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Aspects ol DNA assembly: Extension, lithography

and recognition
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In this paper we describe the micromanipulation of
single genomic DNA and the lithographic represen-
tation of its sequence information on a biochip. An
optical tweezer combined with force detection using
light backscattering and a force cantilever is used to
manipulate single molecules. Using this we probe the
flexibility of a DNA template and its use as a me-
chanical detector to study DNA-protein interactions.
We then use this approach to directly monitor the
extension of a single DNA polymer beyond its con-
tour length, due to its unwinding, induced by the
polymerization of RecA protein. Finally the applica-
tion of a localized light source for bio-molecular
lithography is presented. We describe micro-
patterning DNA molecules on a solid substrate for
specific bio-molecular recognition. The ability to
manipulate, fabricate addressable DNA arrays and
specifically recognize genomic DNA molecules opens
the possibility of studying the mechanisms underly-
ing genetic processes and biological networks.

A DNA sequence is both a code of information and a poly-
mer. It serves as a template for information retrieval in ge-
netic processes, while being a flexible polymer chain. The
sequence of information and the mechanical properties of
DNA determine the molecular recognition during DNA-
protein interactions. Such interactions, at specific recogni-
tion sites, form the basis of the genetic expression'.

In this paper we first summarize the mechanical re-
sponse of the polymer using single DNA micromanipu-
lation techniques (notes 1-4). In particular we used an
optical tweezer combined with hight backscattering to
measure forces in the range of 0.1 to 10 picoN and an
atomic force cantilever for forces greater than 10 picoN.
In such experiments, a single DNA polymer 1s anchored
at one end to a glass slide and at the other end to a latex
particle, acting as a molecular handle. We then study a
specific example of DNA-protein interaction: the po-
lymerization of RecA protein on DNA. Finally we de-
scribe a novel application of a localized light source (o
assemble an addressable array of DNA sequences on a
solid substrate, for specific bio-molecular recognition.
Representation of specific DNA sequences, in address-
able arrays on a substrate, form an important tool to

23

study the complexity of gene expression™.
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Micromanipulation of a single DNA molecule

Single DNA molecule studies have become possible
recently due to progress in micromanipulation technol-
ogy and in vitro biochemical assays*™*. At the single
molecule level one can ask specific questions about the
molecular interactions which form the basis of biclogi-
cal functions, The elastic response and the fluctuation
study of a DNA polymer are useful in studying the dy-
namics of a protein interacting with DNA. Such ap-
proaches, for example, provide an understanding of the
linear and twist elasticity of DNA molecules, measure
forces of DNA base pair interactions, measure the
processive enzymatic function of RNA polymerase dur-
ing transcription and the self-assembly of recombinase
RecA protein filaments on DNA.

The mechanical response of a DNA molecule, to an
external applied force, has two regimes: entropic and
elastic. The entropic response is driven by thermal en-
ergy and the elastic response by base pair interactions.
Typically the entropic forces are of the order of Kg7/nm
~4 picoN and the elastic forces are of the order of
eV/nm ~160 picoN (electron volt (eV) ~ bond energies).

A schematic of the micromanipulation set-up, used In
our experiments, is shown in Figure 1. A typical force vs
extension study of a single double stranded DNA mole-
cule has four distinct domains (Figure 2). For extension
of up to 0.9% of the contour length of 4 DNA

(16.5 um), corresponding to forces of up to 10 picoN,
work is done against the entropic response of the poly-
mer. At higher extension, the elastic response of the
polymer results in an increase in force (up to 55 picoN).
Extension beyond the contour length (up to 1.3% to
1.4%) results in an abrupt increase in length, at constant
force. The abrupt change in length may be due to un-
winding of the double helix. This is the plateau region,
reported in the literature by two other groups”®, For a
force of ~55 picoN, DNA extends from about 16 um to
23 wm. On further extension (up to almost twice the
contour length) the increase in force may be due to
shearing of the double stranded DNA molecule'”.
Fluctuation of a DNA polymer is a direct measure of
its entropic stiffness. The f{luctuations of a DNA teth-
ered Brownian particle in a harmonic poteatial well
(formed by a laser tweczer) arises due to the sum of the
random fluctuations of the bead (driven by thermal
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Figure 1. Schematic of the home-built set-up to manipulate a single
molecule. A laser tweezer is combined with a Silicon force measure-
ment cantilever. Upper insert: A single DNA molecule is attached to
a silicon cantilever for the measurement of the mechanical response,
In this case, the Z-piezo drive is vertically displaced and the corre-
sponding cantilever deflection is monitored to measure forces greater
than 10 picoN. Lower tnsert: Backscattering from a DNA tethered
particle is used to measure displacements and forces (in the range of
0.1 to 10 picoN), within the optical trap using a quadrant detector. In
this case the X-piezo drive is horizontally displaced to measure the
entropic response of DNA.

noise) and the fluctuations introduced by the DNA at-
tachment. Ideally when the bead is in the equilibrium
position in the trap, its mean square fluctuations along
the z axis, <A7Z’> = KeT/xpna, wWhere kpna 1s the DNA
stiffness (force/unit length). Such fluctuations can be
probed using single particle backscattered light detec-
tion. By monitoring the standard deviation in the mean
value of fluctuations, using a photodetector, one de-
duces information on the stiffness of the DNA tether. As
the DNA 1s stretched from its equilibrium configuraticn,
the tethered bead is displaced within the trap and its
Brownian fluctuations are reduced. This information 1is
then used to plot the entropic response of DNA (Figure
2 lower inset). From a theoretical point of view, the

814

100

80 |
60 | '

T#H"W*“—T-W-T%WH

g
=
<
)
8
@
o
O
i
z s ]
o
20 22
S
245 05 1.0
relative extension
9 A e
04 06 0.8 1.0 1.2 1.4 6 1.8

refative extension

Figure 2. Force-extension curve of a double-stranded DNA mole-
Cule measured using a silicon force cantilever. The x-axis is plotted
in terms of relative extension (z/l, where z is the applied extension
using the Z piezo drive and I, = 16.5 pm, the contour lenFth). The
dotted line is a theoretical fit to the worm like chain model™>. Lower
insert: Force-extension curve of the same molecule, for low exten-
sion, measured using the optical tweezer with backscattered detec-
tion. Upper insert: Fluorescence visualization of a single 4 DNA
molecule (16.5 pm in length) anchored at one end to a glass slide.
The same DNA molecule is anchored with a bead, at the other end, to
probe its mechanical response. The fluorescent marker is used here
only for visualization and is not used during micromanipulation
experiments.

DNA tethered bead confined in an optical trap is de-
scribed by a superposition of two potentials: one corre-
sponding to the optical trap and the other representing
the DNA polymer attachment?.

The DNA polymer can be well described by a worm-
like chain model. The radius of gyration of such a
Gaussian chain, is given by R = (2b1,)°, where [, is the
chain length (number of bases X base pair distance) and
b the characteristic correlation or persistence length. In
the low force regime (entropic in origin), z the extension
<<l,, the force for stretching a Gaussian polymer chain
i1s f=3KT/2b (2/l,). At an extension approaching the
contour length, the intrinsic elastic description of the
polymer chain is invoked. A combined form of the force

- extension relation is described by the following equa-

tion, f= (KgT/2b)[z/l, + 1/4(1/(1 — 2/1.)) — 1/4), where
Kg 1s Boltzmann constant, T the temperature, b the per-
sistence length, z the extension and /, the contour length
of the DNA'". The above description is invalid for
z>>0.95 l;,, where cooperativity in DNA base pairing
effects is important. The persistence length (the length
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over which the thermal energy bends DNA) is a useful
measure of the flexibility of DNA.

Single molecule study of DNA-protein (RecA)
interactions

The assembly of proteins (either self-assembly or as-
sembly catalysed by enzymes) at specific DNA sites
forms the basis of the genetic expression. A ballet of
well-orchestered assembly of proteins on DNA has
evolved in nature to carry out specific genetic processes.
Much of our understanding about DNA-protein interac-
tions has come from careful biochemical, genetic and
structural studies. A few common structural motifs, that
mediate the interactions in nature, have been identified
forming the basis for nucleic acid interactions'®. How-
ever the mechanisms by which proteins find their spe-
cific sites or the process of biological assembly of
proteins on specific DNA sequences are still not clear.
Single molecule micromanipulation of DNA may offer a
direct approach to probe DNA-protein interactions. As
an example, we describe here the interaction of RecA (a
recombinase protein) with a DNA polymer.

In cells, RecA 1s essential for homologous recombi-
nation by promoting strand exchange reaction between
single and double-stranded DNA or between two double
stranded DNA'"°. It is also responsible for catalysing
DNA dependent ATP hydrolysis. RecA 1s a small pro-
tein found in bacteria (molecular weight 37.8 kDa) and
homologs of RecA are present in all iving systems. It
assembles into a polymeric form (both in vive and in
vitre) in the presence or absence of DNA, under appro-
priate biochemical conditions. RecA requires ATP to
bind to DNA and hydrolysis of ATP leads to dissocia-
tion. In the presence of the non-hydrolysable form of
ATP (Atp-ys), RecA forms a stable complex on DNA.

An understanding of the mechanism of homologous
recombination is based on the idea that RecA on binding
to DNA (both ss and ds), locally stretches and unwinds
the DNA. The only direct evidence for this has come
from electron microscopic studies of RecA-DNA com-
plexlg. RecA polymerizes on a ds (or ss) DNA by in-
creasing the length of the DNA. The average base pair
spacing is increased from 3.4 to 3.1 A. This process
suggests a distinct structure, characterized by an over-
stretching transition, in the B-form or the natural form
of DNA. In strand exchange reactions, RecA 1s believed
to cooperatively bind to both homologous DNA se-
quences to facilitate strand exchange.

In Figure 3, we present a direct single molecule ob-
servation of the effect of RecA binding to DNA. A
monomer of RecA binds to about 3 bases of DNA. The
kinetics of polymerization depends on the state of the
DNA molecule, whether it is in the random coil state or in
a stretched form. The application of an external force re-
duces the kinetic barricr for RecA binding to DNA '+
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Figure 3a, b. a, Force-extension curve of a naked DNA molecule
and the same molecule after RecA assembly. Polymerization of RecA
protein results in DNA extension, beyond its contour length, due to
unwinding of the double helix. Inset: Linear regimes of the two
curves to extract the change in persistence length by a factor of 4 (a
lower bound value); b, Measurement of the change in length versus
time. The kinetics (in the presence of ATP-ys) is measured by keep-
ing the DNA molecule at a constant force of 6 picoN, during the
polymerization process. A stable RecA-DNA complex is formed in
about 30 min. The net rate of polymertzation ~24 monomers/s.

To study the polymerization of RecA on DNA, force
versus extension data are recorded for both the naked
DNA molecule and on the same molecule after adding
the RecA protein (in the presence of ATP-ys) into the
sample cell. Polymerization of RecA in the presence of
ATP-ys leads to a stable DNA—protein complex. At time

t =0, the naked DNA molecule extends to about 13 um
for a stretching force of 6 picoN. At ¢t = 30 min, the po-
lymerization of RecA protein results in DNA extension
to about 23 um, for the same force (Figure 3 a). During
the polymerization reaction, the DNA molecule is held
under a constant force of 6 picoN. The over extenston of
the DNA polymer is due to unwinding ol DNA by RecA.
In the insct of Figure 34, we plot the linear regimes of
the force extension curves, for =0 and =730 mn.
From this one gets the change in the persistence length
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between a naked DNA molecule and the same molecule
covered with RecA. The persistence length, b, increases
by a factor of 4 (0.21 um), when covered with RecA and
this is a lower bound value,

The rate of RecA protein polymerization is obtained
by probing the time-dependent variation in the length of
a single DNA molecule (held under a constant force of
6 picoN). The data (Figure 3 b) are characterized by
threce distinct regimes: (1) a lag or nucleation phase; (2)
a sigmoidal growth phase; and (3) a stationary
rhase implying a stabilized complex. We find the net
polymerization growth rate to be of the order of
~24 monomers/s. Lag time suggests that there is a char-
acteristic time to form a critical nucleus to begin polym-
erization. A sigmoidal growth curve suggests that
growth fronts emerge at multiple sites and the velocity
of growing fronts reduce as they begin to collide with
other growth filaments on DNA. A detailed quantitative
study of the kinetics of RecA binding has been recently
presented .

Lithographic patterning of DNA molecules:
Bio-chips

Addressable arrays of DNA or proteins immobilized on
a substrate provide tools for information retrieval>>4%,
In the case of DNA, the detection is by hybridization of
ss DNA strand to a complementary ss strand on the
substrate. For proteins or antibodies, the detection 1s by
specific bio-molecular recognition of the immobilized
ligands. Progress in the genome project, allows one to
access the genomic DNA sequences of various organ-
isms. Using the genomic sequence information, DNA
probes can be immobilized at designed positions on the
substrate for detecting specific genes. A collective
measurement of gene expression patterns provides a
physical insight into the biological networks of an or-
ganism. Furthermore patterning biomolecules on semi-
conductor electronic substrates, coupled with specific
recognition, are essential for the realization of artificial
bio-molecular networks and their integration to micro-
electronics.

We describe here an application of a localized light
source, to create micron scale patterns of biomolecules
on a substrate®’ (note 5). The essentials of the technique
are straightforward and simple to realize (Figure 4). We
use a near infrared laser, focused to a diffraction-limited
spot, to locally heat a thin gold film substrate. Ablation
of the gold leaves a permanent trace, as the laser spot 1s
translated. Concurrently a convective flow is induced in
the fluid. Particles in suspension are entrained by the
flow and locally attracted by the laser, acting as an opti-
cal trap. The particles are protected from overheating by
a minute gas bubble, which forms at the laser spot. As
the beam is displaced, the bubble shrinks and the parti-
cles stick to the ablated surface.
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Figure 4a-c. a, b, Schematic of laser absorption lithography. A
diffraction limited laser spot is focused on to a glass slide coated
with a 30 A thin gold film. Localized heating leads to particle aggre-
gation and immobilization at the focal plane. Any desired pattern
(points, lines, arrays) can be generated by displacing the laser beam.
The particles are conjugated with a known bio-molecule (A). After
micro patterning, the sample cell 1s washed to remove free beads in
solution. A fluorescent labeled complement (A*) 1s used for specific
biomolecular recognition; ¢, Examples of specific detection, by pat-
terning single-stranded DNA covered polystyrene beads and their
recognition by hybridization of complementary single stranded DNA
sequences.

If the colloids are conjugated with biomolecules
(DNA, proteins, antibodies or peptides) on their surface,
a number of interesting possibilities present themselves.
Different geometries, lines, points and arrays can be
generated at will. A wide range of particle size can be
used, from 10 nm to a few um. The method is general
and depends only on localized laser absorption on a thin
film. The method has the advantage of grafting small
arrays of genomic DNA or proteins on a solid substrate
using simple equipment. Using these approaches we
have explored the possibility of patterning single
stranded DNA sequences on a substrate, with or without
secondary structure, to measure the expression of a large
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Figure 5 a, b. Grafting a micron-sized object at a designed position
on a silicon substrate, using an optical tweezer. Single-stranded DNA
coated bead is selected using an optical trap and grafted on to a sili-
con cantilever by localized laser absorption. ¢, Grafted sequences are
recognized by DNA hybridization.

number of genes. In particular, we have in mind the re-
alization of sensitive DNA oligonucleotide micro arrays
for mapping gene expression patterns.

Conclusion

At the single DNA molecule level, micromanipulation
and detection studies have opened the possibility to
probe the molecular machinery of genetic processes. A
study of the physics of such molecular machines may
also give a better understanding of how to engineer self-
assembled molecular scale devices.

Biomolecular recognition of molecules immobilized
on an addressable substrate provide tools for mapping
gene expression patterns and protein functions. The
lithographic method described in this paper, using local-
ized light, is substrate independent, has biological
specificity at the micron scale, may lead to miniaturiza-
tion and integration with electronic components. Micro
patterning of biomolecules and quantitative measure-
ment of time-dependent collective gene expression and
function may provide new approaches to study the
physics of biological networks.
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Notes

1. Single DNA molecule assay

A single double stranded (ds) DNA molecule anchored at its ends,
serves as a template to study DNA-protein interactions,. We have
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used phage 4 DNA (~48.5 kbases, 16.5 pm in length), purified from
viral particles, for these studies and quantification of the assay. The
two ends of A DNA have 12 base single-stranded cohesive ends com-
plementary to each other, DNA tethered polystyrene beads are bio-
chemically prepared, by attaching one end of the A DNA molecule to
the coverslip and the other end to the bead. The biochemical attach-
ment of A DNA ends are quantified using fluorescence. In Figure 2
(upper inset) single A DNA molecules, anchored at one end to the cov-
erslip by a biotin streptavidin link, are stretched by a low velocity flow
set up in the sample cell. DNA is labeled with YOYO-1 (molecular
probes) in 5:1 base pair to dye ratio, for fluorescence visualization.
(The dye is added here to quantify the assay and it is not used during
micromanipulation experiments.) More recently we have used low
pH solution (pH ~ 6} to anchor single DNA molecules on to beads
and glass slide. RecA experiments are carried out in 150 mM PBS
buffer at T=37°C, pH ~ 6.8 = 0.2, 10 pM RecA, 1 mM ATP-ys,
MgCl; ~20 mM, DTT ~20 mM and Tris-HCl 60 mM concentrations.

2. Optical tweezers” : A force transducer

To measure the tweezer trapping force, we use the Stoke’s drag
method and measure the velocity of the translational stage for which
a 3 um non-tethered bead escapes from the trap (F = 6xnav, where 5
is the water viscosity, ¥ the velocity and a the bead radius). For
50 mW trapping power, the trapping force is ~ 3.7 picoN. The trap
stiffness is calibrated using two standard methods''®. In the first
method, we measure the RMS fluctuations of the bead in the trap,
{Ax?), and get the trapping stiffness: Keap = KaT/{Ax’). In the second
method, we measure the power spectrum of the fluctuations of the
bead. The stiffness of the trap is given by Kypp = 1222naf., where 1 is
fluid viscosity, a the bead radius and f; is the cut-off frequency of
the fluctuations. From these two methods the estimate of the trapping
stiffness is within 20% and is of the order of 0.05 picoN/nm, for an
incident laser power of 100 mW in 0.1 M PBS buffer.

3. Selection, manipulation and grafting DNA
tethered beads using optical tweezers

In the microscope field of view, a large number of beads are present.
Some are directly bound to the coverslip, others tethered to it
through 4 DNA, with one or many attachments. Watching the
Brownian motion, it is easy to discard the beads glued to the cov-
erslip, as they do not move. To choose a bead with only one 4 DNA,
the laser tweezer is used. For forces of the order of 15 picol, a single
1 DNA molecule can be extended to 2 95% of its contour length
(16.5 um). Doing extension exercises one easily selects beads with
only one polymer attached to the coverslip, as they move a longer
distance, for the same trapping force, before escaping from the trap
and going back to their equilibrium attachment point.

For bead grafting, the cantilever is colinearly aligned with the op-
tical axis of the laser tweezer and brought in proximity to the DNA
tethered bead. Bead grafting is done using the tweezer to heat the
cantilever tip by infrared absorption, keeping the bead trapped. The
polystyrene latex bead sticks to the cantilever as it is heoted, pre-
sumably by polymer wetting. The heating time is very critical, both
for optimized grafting and to keep the bead-DNA attachment*>.
Typically the trap is sinusoidally modulated around a mean optical
power of 30 mW at low frequency (amplitude of modulation 15 mW
and frequency 0.2 to 0.5 Hz). This modulation reduces the heating of
the cantilever, while keeping the bead localized (for a 3 pun bead, the
diffusion coefficient is D = KuT/67a v 107 'm’/s; the bead moves a
distance (DNY? = 0.5 um in one second, and thus cannot escupe).
The attachment time is of the order of scconds. Since the trap IS
modulated, the tethered bead fluctuates around a mean value. The
fluctuation drops as soon as the bead is attached to the cantilever un_d
at this stage the luser is turned off, Bead attachment in Most CasCs 1S
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reversible. For bead detachment, the cantilever is brought in contact
with the covership and pressed against it

4. Atomic force spectroscopy of single molecules

The force measurement is a standard one’ . using an optical deflec-
tion technique’' . The cantilever (Park Scientific) is mounted vsing
a magnetic holder, A light beam from a I mW HeNe laser diode
(wavelength 632.8 nm, 3 mm beam diameter) is focused on (o the
cantilever. The reflected beam s detected using a quadrant position
detector (UDT Sensors, quantum efficiency 0.35 A/W). The posttion
detector is epcrated in the photo voltaic mode. A small change in the
z deflection of the cantilever, caused by an external force, is ampli-
fied (= 250) at the dctector level. The amplification is
(Ax/A2) = (870, where Ax is the change in beam deflecuon, § the
distance between the cantilever and the position detector, and [ the
length of the cantilever. The optical path to the quadrant detector is
aligned such that, for no external force on the cantilever, the two
photo detector quadrants have the same photo current. Deflection
measurcments are carried out using a differential preamplifier (PAR
113) connected to a A/D data acquisition board on a PC
(programmed using LabView, Nattonal Instruments). The cantilever
used has a spectally small stiffness, of the order of 10 picoN/nm
(usually for a force microscope, the cantilever stiffness is in the
range of a few hundred picoN/nm).

The limiting factor in force sensitivity is due to thermal fluctua-
tions {Az)’ = KgT7k, where Az is the mean average displacement, k
the stiffness of the cantilever, Kz the Boltzmann constant and 7 the
temperature. In our case {(Azy = 0.6 nm. In dc measuvrements, the
cantilever deflection is measured and the force directly estimated
(F=-kz, k=10 x 2 picoN/nm, z measured deflection). Our force
sensitivity is thus of the order of a few picoN.

5. Bio-molecular lithography

We present two examples dealing with the problem of specific rec-
ognition of a given sequence of single-stranded DNA by hybridiza-
tion to the complementary strand, immobilized on a substrate using
[aser lithography. The first involves lithographic patterning of latex
beads on a gold-coated glass substrate (Figure 4 g and b). A single-
stranded DNA sequence (GTATCACGAGGCCCT), modified with a
Biotin linker, is coupled to avidin covered latex beads and immobi-
lized on the substrate. To recognize the patterned single-stranded
DNA, the complementary sequences tagged with a fluorophore
(FAM) at the 3’ end are added to the sample cell. The sample is in-
cubated at room temperature for 1 h in 150 mM PBS buffer and then
washed to remove the free oligoemers in the solution. The resulting
fluorescence microscopy picture is shown in Figure 4 ¢. The fluores-
cence studies are made using a Zeiss microscope equipped with a
Hamamtsu intensified camera. We find that differentiation 1s easily
detected, even for 5 ym separation between two neighbouring oli-
gomer lines. The second involves grafting a latex bead, covered with
a known DNA sequence, on to the atomic force microscope silicon
cantilever (Figure 5 a—c).
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