechanical stress can have
dire consequences that range from cellular apoptosis to malignant features such as cancer (Yu et
al., 2010). Cells are capable of detecting external mechanical stimulation by a variety of signal-
transduction mechanisms. Typical examples are the activation of mechanosensitive ion channels,
protein tyrosine kinases, small and large G proteins, and other signaling molecules within the
cellular membrane (Sen and Kumar, 2010, Orr et al., 2006). These transduction elements
convert mechanical forces acting on the surface of the cell into chemical signals that trigger an
internal cellular response, which, at times, effectively result in force-dependent changes in gene
expression further downstream of the signaling cascade. For instance, mechanical stimulation of
the cell membrane can cause transcription factors like nuclear factor kB to translocate from the
cytoplasm to the nucleus (Thanos and Maniatis, 1995) and can induce mitogenactivated protein
kinase cascades that activate various transcription factors (Lehoux et al., 2006).

It is not always necessary, however, to immediately convert a mechanical stimulus into a
chemical signal right at the cell membrane. Certain membrane proteins, such as integrins and
cadherins, can physically couple the extracellular matrix to the actin cytoskeleton, which in turn
links to the nucleus (Percipalle, 2007), providing a route for mechanical stimuli to propagate
deep within a cell. These mechano-transduction pathways give rise to structural changes within
the cell's interior, which deform the nucleus and, in turn, affect the nuclear lamina—a component
that acts to preserve the shape and mechanical stability of the nucleus. The nuclear lamina is
composed of fibrous proteins, known as nuclear lamins, that bind to DNA and chromatin (Dahl

et al., 2004) and are already known to play a role in transcription, replication, and chromatin



organization (Akhtar and Gasser, 2007, Verstraeten et al., 2007). At each stage of the cellular
architecture, from the cell membrane to the nuclear core, an interconnected network of physical
structures are present that could, in principle, allow mechanical signals to regulate gene
expression without a biochemical intermediary (see Fig. 1).

While pathways in which a mechanical stimulus is converted early on into a chemical
signal can be readily studied by standard methods of molecular biology, purely mechanical
signaling is not nearly as amenable to experimental investigation because the tools for applying
and measuring intracellular forces are sorely lacking. Moreover, we are only now beginning to
understand how internal forces applied to the DNA, resulting from the transduction of
extracellular forces directly to the nucleus, or those stemming from cellular activity and repeated
interaction with the chromosome, can affect genetic function. For instance, in both prokaryotes
and eukaryotes, torsional stress induced by the procession of RNA polymerases can dynamically
generate supercoils that directly influence activity farther downstream along the genome (Chen
and Wu, 2003, Kouzine et al., 2008, Droge, 1994). In vitro experiments have shown it can take
up to 20 pN of force to halt the procession of RNA polymerases (Wang et al., 1998),
nucleosomes reversibly detach from DNA at around 50 pN (Brower-Toland et al., 2002),
polymerases apply approximately 12 pN of force to initiate DNA strand separation (Essevaz-
Roulet et al., 1997), stiff microtubules can exert 47 pN of force on the chromosome during
mitosis (Jannink et al., 1996), and so on, which goes to show that much of the regulatory
machinery is capable of generating significant forces and that these forces can have marked
effects on cellular function. However, it is still unclear how much tension is actually present
along the chromosome of living cells during normal cellular operation or during a response to

external stimulus.



An early indication of how important the potentially force and torque bearing cellular
environment can be for genetic function came in the early eighties when Arthur Kornberg
realized that in order to get DNA replication to proceed in vitro it was necessary to mimic the
crowding present in living cells (Kornberg, 2000), which is very substantial with densities of up
to several hundred grams/liter (Ellis and Minton, 2003). After a frustrating decade of trying to
replicate stretches of the E. coli chromosome outside of the bacteria in ordinary solution, success
was only achieved by adding the crowding agent propylene glycol to the mixture. This finding
was a startling, yet persuasive, admonition that we cannot neglect the cellular environment when
explaining genetic behavior.

Perhaps more remarkable than the extent to which the cell is crowded is the fact that the
cellular interior is far from thermal equilibrium. In fact, the mesh-like structure of the
cytoskeleton is driven by activities such as the procession of molecular motors, like myosin, and
actin treadmilling, both of which continually consume ATP (Joanny and Prost, 2009) generating
an active medium within the cell. Experiments have shown that nanoparticles passively
embedded within such a network can experience jostling from environmental fluctuations of
more than 100x those of thermal fluctuations alone (Gallet et al., 2009). These findings show
that the cellular environment is much more dynamic than previously assumed, with potentially
far-reaching consequences as to how cellular functions can be driven not only by thermal
fluctuations or direct molecular motor action, but perhaps also by active mechanical fluctuations
within the cell.

For more than half a century it has been debated whether the nucleus contains a
macromolecular scaffolding similar to that of the cytoplasm (Pederson, 2000). It is only in

recent years that a polymeric form of actin has been found within the nucleus (Hofmann and de



Lanerolle, 2006, McDonald et al., 2006, Vartiainen, 2008). Likewise, a nuclear relative of
myosin, nuclear myosin I (NMI), was discovered and shown to be a key player in nuclear
function (Nowak et al., 1997). In fact, several studies have already proven that the actin-myosin
complex, which is ATP driven, actively rearranges chromosomal organization. These new
findings make it quite probable, although still unconfirmed, that the chromosome could
experience similar nonequilibrium effects within the nuclear interior like those uncovered within
the cytoplasm, which would have significant implications for overall gene expression.

This review aims to highlight recent evidence suggesting that forces, static or
dynamically fluctuating, that act on the DNA backbone can directly alter gene expression. In the
following section, Section II, we will focus on discussing the effects that mechanical tension in
the DNA can have in the local operation of DNA-binding proteins, such as on the assembly and
activity of a variety of transcription factors and restriction enzymes. In Section III we will
discuss long-range tension-induced cooperative effects like regulation via protein-mediated DNA
looping and the mechanical operation of type II restriction endonucleases. In Section IV, we
briefly review how mechanical tension, from forces generated along the nuclear DNA, may
participate in the functioning of the chromosome. The variety of this set of examples illustrates
the need to incorporate DNA mechanics into our evolving understanding of genetic regulation.
In the final section, we conclude with a discussion of recent efforts at and prospects for
performing force spectroscopy within living cells to directly measure the static and dynamic
forces and fluctuations that act on DNA in vivo. We hope that this review will help stimulate a
nascent interest in uncovering novel mechanical pathways to gene regulation that rely upon

tension within the DNA.



II. Localized Protein Binding and Aggregation

There is much evidence to suggest that transcription factor binding and unbinding is tension
dependent, although the biological implications of these findings are still unknown (Marko and
Siggia, 1997). Single-molecule stretching experiments are able to observe a change in the
elasticity of the DNA as transcription factors associate and/or dissociate from the DNA strand.
Tension dependent effects have been observed on a variety of transcription factors such as the
integration host factor (IHF) (Ali et al., 2001) and HU (van Noort et al., 2004), both important
nucleoid associated proteins in bacteria, as well as a variety of nonspecific DNA-bending
proteins like HMGB1 and NHP6A (Skoko et al., 2004). In fact, it is the nonspecific proteins,
since these molecules are only weakly bound to the DNA, which should be the most sensitive to

tension dependent mechanical signals (Xiao et al., 2011).

Once in contact with the DNA, the activity of transcription factors or other proteins is in
some instances dependent upon tension along the DNA as well. For instance, when restriction
endonucleases bind to their target sequences they sometimes induce a significant conformational
change in the DNA structure (see Fig. 2B). EcoRV, as an example, is known to generate a kink
with a bend angle of around 50°. Van den Broek et al. showed that the rate of cleavage for
EcoRYV is greatly reduced when tension is applied to the substrate DNA (van den Broek et al.,
2005). This is in contrast to the enzyme BamHI, which has little effect on the conformation of
the DNA, and showed no tension-dependence in its activity.

A surprising example of how stored mechanical tension can affect protein activity is
provided by RADS1 proteins that polymerize into filaments around ssDNA and act as catalysts
for homologous recombination. The filaments assemble and help locate a homologous segment

of dsDNA, the DNA molecules exchange strands of genetic material, the filaments disassemble,



and two homologous dsDNA molecules are formed. Van Mameren et al. recently showed that
the disassembly of these nucleoprotein filaments, which is an important step in the process of
recombination, critically depends upon a release of tension in the filament (van Mameren et al.,
2009). The disassembly process halts when tension is applied to the DNA, stabilizing binding of
the RADS1 protein, and recommences once the tension is released. In fact, since RAD51 forms
helical filaments in the DNA that can hold a significant amount of tension, the authors postulated
that this stored mechanical energy might power the disassembly process (see Fig. 2C).

A variety of transcription factors are also known to display a significant level of
cooperativity that, along with the interplay between enhancers and repressors, enables a high
degree of multivariant control over genetic function. For instance, this holds true for all three
classes of RNA polymerases; specific transcription factors have been shown to assemble at the
promoter into multiprotein-DNA complexes as a precondition for transcription initiation. The
assembly of multiple proteins into a larger functional unit proves to be a common theme in gene
regulation as the cooperative binding of proteins to DNA allows for a sensitive response to small
changes in protein concentration and the implementation of more complex control schemes.

The assembly of such multiprotein complexes is rather slow, as the kinetics are limited
by the diffusion of the complexes constituents at often very low concentrations. Elastic stress in a
biopolymer, however, can propagate over a long range in a fraction of the time. Propagation of
such a mechanical signal is limited only by the fundamental relaxation time of the carrier
polymer, which can be quite short even for micron-sized stretches of DNA (Meiners and Quake,
2000). Tension, therefore, could serve as an efficient long-range signal that in turn alters the rate
of transcription complex formation or organizes protein spacing along the DNA. Support for

such a notion comes from Rudnick and Bruinsma who have shown that tension along the DNA



strand can facilitate the cooperative binding of DNA since two DNA-bending proteins will tend
to bind next to each other in an effort to minimize the overall distortion of the DNA molecule
(Rudnick and Bruinsma, 1999) (see Fig. 2A). Koslover and Spakowitz then went on to extend
this argument by showing that rotational twist in the DNA can play a role, complementary to

that of tension, in aggregating proteins bound to the DNA (Koslover and Spakowitz, 2009).

II1. Tension Dependent Control of Distant, Cooperative Processes

Proteins that bind far from the promoter they regulate can be brought near the initiation region
for transcriptional regulation by looping the intervening DNA. This process of DNA looping is
quite common in prokaryotes, being present in the ara, gal, deo and lac operons in E. coli
(Schleif, 1992) as well as the lysogenic/lytic switch in phage A (Ptashne, 2004), and is ubiquitous
throughout eukaryotes where it allows distal enhancers, silencers and mediators to affect
transcriptional regulation (Matthews, 1992, Schleif, 1992).

DNA is tightly packed within the cell, particularly in eukaryotes. This dense cellular
environment provides a complex micromechanical context in which the distantly bound protein
has to find its counterpart at the promoter, and a variety of strategies are employed by the
genome to either enhance or impede this process. Supercoiling, for instance, is a global
mechanical feature for regulating gene expression and is caused by a linking number deficit of
the DNA within a specific topological domain of the DNA. This in turn leads to the local
formation of plectonemes in the DNA to relieve unwanted torsional stress (Dorman, 2006). This
twist in the DNA is necessary, for instance, to bring the spatially distant ga/ operators of the ga/
operon in E. coli into the correct orientation with respect to each other, thus facilitating the

closure of the repressor loop (Lia et al., 2003, Aki et al., 1996).



Like twist, tension in the substrate DNA can be critical to this sort of long-range
regulatory function. DNA loop formation is driven by thermal fluctuations and intracellular
interactions that randomly bend and twist the DNA. When two binding sites come in close
proximity to one another, a regulatory protein may form a bridge between the operators to
generate a loop in the intervening DNA. The force associated with thermal fluctuations, needed
to form such a loop, can be estimated from the persistence length of the DNA at around 0.1 pN—
only a fraction of the scale of forces exerted on the DNA during normal cell functioning, like
those discussed in the introduction. It was, therefore, predicted that forces as small as a few
hundred femtonewtons could supersede the thermal fluctuations and easily suppress the rate of
formation of protein-mediated DNA loops (Blumberg et al., 2005, Yan et al., 2005), effectively
preventing all loop formation and, in turn, dramatically altering transcription levels.

Recent experiments have probed the effect of mechanical tension on protein-mediated
DNA looping by observing the formation and breakdown of DNA loops formed between two lac
operator sites borrowed from the bacterial chromosome and bridged by tetrameric Lacl protein
(see Fig. 3A). Chen et al. have shown that protein-mediated DNA loops, in vitro, can be
suppressed by applying only a few hundred femtonewtons of force to the substrate DNA (Chen
et al., 2010a). This result would translate in vivo to a complete suppression of the repressive
effects generated by the loop causing the cell to continuously express the set of genes controlled
by this operon. It should be noted that the loops, once formed, are hard to disrupt— their
lifetime is essentially unaffected by forces on the sub-piconewton scale. To disrupt the lifetime
of the DNA loops would require the application of a force almost two orders of magnitude

greater than that necessary to affect the loop association rate. That is, the force would need to



be comparable to the enthalpic cost of tearing a protein from its binding site (i.e., tens of
piconewtons as opposed to tenths of a piconewton).

In a separate experiment, Chen et al. found that by applying a fluctuating level of tension
to the DNA they could greatly enhance the rate of loop formation (Chen et al., 2010b). The
experiment was meant to simulate the fluctuating micromechanical environment of the cellular
interior, where fluctuating forces arise from a wide range of intracellular processes. The
introduced fluctuations were formally equivalent to increasing the effective temperature of the
system and it was found that the loop formation rate could be more than doubled by adding an
effective temperature of only 10% of the thermal background. This rate enhancement, due to
force fluctuations, might explain why DNA loops result in a several 100-fold level of repression
in vivo (Oehler et al., 1990) despite the observation of equal lifetimes in the looped and
unloooped states in vitro.

Moreover, the sensitivity of the loop formation rate to the additive fluctuations was easily
scaled so that it was independent of the baseline tension. This result led the authors to suggest a
method for the stable mechanical regulation of a gene within an environment capable of
generating high levels of mechanical noise along the DNA. Consider a gene under the control of
a DNA loop that forms at a basal rate k;, while the DNA is under a constant tension T;. A
change of tension along the DNA, T,, might provide a regulatory signal if it resulted in a looping
rate of at least p times the basal rate, i.e. ko> p k;. If we assume that the mean tension felt by the
DNA fluctuates around the targets T; and T, such that we have two new looping rates k; and «»,
the experimental results implied that « 1/k; = k2/ks, which means that k, > p k| would provide an

equivalent expression signal unaffected by the noise.



A similar phenomenon to what was observed in the /ac system was witnessed by
Gemmen et al. in a novel set of type II restriction enzymes that cleave DNA efficiently only if
there are multiple recognition sites along the DNA (Gemmen et al., 2006a, Gemmen et al.,
2006b) (see Fig. 3C). The activity of these enzymes suggests that the complex simultaneously
binds at the two sites forming a loop in the intervening DNA. Such behavior is thought to
protect against unwanted cleavage should a single site in the host’s genome accidently become
unmethylated (Mucke et al., 2003). Gemmen et al. studied 15 two-site enzymes by observing
cleavage events under varying levels of tension. They found the activity of all the two-site
enzymes to be completely inhibited by a tension of a mere 5 pN. A detailed study of one of the
enzymes, Sau3Al, showed an exponential decrease in activity as a function of tension resulting
in a 10-fold suppression of activity at less than 1 pN. While the /ac results discussed earlier were
in excellent agreement with theory (Blumberg et al., 2005, Yan et al., 2005), here, a 10-fold level
of suppression was predicted to occur at around 0.1 pN. Gemmen et al. speculate that the
discrepancy might result from the formation of many small, classically unfavorable DNA loops,
arising from protein-induced or spontaneous DNA bending, requiring additional tension to
inhibit.

In certain regulatory systems DNA loop formation may be assisted by additional proteins
that help increase the flexibility of a rather stiff segment of DNA. For instance, transcriptional
repression of the previously discussed metabolic gal operon, by the repressor protein GalR,
involves the formation of a protein-mediated DNA loop of approximately 40 nm, slightly below
the persistence length of dsDNA (see Fig. 3B). DNA loop formation in this system requires the
assistance of the nucleoid-association protein HU, which is thought to bind to and denature a

portion of the DNA between the distant operator sites. Since ssDNA is much more flexible than



dsDNA, the overall flexibility of the DNA is increased and the formation of short DNA loops is
significantly facilitated. In the same experiment, Lia et al. showed that negative supercoils in the
DNA, generated under linear tension on the order of 1 pN, massively facilitated the formation of
GalR/HU-mediated DNA loops (Lia et al., 2003). Moreover, as they increased the applied
tension, they found that the probability of looping decreased, however, not as dramatically as
was found in the Lacl experiments discussed above. This result is most likely due to the
increased flexibility, or reduced effective persistence length, of the DNA in the GalR/HU loops,

which in turn increases the characteristic force scale of the thermal fluctuations of the DNA.

IV. Mechanical Effects and the Chromosome

The ability of a given stretch of DNA to wrap itself around a nucleosome is strongly dependent
upon the sequence (Sekinger et al., 2005, Anderson and Widom, 2001) with a range of affinities
that span three orders of magnitude (Thastrom et al., 1999). There is evidence to suggest that the
genome uses this sequence dependence to preferentially govern the distribution of nucleosomes
as a method for controlling the access of regulatory proteins to particular binding sites (Segal et
al., 2006). Tension may play a complementary role to sequence as it may influence the binding
of nucleosomes to the DNA and, therefore, has the potential to be an important determinant of
nucleosomal positioning.

Single-molecule experiments have already shown that individual histone octomers
reversibly detach from DNA under piconewton tensions (Brower-Toland et al., 2002).
Moreover, in vitro nucleosome disruption experiments, performed in ATP-rich Xenopus extracts,
have shown that 2 pN of force can completely disassemble a chromatin fiber (Yan et al., 2007).

Oddly enough, an in vivo measurement performed in yeast cells indicated that nucleosome



disruption could occur at tensions as small as 0.2 pN (Fisher et al., 2009), which is an order-of-
magnitude less than what was witnessed in the in vitro experiments with Xenopus extracts.

Another way in which mechanical stress can affect nuclear DNA is by acting as an active
messenger of genetic activity. For instance, experiments have shown that transient mechanical
stresses induced by molecular motors can propagate through chromatin fiber and cause local
alterations to DNA. Kouzine et al., as an example, originally showed that transcriptionally
generated torque is capable of melting sequences hundreds of basepairs upstream of an active
promoter in vitro (Kouzine et al., 2004) (see Fig. 4). In a follow up to this work, the same group
witnessed transcriptionally generated supercoiling, but this time in vivo using psoralen, a
compound whose binding affinity to DNA is dependent upon the helical tension in the DNA, as
an indicator (Kouzine et al., 2008). The resulting superhelical tension caused the structure of the
DNA to deviate from the traditional B-form along sequences located upstream of the promoter.
This mechanical signal caused one of the effected sequences (FUSE) to recruit two regulatory
proteins essential to its function showing that mechanical signals, resulting from structural
features of the chromosome, can participate in gene regulation.

On a more global scale, the spatial organization of DNA within a cell gives rise to
additional mechanisms that have the potential for direct mechanoregulation. There is a growing
body of evidence for a division of the bacterial chromosome into supercoiled domains (Sinden
and Pettijohn, 1981, Postow et al., 2004) in which helical tension regulates DNA transcription
(Pruss and Drlica, 1989, Stavans and Oppenheim, 2006). A similar statement about the
eukaryotic chromosome is more contentious (Lieberman-Aiden et al., 2009); however, the
chromosome seems to be organized in such a way as to take advantage of and control DNA

tension (Kleckner et al., 2004).



Moreover, there is much evidence to suggest that cells can control gene expression by
altering the spatial organization of the nucleus, for instance, by making certain regions of the
chromosome inaccessible (Goetze et al., 2007, Mateos-Langerak et al., 2007), to orchestrate the
expression or inhibition of large clusters of genes. In this way, the chromosome actively
participates in the control of its expression through its own packaging, a feature that is strongly
dependent upon the mechanical properties of chromatin.

Inside the cell, for instance, the chromosome finds itself effectively caged within the
nucleus. This crowding can give rise to internally generated mechanical forces that may drive
rearrangements of the chromosome. In eukaryotic cells, an extension of the chromosomal fiber
can result from a variety of processes such as histone modification, elimination, or the loss of
non-histone architectural elements. Under such conditions, the DNA would play a governing
role beyond its information content, rather via its mechanical features. Kleckner et al. noted that
during periods of cellular expansion, chromosomes tend to be distended and stiff while, during
periods of contraction, the chromosomes become flaccid and relaxed. These periods of tensional
modulation, during the cell cycle, were postulated to be a mechanical source for regulating
cellular activity. Recently, in vivo measurements have been made of the tension exerted by the
microtubule based spindles, present during cell division, upon a length of chromatin (Fisher et
al., 2009). The DNA/chromatin was extended within the cell with a maximum force of
approximately 0.2 pN showing that significant forces may act upon the chromosome during

various stages of the cells life cycle.

V. Outlook for Exploring the Mechanics of Gene Regulation



Most of our ideas on how DNA mechanics might regulate gene expression arise from in vitro
experiments that study the response of extracted or artificially synthesized cellular components.
This approach has clearly established the plausibility and even probability of direct mechanical
pathways to regulate gene expression that do not require an intermediate conversion into a
chemical signal at the cell membrane; however, at present, no single mechanism that is actually
utilized by living cells has been conclusively demonstrated. To do so will require an extension of
present day techniques to both observe and probe mechanical function within the complicated
cellular interior.

There are many challenges to performing force spectroscopy measurements within the in
vivo world (Dufrene et al., 2011, Veigel and Schmidt, 2011), but, it is a direction in which many
single-molecule biophysical techniques are moving, albeit incrementally and at an agonizingly
slow pace. One early and very direct method of applying mechanical forces to cellular
components in vivo is through the insertion of microneedles into living cells (see Fig. 5A).
Skibbens and Salmon used such an approach to test if kinetochores respond to tension during
various stages of cell division in newt epithelial cells (Skibbens and Salmon, 1997). They were
able to stretch the chromosomal arms directly with microneedles that were punched through the
cellular membrane, and thereby apply an external force to the spindle. Their results showed that
tension controls the direction of kinetochore movement and the associated assembly and
disassembly of the microtubules, which act to position the centromere within the spindle. These
microneedles, generated by heating and pulling on a segment of glass tubing and then finely
tapering the end, however, were rather large on a cellular scale. In recent years, much smaller
diameter microneedles have been fashioned using modern nanofabrication techniques, which

translate to less damage to the cells under investigation, and allows for more control over the



positioning and manipulation of the tips. For instance, modified Si AFM tips, created by focused
ion beam etching, with a diameter of 200-300 nm have been shown to penetrate both the cell
membrane as well as the nuclear membrane (Obataya et al., 2005). Even more recent is the
development of nanoneedles that are created from carbon nanotubes of a mere 30-40 nm in
diameter. They can both interact with internal cellular components as well as deliver a variety of
nanoparticle payloads to the cellular/nuclear interior (Vakarelski et al., 2007). Micro- and
nanoneedles remain, however, a fairly invasive method to probe intracellular mechanics, with
not insubstantial collateral cellular damage.

Another option for in vivo cellular manipulation is through optical or magnetic tweezers.
Optical tweezers have unearthed a wealth of mechano-molecular information in in vitro assays of
biological function. They are, however, less adept at exploring the intracellular milieu because
they lack specificity and exert forces only based on a difference in refractive index, something
that cannot easily be tailored within the cell using ordinary molecular biology techniques. One
solution to this problem, which has recently been employed to study active transport within a
cell, was to trap lipid droplets that are more readily trapped than other cellular components
(Shubeita et al., 2008) (see Fig. 5B). However, the laser intensities needed for these studies were
high enough to cause significant local heating and possible photodamage to the cell, a limitation
that will likely be a limiting factor in the development of other intracellular handles for
nanomechanical studies with optical tweezers.

Magnetic tweezers, on the other hand, are a promising option for in vivo studies in that
most cellular components show very little magnetic susceptibility and therefore high specificity
can be achieved by introducing functionalized superparamagnetic particles into the cell. A

drawback of magnetic tweezers, though, is that complete three dimensional control, like that



afforded by optical tweezers, is difficult to realize. Microfabricated magnetic tweezers, which
allowed for real two-dimensional control, were recently used to manipulate microinjected
superparamagnetic beads inside the nucleus of a HeLa cell, to actively measure the nuclear
elasticity and viscosity (de Vries et al., 2007) (see Fig. 5C). However, to manipulate the
nanoprobes with sufficient force required the use of rather large 500 nm beads, which hardly
moved within the nucleus and may well be disruptive to nuclear function. Nonetheless, this
technique may lend itself to actively interacting with chromatin by conjugating the nanoparticles
to specific histones, to directly exert mechanical forces on the chromosome and observe their
concomitant effects on gene expression.

While much effort is being put into understanding how the genetic code operates within
the genome, there is a growing realization that the mechanics of transcriptionally active DNA
may be responsible for a wealth of regulatory function in its own right. Exploring this
“Mechanome” (Lang, 2007) will require the development of new tools and techniques for
directly and specifically measuring and exerting forces on the DNA within living cells. Despite
the hurdles, technical advances are moving us steadily closer to performing single-molecule
measurements within living cells, laying the foundation for a new paradigm in how we interact

with and explore the cellular world.

Acknowledgments
This work was supported in part by the National Science Foundation through grants PHY -

0957293 and PHY-0551164. We would like to thank Mike Chu for providing his valuable help

with the illustrations.



References

AKHTAR, A. & GASSER, S. M. 2007. The nuclear envelope and transcriptional control. Nat
Rev Genet, 8, 507-17.

AKI, T., CHOY, H. E. & ADHYA, S. 1996. Histone-like protein HU as a specific transcriptional
regulator: co-factor role in repression of gal transcription by GAL repressor. Genes Cells,
1, 179-88.

ALIL B. M., AMIT, R., BRASLAVSKY, I., OPPENHEIM, A. B., GILEADI, O. & STAVANS,
J. 2001. Compaction of single DNA molecules induced by binding of integration host
factor (IHF). Proc Natl Acad Sci U S A4, 98, 10658-63.

ANDERSON, J. D. & WIDOM, J. 2001. Poly(dA-dT) promoter elements increase the
equilibrium accessibility of nucleosomal DNA target sites. Mol Cell Biol, 21, 3830-9.

BLUMBERG, S., TKACHENKO, A. V. & MEINERS, J. C. 2005. Disruption of protein-
mediated DNA looping by tension in the substrate DNA. Biophys J, 88, 1692-701.

BROWER-TOLAND, B. D., SMITH, C. L., YEH, R. C., LIS, J. T., PETERSON, C. L. &
WANG, M. D. 2002. Mechanical disruption of individual nucleosomes reveals a
reversible multistage release of DNA. Proc Natl Acad Sci U S A4, 99, 1960-5.

CHEN, C. C. & WU, H. Y. 2003. Transcription-driven DNA supercoiling and gene expression
control. Front Biosci, 8, d430-9.

CHEN, Y. F., MILSTEIN, J. N. & MEINERS, J. C. 2010a. Femtonewton entropic forces can
control the formation of protein-mediated DNA loops. Phys Rev Lett, 104, 048301.

CHEN, Y. F., MILSTEIN, J. N. & MEINERS, J. C. 2010b. Protein-mediated DNA loop
formation and breakdown in a fluctuating environment. Phys Rev Lett, 104, 258103.

DAHL, K. N., KAHN, S. M., WILSON, K. L. & DISCHER, D. E. 2004. The nuclear envelope
lamina network has elasticity and a compressibility limit suggestive of a molecular shock
absorber. J Cell Sci, 117, 4779-86.

DE VRIES, A. H., KRENN, B. E., VAN DRIEL, R., SUBRAMANIAM, V. & KANGER, J. S.
2007. Direct observation of nanomechanical properties of chromatin in living cells. Nano
Lett, 7, 1424-7.

DORMAN, C. J. 2006. DNA supercoiling and bacterial gene expression. Sci Prog, 89, 151-66.

DROGE, P. 1994. Protein tracking-induced supercoiling of DNA: a tool to regulate DNA
transactions in vivo? Bioessays, 16, 91-9.

DUFRENE, Y. F., EVANS, E., ENGEL, A., HELENIUS, J., GAUB, H. E. & MULLER, D. J.
2011. Five challenges to bringing single-molecule force spectroscopy into living cells.
Nat Methods, 8, 123-7.

ELLIS, R. J. & MINTON, A. P. 2003. Cell biology - Join the crowd. Nature, 425, 27-28.

ESSEVAZ-ROULET, B., BOCKELMANN, U. & HESLOT, F. 1997. Mechanical separation of
the complementary strands of DNA. Proc Natl Acad Sci U S A, 94, 11935-40.

FISHER, J. K., BALLENGER, M., OBRIEN, E. T., HAASE, J., SUPERFINE, R. & BLOOM,
K. 2009. DNA relaxation dynamics as a probe for the intracellular environment. Proc
Natl Acad Sci U S A4, 106, 9250-5.

GALLET, F., ARCIZET, D., BOHEC, P. & RICHERT, A. 2009. Power spectrum of out-of-
equilibrium forces in living cells: amplitude and frequency dependence. Soft Matter, 5,
2947-2953.

GEMMEN, G. J., MILLIN, R. & SMITH, D. E. 2006a. Dynamics of single DNA looping and
cleavage by Sau3Al and effect of tension applied to the DNA. Biophys J, 91, 4154-65.



GEMMEN, G. J., MILLIN, R. & SMITH, D. E. 2006b. Tension-dependent DNA cleavage by
restriction endonucleases: two-site enzymes are "switched off" at low force. Proc Natl
Acad Sci U S A4, 103, 11555-60.

GOETZE, S., MATEOS-LANGERAK, J., GIERMAN, H. J., DE LEEUW, W., GIROMUS, O.,
INDEMANS, M. H., KOSTER, J., ONDREJ, V., VERSTEEG, R. & VAN DRIEL, R.
2007. The three-dimensional structure of human interphase chromosomes is related to the
transcriptome map. Mol Cell Biol, 27, 4475-87.

HOFMANN, W. A. & DE LANEROLLE, P. 2006. Nuclear actin: to polymerize or not to
polymerize. J Cell Biol, 172, 495-6.

JANNINK, G., DUPLANTIER, B. & SIKORAYV, J. L. 1996. Forces on chromosomal DNA
during anaphase. Biophys J, 71, 451-65.

JOANNY, J. F. & PROST, J. 2009. Active gels as a description of the actin-myosin
cytoskeleton. Hfsp Journal, 3, 94-104.

KLECKNER, N., ZICKLER, D., JONES, G. H., DEKKER, J., PADMORE, R., HENLE, J. &
HUTCHINSON, J. 2004. A mechanical basis for chromosome function. Proc Natl Acad
Sci US 4, 101, 12592-7.

KORNBERG, A. 2000. Ten commandments: lessons from the enzymology of DNA replication.
J Bacteriol, 182, 3613-8.

KOSLOVER, E. F. & SPAKOWITZ, A. J. 2009. Twist- and tension-mediated elastic coupling
between DNA-binding proteins. Phys Rev Lett, 102, 178102.

KOUZINE, F., LIU, J., SANFORD, S., CHUNG, H. J. & LEVENS, D. 2004. The dynamic
response of upstream DNA to transcription-generated torsional stress. Nat Struct Mol
Biol, 11, 1092-100.

KOUZINE, F., SANFORD, S., ELISHA-FEIL, Z. & LEVENS, D. 2008. The functional
response of upstream DNA to dynamic supercoiling in vivo. Nat Struct Mol Biol, 15,
146-54.

LANG, M. J. 2007. Lighting up the Mechnaome. The Bridge, 37, 11-16.

LEHOUX, S., CASTIER, Y. & TEDGUI, A. 2006. Molecular mechanisms of the vascular
responses to haemodynamic forces. J Intern Med, 259, 381-92.

LIA, G., BENSIMON, D., CROQUETTE, V., ALLEMAND, J. F., DUNLAP, D., LEWIS, D. E.,
ADHYA, S. & FINZI, L. 2003. Supercoiling and denaturation in Gal repressor/heat
unstable nucleoid protein (HU)-mediated DNA looping. Proc Natl Acad Sci U S A, 100,
11373-7.

LIEBERMAN-AIDEN, E., VAN BERKUM, N. L., WILLIAMS, L., IMAKAEV, M.,
RAGOCZY, T., TELLING, A., AMIT, L., LAJOIE, B. R., SABO, P. J., DORSCHNER,
M. O., SANDSTROM, R., BERNSTEIN, B., BENDER, M. A., GROUDINE, M.,
GNIRKE, A., STAMATOYANNOPOULOS, J., MIRNY, L. A., LANDER, E. S. &
DEKKER, J. 2009. Comprehensive mapping of long-range interactions reveals folding
principles of the human genome. Science, 326, 289-93.

MARKO, J. F. & SIGGIA, E. D. 1997. Driving proteins off DNA using applied tension. Biophys
J, 73, 2173-8.

MATEOS-LANGERAK, J., GOETZE, S., LEONHARDT, H., CREMER, T., VAN DRIEL, R.
& LANCTOT, C. 2007. Nuclear architecture: Is it important for genome function and can
we prove it? J Cell Biochem, 102, 1067-75.

MATTHEWS, K. S. 1992. DNA looping. Microbiol Rev, 56, 123-36.



MCDONALD, D., CARRERO, G., ANDRIN, C., DE VRIES, G. & HENDZEL, M. J. 2006.
Nucleoplasmic beta-actin exists in a dynamic equilibrium between low-mobility
polymeric species and rapidly diffusing populations. J Cell Biol, 172, 541-52.

MEINERS, J. C. & QUAKE, S. R. 2000. Femtonewton force spectroscopy of single extended
DNA molecules. Phys Rev Lett, 84, 5014-7.

MUCKE, M., KRUGER, D. H. & REUTER, M. 2003. Diversity of type II restriction
endonucleases that require two DNA recognition sites. Nucleic Acids Res, 31, 6079-84.

NOWAK, G., PESTIC-DRAGOVICH, L., HOZAK, P., PHILIMONENKO, A., SIMERLY, C.,
SCHATTEN, G. & DE LANEROLLE, P. 1997. Evidence for the presence of myosin I in
the nucleus. J Biol Chem, 272, 17176-81.

OBATAYA, 1., NAKAMURA, C., HAN, S., NAKAMURA, N. & MIYAKE, J. 2005. Nanoscale
operation of a living cell using an atomic force microscope with a nanoneedle. Nano Lett,
5,27-30.

OEHLER, S., EISMANN, E. R., KRAMER, H. & MULLER-HILL, B. 1990. The three
operators of the lac operon cooperate in repression. EMBO J, 9, 973-9.

ORR, A. W., HELMKE, B. P., BLACKMAN, B. R. & SCHWARTZ, M. A. 2006. Mechanisms
of mechanotransduction. Dev Cell, 10, 11-20.

PEDERSON, T. 2000. Half a century of "the nuclear matrix". Mol Biol Cell, 11, 799-805.

PERCIPALLE, P. 2007. Genetic connections of the actin cytoskeleton and beyond. Bioessays,
29, 407-11.

POSTOW, L., HARDY, C. D., ARSUAGA, J. & COZZARELLI, N. R. 2004. Topological
domain structure of the Escherichia coli chromosome. Genes Dev, 18, 1766-79.

PRUSS, G. J. & DRLICA, K. 1989. DNA supercoiling and prokaryotic transcription. Cell, 56,
521-3.

PTASHNE, M. 2004. 4 genetic switch : phage lambda revisited, Cold Spring Harbor, N.Y., Cold
Spring Harbor Laboratory Press.

RUDNICK, J. & BRUINSMA, R. 1999. DNA-protein cooperative binding through variable-
range elastic coupling. Biophys J, 76, 1725-33.

SCHLEIF, R. 1992. DNA looping. Annu Rev Biochem, 61, 199-223.

SEGAL, E., FONDUFE-MITTENDOREF, Y., CHEN, L., THASTROM, A., FIELD, Y.,
MOORE, I. K., WANG, J. P. & WIDOM, J. 2006. A genomic code for nucleosome
positioning. Nature, 442, 772-8.

SEKINGER, E. A., MOQTADERI, Z. & STRUHL, K. 2005. Intrinsic histone-DNA interactions
and low nucleosome density are important for preferential accessibility of promoter
regions in yeast. Mol Cell, 18, 735-48.

SEN, S. & KUMAR, S. 2010. Combining mechanical and optical approaches to dissect cellular
mechanobiology. Journal of Biomechanics, 43, 45-54.

SHUBEITA, G. T., TRAN, S. L., XU, J., VERSHININ, M., CERMELLI, S., COTTON, S. L.,
WELTE, M. A. & GROSS, S. P. 2008. Consequences of motor copy number on the
intracellular transport of kinesin-1-driven lipid droplets. Cell, 135, 1098-107.

SINDEN, R. R. & PETTIJOHN, D. E. 1981. Chromosomes in living Escherichia coli cells are
segregated into domains of supercoiling. Proc Natl Acad Sci U S A, 78, 224-8.

SKIBBENS, R. V. & SALMON, E. D. 1997. Micromanipulation of chromosomes in mitotic
vertebrate tissue cells: tension controls the state of kinetochore movement. Exp Cell Res,
235, 314-24.



SKOKO, D., WONG, B., JOHNSON, R. C. & MARKO, J. F. 2004. Micromechanical analysis
of the binding of DNA-bending proteins HMGB1, NHP6A, and HU reveals their ability
to form highly stable DNA-protein complexes. Biochemistry, 43, 13867-74.

STAVANS, J. & OPPENHEIM, A. 2006. DNA-protein interactions and bacterial chromosome
architecture. Phys Biol, 3, R1-10.

THANOS, D. & MANIATIS, T. 1995. NF-kappa B: a lesson in family values. Cell, 80, 529-32.

THASTROM, A., LOWARY, P. T., WIDLUND, H. R., CAO, H., KUBISTA, M. & WIDOM, J.
1999. Sequence motifs and free energies of selected natural and non-natural nucleosome
positioning DNA sequences. J Mo/ Biol, 288, 213-29.

VAKARELSKI, I. U., BROWN, S. C., HIGASHITANI, K. & MOUDGIL, B. M. 2007.
Penetration of living cell membranes with fortified carbon nanotube tips. Langmuir, 23,
10893-6.

VAN DEN BROEK, B., NOOM, M. C. & WUITE, G. J. 2005. DNA-tension dependence of
restriction enzyme activity reveals mechanochemical properties of the reaction pathway.
Nucleic Acids Res, 33,2676-84.

VAN MAMEREN, J., MODESTI, M., KANAAR, R.,, WYMAN, C., PETERMAN, E. J. &
WUITE, G. J. 2009. Counting RADS51 proteins disassembling from nucleoprotein
filaments under tension. Nature, 457, 745-8.

VAN NOORT, J., VERBRUGGE, S., GOOSEN, N., DEKKER, C. & DAME, R. T. 2004. Dual
architectural roles of HU: formation of flexible hinges and rigid filaments. Proc Natl
Acad Sci U S A4, 101, 6969-74.

VARTIAINEN, M. K. 2008. Nuclear actin dynamics--from form to function. FEBS Lett, 582,
2033-40.

VEIGEL, C. & SCHMIDT, C. F. 2011. Moving into the cell: single-molecule studies of
molecular motors in complex environments. Nat Rev Mol Cell Biol, 12, 163-76.

VERSTRAETEN, V. L., BROERS, J. L., RAMAEKERS, F. C. & VAN STEENSEL, M. A.
2007. The nuclear envelope, a key structure in cellular integrity and gene expression.
Curr Med Chem, 14, 1231-48.

WANG, M. D., SCHNITZER, M. J., YIN, H., LANDICK, R., GELLES, J. & BLOCK, S. M.
1998. Force and velocity measured for single molecules of RNA polymerase. Science,
282, 902-7.

XIAO, B., ZHANG, H., JOHNSON, R. C. & MARKO, J. F. 2011. Force-driven unbinding of
proteins HU and Fis from DNA quantified using a thermodynamic Maxwell relation.
Nucleic Acids Res.

YAN, J., KAWAMURA, R. & MARKO, J. F. 2005. Statistics of loop formation along double
helix DNAs. Phys Rev E Stat Nonlin Soft Matter Phys, 71, 061905.

YAN, J., MARESCA, T. J., SKOKO, D., ADAMS, C. D., XIAO, B., CHRISTENSEN, M. O.,
HEALD, R. & MARKO, J. F. 2007. Micromanipulation studies of chromatin fibers in
Xenopus egg extracts reveal ATP-dependent chromatin assembly dynamics. Mol Biol
Cell, 18, 464-74.

YU, H., MOUW, J. K. & WEAVER, V. M. 2010. Forcing form and function: biomechanical
regulation of tumor evolution. Trends Cell Biol.



Integrins Cytoskeleton

. L L LG
............

A
E@Mﬂmwuuw};

Sa8dsadddabisd

TR e ORIn e R RR T RARR TR TR TR NAT

Cell Membrane Nuclear Membrane

Figure 1: A network of mechanical connections have been identified within eukaryotic cells that
could, in principle, transmit mechanical signals from receptors at the cell membrane, through the
cytoskeletal architecture, past the nucleus and into the chromosome. Moreover, within the
nucleus the DNA finds itself tightly packaged and operating within a bustling environment
driven by gene expression and molecular motor activity.



Figure 2: (A) Proteins bound to DNA may generate twist and tension along the molecule. One
result may be an increased rate of aggregation driven by a need to reduce the deformational cost
in energy associated with their binding. (B) Certain restriction endonucleases like EcoRI
(yellow) must first bend the DNA before they can cut and display an activity level dependent
upon tension in the molecule. Others, like BamHI (green), cause little distortion to the DNA and
show little sensitivity to tension. (C) Disassembly of nucleoprotein filaments is a crucial step in
recombination and is strongly tension dependent. The filaments are stable as long as RADS1
proteins are bound to ATP (green). The RADS51 monomers, which have hydrolysed ATP
(purple), dissociate from the filament once a terminal monomer hydrolyses ATP. Dissociation
continues up until the point at which the next RAD51 monomer is found bound to ATP.



Figure 3: (A) Lacl-mediated DNA loops form when distant operator sites (green) along the
DNA come in close enough proximity that they may be bridged by an intermediary Lacl protein.
The formation rate of such loops is acutely sensitive to both femtonewton tensions and
fluctuations along the DNA. (B) GalR-mediated DNA loops are assisted by HU proteins that
increase the flexibility of the intervening DNA allowing loop lengths of below a persistence
length to form. This regulatory mechanism has been shown to be quite sensitive to both twist
and tension along the DNA. (C) Type-II restriction endonucleases, like Sau3Al, cut when
distant restriction sites encounter an active enzyme and display a strong suppression of activity at
tensions of below a piconewton.



Figure 4: During the transcriptional activity of RNA polymerase, additional torque is generated
from the processive motion of the polymerase. This torque results in positive supercoils along
the template DNA downstream of the polymerase that may help unwrap nucleosomes, clearing
the DNA for transcription. Likewise, negative supercoiling upstream of the polymerase might
aid in the reassembly of nucleosomes with the template DNA.
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Figure S: (A) Silicon and carbon nanoprobes, attached to micromanipulators or modified AFM
tips, can be directly inserted into the cytoplasm and, in some cases, through to the nucleus while
causing only minimal interference with cellular activity. (B) Micromagnetic tweezers have been
used to study the active microrheology of magnetic nanoparticles injected into the nucleus of
eukaryotic cells. (C) Optical tweezers can be used to manipulate refractile bodies within cells,
such as lipid vesicles, and have been used to measure the transport properties of various
molecular motors in vivo.




