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Summary

This thesis comprises two related projects. The effects of nucleoid-associated
proteins H-NS and HU on the conformation of single DNA molecules in a
nanospace were investigated with fluorescence microscopy. The nanospace
was provided by nano channels of dimensions 200 x 300 nm? and 150 x
250 nm?. For H-NS project, temporal conformation changes were also in-
vestigated using cross channels of height 200 nm and widths of 250 and 150

nim.

In the first project, the effect of the bacterial heat-stable nucleoid
structuring protein (H-NS) on the conformation of single DNA molecules
confined in a nanochannel was investigated using fluorescence microscopy.
With an increasing concentration of H-NS, the DNA molecules either elon-
gate or contract. The conformational response is related to the filamenta-
tion of H-NS on DNA through oligomerisation and H-NS mediated bridging
of distal DNA segments, and is controlled by the concentration and ionic
composition of the buffer. Confinement in a nanochannel facilitates com-
paction of DNA into a condensed form for over-threshold concentrations
of H-NS. Divalent ions such as magnesium facilitate but are not required

for bridging or condensation. The time scale of the collapse of DNA after

vi



Summary

exposure to H-NS was determined to be in the order of minutes, which is
much shorter than the measured time required for filamentation of around
1 hr. The effect of H-NS is not only related to its binding properties, but
also to the confinement, which is of paramount importance. The inter-
play between confinement, H-NS-mediated attraction, and filamentation

controls the conformation and compaction of DNA.

In the second project, the effect of the heat-unstable nucleoid struc-
turing protein (HU) on the conformation of single DNA molecules confined
in a nanochannel was investigated using fluorescence microscopy. DNA
molecules were pre-incubated with HU and confined inside an array of
nanochannels with cross-sectional dimension of 200 by 300 nm. With an
increasing concentration of HU, the pre-incubated DNA molecules contract
in the longitudinal direction of the channel. This contraction is due to
DNA bridge formation mediated by bound HU protein. For over-threshold
concentrations HU, the DNA molecules condense into a compacted form.
Divalent ions such as magnesium facilitate but are not required for conden-

sation.

These findings might have implications in gene silencing and chromo-
some organisation, because the cross-sectional dimensions of the channels

are comparable to those of the bacterial nucleoid.
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Chapter 1

Introduction and Literature

Review

Several decades of research has been done and still going on nucleic acids,
because nucleic acids are the matter, on which life is built up. Nucleic
acids store the genetic code (DNA) and translate genetic information into

proteins and RNA etc.

Swiss scientist Johannes Friedrich Miescher first discovered DNA in
18691, Six decades later, F. Griffith (1928) conducted the “transforming

72 experiment on mice with virulent and non-virulent bacteria

principle
and hypothesised that the results could offer a clue to discovering genetic
code. After 20 years, O. Avery et al. experimentally showed DNA to be the
carrier of genetic information and confirmed the transforming principle®.
In 1952, Alfred Hershey and Martha Chase confirmed that “DNA” itself

is a genetic material. One year later, James D. Watson and Francis Crick

resolved the spatial structure of DNA and proposed the double-helix model,



1.1. DNA organisation inside the cell

which won them the Nobel Prize. The double helix model is based on the
basepair rules by Erwin Chargaff and X-ray diffraction results by Rosalind
Franklin and Raymond Gosling[¥. This double-helix model itself not only
complies with the known physical and chemical properties of DNA, but
also explains how DNA fulfils biological functions such as replication, tran-

scription, and translation .

The double-helix model was a turning point
in the area of biology. Based on this model, major advancements have been
made in the establishment of the foundation of modern molecular biology,

leading to an upsurge in new experimental discoveries and techniques over

the last half-century.

This chapter presents the study on bacterial chromosomal organisation
and DNA conformational changes by nucleoid associated proteins. This is
followed by the physics of DNA in non-confined (free space) and confined
regimes, and some experimental studies reported on DNA conformation
in nanochannels. The chapter concludes with the research object of this
thesis. This introduction is helpful in understanding later chapters of this

thesis.

1.1 DNA organisation inside the cell

The DNA in eukaryotes and prokaryotes is organised differently and estab-
lishes chromosome architecture at small and large scales. For example, 4.6
Mbp DNA with contour length 1.6 mm is present in 1 pum diameter sized
FEscherichia coli (E. coli) of size 3-4 um (See table 1.1). The volumetric

compaction is more than 350 times in E. coli. In other species such as



1.1. DNA organisation inside the cell

Table. 1.1 Linear and volumetric compaction of DNA in different

species.!

Sequence Physical Container 2 Linear Volume Container Volume
length length diameter reduction®  of free DNA volume reduction?
random coil
DNA bp pum pm pum3 pum3
E. coli | 4.6x10%  1.6x103 1.0 1.6x103 1.9x10? 0.52 3.7x102
Yeast | 2.8x107  9.3x103 2.0 4.7x103 8.1x103 4.2 1.9x103
Human | 6.0x10°  2.0x10° 10.0 2.0x105 2.6x107 5.2x102 4.9x10%*

1This table is taken from Holmes (2000) ]

2Nucleoid or nucleus

3Linear reduction = physical length/container diameter
4Volume reduction = volume of free DNA container volume

yeast and humans, the compaction is 2,000 and 50,000 fold respectively 6.
In eukaryotes, DNA is confined in nucleus and compacted by histones. Hi-
stones organise DNA hierarchically into the higher-order structure called
chromatin. F. coli does not have a nucleus; however, chromosomal DNA
is compacted to a form called nucleoid. This compaction has no higher-
order chromosomal organisation and represents a completely open struc-
ture. This compaction is caused by many factors: macro-molecular crowd-
ing, negative super coiling, segregation, compaction by nucleoid associated
proteins (NAPs) and SMC complexes (structure maintenance of chromo-
somes) etc. DNA, as a macro object compacted inside a cell, performs
enormous unique biological activities. The origin of prokaryotic chromo-
somal DNA compaction was poorly understood, and thus it is of scientific
importance to discover its origin from both the biological and physical point
of view. In the following sections, some of the effects of this compaction

are described.



1.1.1. Macromolecular crowding

1.1.1 Macromolecular crowding

Macromolecular crowding alters the properties of molecules (DNA) in a
solution when high concentrations of macromolecules such as RNA and
proteins are present!”). For instance, the cytosol of E. coli contains about
300-400 mg/ml of macromolecules. Because of the hard sphere nature and
excluded volume of the crowding agents, the effective available volume of
DNA decreases as number of crowding molecules increases. This will cause
an effective osmotic pressure imbalance that leads to attraction between the
segments of the DNA. This force of attraction is also called depletion force.
DNA is compacted due to depletion force, so the compaction by crowding is
of entropic origin!®?. Electron microscopy and fluorescence studies of the
nucleoid show that crowding plays a major role in compacting the genome,
determining the distinct, well-defined structure of the nucleoid . How-
ever, comparative studies on nucleoid, extracted from both wild type cells
and mutants with deletions of NAPs show no apparent difference in the
visual appearance of the nucleoids!'. This study suggests that the con-
tribution of crowding is considerably greater than the nucleoid-associated

proteins (NAPs) to the large-scale structure and compaction 2.

1.1.2 Negative supercoiling

Chromosomal DNA in eukaryotes is in linear form and prokaryotic chro-
mosomal DNA is in circular (or supercoiled) form, and multi-connected

(3], Conformational change from

topology in cases of multiple chromosomes
original relaxed DNA to supercoil form results in a reduced occupied vol-

ume. The volume is reduced due to the formation of super helical branches.



1.1.3. Nucleoid associated proteins

In DNA, the helix is repeated every 10.5 base pairs on average. DNA su-
percoiling is described by linking number Lk, and it is merely the number
of crosses that a single strand makes across the other. A physical parame-
ter superhelical density o, describes the level of supercoiling. It is defined
by the ratio of the linking number difference (Lky — Lk) of a supercoiled
molecule to the linking number of a relaxed molecule under ideal condi-
tions i.e 0 = (Lky — Lk)/Lko. In general it has the value of 0 = —0.025,
which means that the DNA is under-wound. Superhelical density (o) is
the sum of constrained super coiling oc and unconstrained supercoiling
oy. The action of NAPs and the counter activities of the DNA gyrase,
introduce negative super coiling to DNA. For example, constrained super-
coiling (o¢) increased by some NAPs are HU (30%), H-NS (3%) and FIS
(15%) in vivo. Enzymes such as topo-isomerases (type-I and IV) remove
supercoils!'¥. Negative supercoiling is essential for folding, compaction,
and untwisting. Untwisting is required for the initiation of transcription,
replication, and recombination. Too much over-winding impedes transcrip-

15]

tion and replication® | and excessive under-winding is toxic and leads to

poor chromosomal segregation 6.

1.1.3 Nucleoid associated proteins

In eukaryotes, the organisation and control of genes is done by histone
proteins, but in bacteria it is done by nucleoid-associated proteins (NAPs).
These are the proteins that bind to DNA and alter its conformations. NAPs
are not homological with histones, but they functionally similar to them,

so it is appropriate to call them “histone-like” proteins. There are many



1.1.3.1. H-NS

NAPs, but the most important and abundant ones are HU, H-NS, IHF,
and FIS. These proteins are present in the cells at concentrations up to
or even exceeding 10 uM' depending on growth conditions!'"8l. In the
exponential phase, the order of abundance is FIS > HU > H-NS > IHF,
but it changes to Dps* > IHF > HU > H-NS > FIS in the stationary

191 The stationary phase is more compacted than the exponential

phase
phase, which has a diffuse structure. The conformational effects of NAPs

are discussed in detail in the following section.

1.1.3.1 H-NS

H-NS was first identified as a thermostable protein acting on in vitro DNA
transcription | and has also been shown to stimulate DNA-directed RNA

2. The name histone like nucleoid structuring protein or heat-

synthesis
stable nucleoid structuring protein (H-NS) was given during preliminary
structural and functional studies of “histone-like” proteins. H1, B112?,
bglY, H1a?? 16K, osmZ, drdX, virR, cur, and pilG all correspond to the
gene hns. Any confusion regarding the name of this gene and its product
was resolved in the early 90s, and hns/H-NS, with a few unfortunate ex-
ceptions, has been used almost exclusively since that time. One of the
similarities between H-NS and eukaryotic histones is the ability to compact
and increase the thermal stability of the DNA. The difference is that HNS

is not homologous to histone subunits and the manner it interacts with

DNA.

'In this thesis most of the concentrations of the proteins are mention in nM or pM
unit, because it is easy to compare with others literature work.
2stationary phase protein



1.1.3.1. H-NS

H-NS is the most abundant protein present in cells (20,000 copies in
the logarithmic phase, and 8,000 copies in the stationary phase). H-NS
binds to DNA non-specifically; however, it shows higher binding affinity to

25,26] ' The main function

intrinsic curve regions —that is, AT-rich regions
of H-NS is structuring DNA as well as the transcriptional regulator with
predominant repressing functions?722%  This protein also influences cel-
lular processes, such as adaptation to altered growth or stress conditions,
regulation of bacterial virulence, DNA compaction, and silencing. Most in-
terestingly, H-NS was also recently identified in the defence against foreign
DNABY3UI - In 1977, Varshavsky first described H-NS as a major compo-
nent of the bacterial nucleoid ??, a highly conserved structure and function
in Gram-negative bacterial®?. H-NS has a molecular weight of 15.6 kDa
(137 amino acids). In wild-type cells, H-NS is found in three isoforms with
different pl values. Experimentally, it was found that the predominant two
forms have neutral pI at pH 7.5123 but the pI calculated from the amino-
acid sequence is 5.1. H-NS is a global regulator of the bacterial cell, which
together with other members of the NAPs contributes to the efficient adap-
tation of bacteria to different environmental conditions. Despite numerous
investigations to understand the molecular mechanism of DNA binding and
oligomerisation of H-NS, still little is known of the exact details of these

interactions.

H-NS has two domains — N-terminal and C-terminal domains. The
N-terminal causes dimerisation and the C-terminal causes DNA-binding.
The complete crystal structure of H-NS is still unknown. However, 3D in-
formation has been derived from NMR data of the truncated N-terminal (1-

64) and C-terminal (80-136) domains333435361 The independently folded
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domains are connected by an unstructured flexible linker, which probably
hinders the crystallisation of the native protein. It has been reported that
the flexible linker may also participate in oligomerisation of H-NS. A trun-
cated H-NS protein from E. coli, comprising only the first 46 N-terminal
amino acid residues, has been described as the smallest H-NS derivative
to dimerise, but incapable of forming higher oligomers®®®. Generally, mu-
tations in the C-terminal domain can affect DNA binding, and mutations
in the N-terminal domain affect the dimerisation (or oligomerisation) of
H-NS. Since dimerisation (or oligomerisation) is an important prerequisite
for DNA-binding, interpretations from binding studies with H-NS mutants

are notoriously difficult.

H-NS acts as a global regulator, controlling the expression of more
than 200 genes, most of which are related to environmental responses®7.
H-NS not only makes contact with itself, forming homo-dimers or higher
oligomers, but is also known to undergo heteromeric contacts with a variety
of other proteins. For example, the heterodimeric forms with StpA or
other H-NS homologs, which share the dimerisation domain with H-NS8),
Heteromeric contacts are also formed with more distantly related proteins,
such as Hfq®”, the phage T7 gene product 5.5 FIiG*! and Hhal*d. All
such combinations of regulatory proteins may furnish the cell with a battery
of regulatory tools, providing specificity and tuning mechanisms. This may
be of special importance for adaptation reactions under rapidly changing
environmental conditions, and is consistent with the involvement of H-NS
in the modulation of bacterial gene expression in response to temperature

and osmolarity #7443,
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Two mechanisms are proposed for the H-NS inhibitory effect on gene
expression by different groups. First, electron microscopy studies of DNA-
HNS in vitro show that H-NS alters the DNA topology by coating along
the DNAM, later confirmed by an elasticity measurement of the DNA-
H-NS complex with magnetic tweezers by Amit et al. in 2003. It was
shown that H-NS coats along the DNA and results in a large persistence
length, and that the H-NS-DNA complex is sensitive to temperature and

26,45]

osmolarity! . This type of coating prevents the coated segment from

being transcribed 46,

In the second mechanism, atomic force microscopy
(AFM) studies by Dame et al. in 2000 discovered that H-NS bridges two
distant segments of DNA 748! Similar results have also been observed with
microscopy studies by Woldringh et.al*” and Spassky et al.[?¥!, Spurio et
al.P% Stavans et al.['2. This bridging traps the RNA polymerase and stops

gene transcription !

. Two hypotheses, that is, the formation of filaments
and the formation of bridges are controversial. One stiffens DNA and the
other compacts DNA. In 2005, Zhang et al. reported that bacteria such
as B. subtills does not have H-NS, but protein such as DnaB takes up this
type of compaction by bridge distal segments on DNA 2. From this study
and the two hypotheses, it is clear that bridging needs coating. Finally,
Liu et al.®¥ in 2010 reported filamentation and bridging modes in a single

experiment using magnetic tweezers. They concluded that these two modes

are switchable by divalent cations such as magnesium and calcium.
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1.1.3.2 HU

Histone-like protein from strain U93 is also known as heat-unstable nu-
cleoid protein (HU). In E. coli HU is the most abundant protein. In the
logarithmic phase there are 30,000 to 55,000 copies of HU and 15,000 in the

(54 In the logarithmic phase there is one HU dimer per

stationary phase
190 bp of E. coli genomel®?. HU exists as a dimer with molecular weight
~18.5 kDa with pI 9.5. In most bacteria, HU exists in homodimer form
as HU,, and HUgg. In the enteric bacterium F£. coli however, it exists as
a heterodimer of HU, and HUg, with each subunit being 9.5 kDa in size,
encoded by the homologous hupA and hupB genes. All forms of HU have
different binding properties%°7%8] HU exhibits sequence and structural
homology with the IHF (integration host factor) protein. The HU subunits
have 70% homology with each other and 30% homology with THF. The
first high-resolution structure derived from B. stearothermophilus depicts
a dimeric molecule with two flexible basic arms, which fit into the minor
groove of DNA P HU binds sequence non-specifically to the DNA and in-
duces bending!®. The binding of HU to the minor groove of DNA causes
two sharp kinks at a separation space of 9 bp by the insertion of prolines,
which are located at the end of beta ribbons!61:61:62.631 Tn the case of IHF,
the intercalation of proline residues introduces and stabilises two kinks in
the DNA. In recent binding studies, it was shown by FRET analysis that
the interaction of HU with a 34 bp DNA fragment caused an almost 143°
bending angle of the DNA4. This result is fully consistent with the re-
solved structure of co-crystals of Anabaena-HU and DNA. Beta ribbons

reside on the minor groove of DNA, and beta ribbons of HU are very flex-

10
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ible in solutions!®%! The bending of DNA by HU needs protein-protein
interactions between the adjacent HU dimers (67 but recent studies show
that a single HU dimer is sufficient for bending!%’!. HU is also able to form
rigid nucleoprotein filaments at higher HU concentrations indicating the ex-
istence of two different HU-DNA nucleoprotein complexes; these filaments

[70,71

are arranged helically around the DNA I. HU plays an important ar-

chitectural role in all kinds of DNA transactions, including replication®¥,

73,74], and reparation[75]. HU with other regula-

transcription [ regulation!
tors often facilitates or even enables the formation of active DNA confor-
mations through the formation of higher-ordered DNA-protein complexes.
This type of complex structures often involves DNA loops— for example,
in the case of gal-operon, HU binds within the inter operator region of the
gal-operon, facilitating the interaction of two bound GalR dimers, which
lead to a looped structure inadequate for transcription; these dimers are
therefore called repressosome (™. Another similar role for HU has also been
described for the site-specific DNA inversion by the Hin recombinase. Here,
the Hin dependent assembly of the invertasome is facilitated by HU, which

enables the necessary DNA looping!™.

The bending caused by a single HU at random positions would change
the apparent flexibility. At a low HU concentration (<50 nM), the HU-
DNA complex is more flexible (compacted by 50%) and at a relatively high
HU concentration the HU-DNA complex is less flexible (leading to fila-

6771 Recent studies in 2010, with magnetic tweezers, reported

mentation)!
that the bimodal binding (compaction and stiffening) behaviour is sensi-
tive to the environmental salt conditions!™®. Bimodal was observed only

for <100 mM, and compaction mode was observed for >150 mM of NaCl.

11
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In 2013, Kundukad et al. reported that the persistence and contour length
of the HU-DNA complex depends on the incubation time[™!. The increase
in bending flexibility and an increase in contour length was explained in
terms of a decrease in the helical pitch of the duplex. Using single-molecule
unzipping force analysis, Dame (2013) showed that individual bound HU
proteins have no effect on the DNA helical stability, but HU protein bound

to side-by-side within a filament increases DNA helical stability[®°.

1.1.3.3 Other nucleoid associated proteins

IHF (Integration Host Factor) has homology with HU. It is also one of
the most abundant proteins, with ~6,000 copies per cell in the logarithmic
phase and 30,000 in the stationary phase (almost 5-6 times increment).
[HF has a molecular weight of 22 kDa and exists as heterodimers with sub-
units having 30% homology. Unlike HU, THF binds to the DNA sequence
specifically, and DNA is wrapped around the protein body, indicating a
bend of > 160°6181, This bending occurs at two large kinks by intercala-
tion of hydrophobic proline residues on arms of § ribbons into the minor
groove of DNA. THF contacts the DNA exclusively via the phosphodiester
backbone and the minor groove, and relies heavily on indirect readouts to
recognise its binding sequence. One such readout involves a six-base pair
tract, providing evidence for the importance of a narrow minor groove.
The non-specific nature of IHF promotes the DNA compaction®?. A hy-
pothesis based on the increase of concentration of IHF in the stationary
phase may help with introducing bends on DNA, which gives more com-

paction conformation; these compactions are stabilised by other NAPs such

12



1.1.3.3. Other nucleoid associated proteins

as Dps!9.

FIS (Factor of Inversion Stimulation) also has a significant
abundance in the logarithmic phase. The number of copies per cell in
the logarithmic phase is ~3,30,000 and in the stationary phase it is <100.
FIS is a growth-phase-dependent expression. FIS binds to DNA both se-
quentially and non-sequentially. FIS has two interwinded « helix subunits
forming a helix-turn-helix (HTH) DNA motif that binds to the DNA’s ma-
jor groove. FIS bends the DNA, and the bending angle varies from 50°

83] At high concen-

to 100° depending on the sequence of the binding site
tration, FIS binds non-sequentially to DNA P4, In addition, FIS binds to
DNA forming clusters and at crossovers and branched points. This type of

binding suggests that FIS is important in organising branched plectonemic

conformations in the nucleoid; this has been confirmed by AFM studies!®4.

Other NAPs such as Dps, Hfq, Lrp, CbpB and StpA all bind to DNA
and change its conformation uniquely. Fig. 1.1 shows the different binding
modes of NAPs to DNA and its corresponding AFM images. All these
NAPs are important in bacterial chromatin compaction, dynamic modula-
tion, and gene expression. NAPs not only affect the supercoiling of DNA,
but also DNA transactions such as transcription and replication. Based on
the expression levels in logarithmic and stationary phases, they act as envi-
ronmental sensors. The structural changes of DNA by NAPs are bending,
bridging, and wrapping!®>*. All NAPs not only form homo/hetro com-
plexes themselves, but also form complexes with other NAPs. An example

is H-NS-StpA and HU-IHF. Some NAPs share the same binding sites of
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DNA- bending by HU

HU(Low Conc
at low concentration . ( )

DNA- coating by HU @ HU(High conc)
at high concentration o Lrp

- JE
@ s
" JE

DNA- sharp bend
by IHF

DNA- wrapping
DNA- bridging g by Lrp

by H-NS

“% DNA- filamentation

by H-NS

DNA-looping and
bending by FIS

Fig. 1.1 Conformational changes of DNA by different modes of nucleoid-
associated proteins binding.  For each DNA-NAP conformation, a
schematic drawing and a corresponding AFM image is shown. Different
effects of NAP binding on the target DNA are displayed: DNA-bending
(at low [HU]), DNA-coating (at high [HU])I"™, DNA-wrapping (Lrp)®,
DNA-filamentation (H-NS)P3 plectonemic loop (FIS)®4 DNA-bridging
(H-NS) " and sharp DNA bends (IHF).4. All cartoons are for illustra-
tive purposes only. The exact mechanism of the NAPs binding to DNA
and their interactions are completely unknown.
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1.1.3.3. Other nucleoid associated proteins

DNA, resulting in an antagonistic function, and also affecting the expres-
sion of other NAPs. All these effects together coordinate the regulation
of a large number of different genes. The importance of NAPs as global

regulators of the bacterial cell has become more and more evident.

In summary, NAPs play important roles in small-scale chromosome
organisation, whereas in supercoiling, macromolecular crowding and segre-

gation play important role in large-scale chromosome organisation.
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1.2 DNA as a polymer

In the previous section, the organisation of genomic DNA in bacteria from
a biological point of view was described. In this present section the physics
of DNA as polymer is discussed. The basic definition of a polymer is the
repeating of units (same or different, but all resembling units) to form a
big molecule. The repeating unit is called a monomer. DNA is considered
as a linear polymer chain with four bases as monomers. The four bases are
Adenine (A), Cytosine (C), Guanine (G), and Thymine (T). The distance
between the ends along the contour is called contour length L. This
section briefly describes the three models of polymer in solutions. Each
model predicts the relationship between equilibrium polymer size (R)

and contour length (L) of the polymer.

1.2.1 1Ideal chain

This is a simple model. In this model (N +1) monomers with centre of mass
position vectors R, are connected by a vector l; = R,—R; ;. Where ]l: | =1
is segmental length. The orientation of a specific segment is uncorrelated
with that of the other segments. Furthermore, there are no interactions
between segments, that are not directly linked with each other (no long-
range excluded volume interactions). So the contour length L = N|i;|. Let
h be the vector between the first and last monomer (with index 0 and N
respectively). The first moment of the end-to-end vector is (which gives the
anisotropy of the molecule) zero, because there is no correlation between

the bonds of the polymer. The second moment gives some indication of
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1.2.1. Ideal chain

the average dimension of the polymer. The mean square end-to-end point

distance is given as

1

N N N—
(h?) = (h.hy = (D 1).O_L) = fo ) +2
=1 =1 1=

J=1

N
Ell
i =2
1<J

(1.1)

N-1 N

= NI* 4 2I? Z Z(COS 0i;)

i=i j=2
1<J

Where 6;; is the angle between i and j* position vectors and the second
term in Eq. (1.1) above is zero, because there is no correlation between
the steps. So the mean square end-to-end distance and typical radius are

given as

(h*) = NI? (1.2)

R~ <h2>1/2 ~ NI/QZ — \/ﬂ (13)

Note that the dependence on N (number of segments, and also related
to molecular weight) and [ (segment length) in Eq. (1.2) is the same as for
a random walk with n steps having step size I. The second moment of the

mass distribution, called the radius of gyration is given as

(R2) = <5 30D 0) = SN (1.4)
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1.2.1. Ideal chain

If the orientation correlation between segments that are not too far
separated from each other along the contour is considered, the chain is
called a Kuhn chain. This modal has two assumptions: (1)the short
range orientation correlations between the segments separated by s were
lost, that is (cos 6,;) = 0 for j—i > s; (2) The chain is homogeneous and the

end effects are neglected. Under these two assumptions Eq. (1.1) becomes

(h?) = NI* + 21 i(cos 61;) (1.5)

=2

= Ni*oy, (1.6)

Where oj = 1+2377_,(cosfy;), it is convenient to rescale the chain in
terms of Kuhn segments N, = N/oj and Kuhn length [, = lo} such that
the end-to-end distance can be written as (h?) = NI? for any polymer. Note
that the contour length of the polymer is constant L = NI = NyL;, such

that
<h2> = NI? = Nkli (1.7)

Thus, one can eliminate the short-range interaction by renormalising the
Kuhn length. The entropy and free energy for the model (Ideal or Kuhn)

are given by

3h?

3h?
Fo.s = F T—— 1.
elas O+kB INI ( 9)
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1.2.2 Worm-like chain model

In ideal and Kuhn chain models there is no restriction on the orientations
between the monomers, but in a real polymer chain the directions available
for the contour are limited. Interaction between the monomers of the poly-
mer leads to bending energy that makes some bending angles unfavourable
or even impossible. Polymers such as DNA are modelled as thin, elastic
filament obeying Hooke’s elasticity law under small deformations. Such a
model is called a Kratky-Porod, or Persistence, or Worm-like chain
model. In this model, correlation between the tangent vectors, which are
along the contour, decays exponentially because the polymer is randomly

oriented.
(cosB(s)) = exp(——) (1.10)

Where 6 is the angle between the tangent vectors separated at a distance
s along the contour and L, is the persistence length. The persistence
length is the typical length scale over which the orientation correlation is
lost — that is the distance along which contours change its direction. In

continuous approximation, the end-to-end distance can be calculated as

(ny = [“i(s)ds (1.11)
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1.2.2. Worm-like chain model

And the mean square end to end distance is given by

(h2) = /5 ds /0 ds' (105). () (1.12)

L L
=2L%(— —1 —— 1.1
oI~ L+ ean(=72)) (1.13)

In two limiting cases L < L, (rod) and L > L,(coil), the Worm-like

model gives
(h*) = L? L< L, (rod)

(R*) =2LLp  L> L, (coil)

. (1.14)
(R%) = EL2 L < L, (rod)

1
(R%) = L, L> 1, (coil)

Comparing the above equation with the Kuhn chain Eq. (1.2), (h?) =
LLy , it follows [, = 2L, for coil type conformation. By definition, there is
no orientation correlation between Kuhn segments, and thus the orientation

correlation is lost over a distance of twice the persistence length.

Ideal, Kuhn and Worm-like chain models predict the size of the coil
scales with the square root of the contour length (i.e. R = VLl as in Eq.
(1.3)). Orientation correlations have no effect at a large distance scale, but
at a local distance scale results in an increase in step length and decrease in
local flexibility of the chain. These models ignore the interaction between
the segments, which are separated over large distances along the contour

but close spatially due to the coiling of the chain.
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1.2.3 Excluded volume interactions

Previous models consider the equilibrium conformations of the polymer
that can pass through itself. Since the chain has a finite volume, no two
monomers can occupy the same space. This will affect the characteristic
size of the coil and is taken into account with excluded volume parameter
v (Flory exponent); this effect is called the excluded volume effect. The
coil swells if the interaction between monomers and solvent is favoured
(called the positive excluded volume, and the solvent is “good”). When the
interaction between monomers is favoured, then the coil shrinks (called the
negative excluded volume, and the solvent is “poor”). In this discussion
only good solvent is considered. The buffers used in our experiments are
good solvents for DNA. The excluded volume effect was first discussed by
Kuhn®7# and later developed by Flory®9 Flory borrowed ideas from
a model of non-ideal gases to describe the behaviour of a self-avoiding
chain. If there are N particles in a coil of size R, then the concentration
of the particle in the coil is ¢ ~ N/R3. The repulsive energy per volume is
proportional to the density of the contact pairs. i.e. C?. According to the
equipartition theorem, each degree of freedom contributes 1/2 kg7 to the

free energy. The final free energy from repulsion is given by

(1.15)

FTEp,COil(‘R) ~ kBT R3

Where B is the excluded volume parameter and has a dimension of
volume. As R is large, free energy decreases, and the chain swells. The

swelling is counter balanced by the elastic force due to the restriction in
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1.2.3. Excluded interactions

configurational degree of freedom of the monomer with increasing radius.
The free energy from elasticity of the chain is given by Eq. 1.9. The
equilibrium size of the chain can be derived from the minimisation of total
free energy (Frep coit + Felast.coir) With respect to R. The Flory radius of the

chain is given by

Ry ~ (B/IP)YPIN3/® (1.16)

By considering the excluded volume interaction, the above equation
changes the scaling of the equilibrium size of the coil with molecular weight.
In general, the characteristic size of a polymer chain scales with the number

of links according to a power law

Rp ~ IN” (1.17)

Where v is called the Flory scaling component. By self-avoiding ran-
dom walk, the value of v is obtained as ~ 3/(d + 2), where d < 4 is
dimensionality of the system. Calculations using the multi-body statistical
method shows that the value of the Flory exponent for the dependence of

radius on size (N) is v = 0.589, which is, remarkably around 3/5.
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1.2.4 Physics of DNA in confinement

Previous section is about polymers in a solution (considered to be free
space), and does not deal with the confinement. It is difficult to identify
the random coil confirmations experimentally. Because of thermal fluctua-
tions, the coil quickly rearranges its conformations. To track the position
of segments along the DNA contour there needs to be a one-to-one corre-
spondence between space and position in the DNA sequence. For this cor-
respondence to establish, the polymer must be confined in narrow channels
with walls that impermeable to polymer. The following section, describes
how polymer size is changed by the confinement width (D). There are
two major theories to describe the effect of confinement on the polymer.
First, if the size of the confinement is larger than the persistence length
(Rp > D > L,), the de Gennes blob theory will be considered. Second,
if the confinement is less than the persistence length (D < L,), Odijk’s

theory will be considered.

1.2.4.1 De Gennes’s blob theory

In this theory, a polymer chain is confined in a tube with diameter D
(R,> D> L,). The interaction between the monomers and walls of the
confinement tube is ignored. Within the length scale on the order of the
diameter of the tube D, the monomers are unaffected by the confinement,
and they behave as if the tube does not exist. In the case of rectangular
cross-section confinement by D; and D, the channel diameter is replaced
by Dg» = v/D1D,. The domain D, commonly know as blobs, in which the

chain is unperturbed and monomers feel no confinement. Let there be g
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1.2.4. De Gennes’s blob theory

links inside each blob (¢ < N) of diameter D. The chain inside the blob

has no confinement and follows the Flory theory (Eq. 1.17), which gives

D ~lg” (1.18)

The extension of the chain in the longitudinal direction (Rygrauer) in-

duced by the confinement is given by

Rpm‘allel = (N/g)D = NZ(D/Z)(V_I)/V (119)

As explained above in section 1.2.3 (Excluded volume interactions),
the chain inside the blob is swollen and the Flory exponent v is 3/5; the

longitudinal extension is given by

L
Rparallel =

(D17
or (1.20)

(werpLy)''®

Rparallel = D2/3

where w.ys is the effective width of the polymer, by considering the
excluded volume effect and surrounding buffer effect. The longitudinal ex-

tension increases with the length of the polymer and decreases with the

2/3

increase in diameter of the confinement as D~™</°. The ionic strength of the

surrounding buffer affects the effective width of the DNA and persistence
length. The quantity (w.sL,)"® describes the effect of ionic strength on

91

extension | The polymer inside the confinement fluctuates because of
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1.2.4. Odijk theory

thermal energy, and the mean squared average thermal fluctuation is de-

scribed by the following equation; fluctuations are close to Gaussian ©2:
<6R]22a7"allel> = (LPWfoD)1/3L (121)
The free energy of the polymer in this type of confinement is given by

Fopng ~ KTN(L/D)*®; D> L, (1.22)

De Gennes’s blob theory describes only the statistics of the chain
inside the confinement of D > L,. The next section describes the polymer
in a more confined region, in which the confined dimension is much smaller

than the persistence length.

1.2.4.2 Odijk theory

In smaller confinement D < L,, the nature of confinement changes the
conformation of the polymer compared with the de Gennes model, and
thus a new theory is required. In this regime D < L,, the excluded
volume effects are negligible and the polymer (DNA) no longer forms coils
in the confined region due to the fact that there is now much smaller space
available. The polymer will undulate inside the channel and only bend

when it bounces off the wall. It was first described in detail by Odijk 3.

Following Odijk, a new length scale A (deflection length) and 6 (deflec-
tion angle) appears to model the polymer dynamics as aworm-like chain in
the confined (D < L, ) regime. The deflection length and deflection angle

are given by
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1.2.4. Odijk theory

A= DLy
(1.23)
(6%) = 2)/L, = (D/L)*

The relative extension is Rj/L ~ (1 — (1/2)(D/L,)*?). And the
relative decrease in length with respect to the fully stretched configuration
is ~ (D/Lp)*3. With the increase in confinement diameter and decrease
in persistence length, the polymer becomes more wrinkled inside the tube.

The free energy (entropic origin) in the Odijk model is given as
Foong ~ LET(D*Lp)~"/3 (1.24)

It results from fluctuations of the worm-like chain about the classical path

induced by deflections from the wall.

Fig. 1.2 illustrates conformations of the chain in the de Gennes and
Odijk regimes. The transition region between the two regimes is still un-
clear, and many researchers have attempted to bridge the gap. One way
is to modify the de Gennes blob theory, in such a way that it extends to
a more confined region. In this approach, the blob size is reduced, result-
ing in the volume interaction energy per blob becoming less than thermal
energy (kpT), maintaining the same chain statistics within the blob!®4.
The other approach is to modify the Odijk theory, in such a way that it
extends to a less confined region. In this approach, the chain performs a
one-dimensional walk through the formation of back-folded hairpin confor-
mations!®. This theory was found to have a huge discrepancy based on

the simulation results of Wang et al. (2011). In 2012, Dai et al. reported
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Fig. 1.2 Schematic diagram of different confinement regimes. Relative
extension curve as a function of channel diameter. Cartoons showing con-
formations in different regimes. Odijk regime D < L, the polymer un-
dulate inside the channel. In de Gennes regime (L, < D < R,), the
polymer exists as isometric blobs (shown as dashed circles ) with diameter
slightly less than the confinement diameter. The chain inside the blobs
follows Flory excluded volume interactions and feels no confinement. In no
confinement (bulk phase) regime the chain has Flory radius. The region in
between Odijk and de Gennes is showed as transition regime. All cartoons
are for illustrative purposes only.

a model for back-folding and looping of DNA confined inside a nanochan-
nel. Back-folded hairpin conformations in the undulating Worm-like chain
result in the formation of loops, which reduces the stretch of the molecule
in the longitudinal direction of the channel. These predictions are in good

agreement with the Monte Carlo simulations!“6.

27



1.2. DNA in Nanochannel experiments

1.2.5 DNA in Nanochannel experiments

In the early stage of DNA analysis, Gel electrophoresis was one of the
techniques used to separate the DNA, because mobility of the DNA de-
pends on the DNA size. Carlos Bustamante was the first person to use
gels to image single extended DNAP7. Later, Austin took up this idea
and used nanofabrication of post-arrays to stimulate gel and elongate the
DNADPS This elongation is greater than the DNA length of previous gel
electrophoresis!®!. First a high-resolution image of extended DNA was re-
ported by Bakajin et al. in a slit-like configuration®. In 2004 Guo et al.
used nanofluidics via nano-imprinting techniques to extend the DNA 101,
The equilibrium extension of an individual DNA was observed to increase
with decreasing channel size. However, no comparison was made between
extension results and existing theories. In the same year, Tegenfeldt et
al. systematically studied the extension of A=DNA in 100 nm channels®?.

In this experiment, the extension of DNA scales linearly with the contour

length and was well predicted by the de Gennes blob theory (Eq. 1.20).

Reisner et al. used nano channels ranging from 30 to 400 nm to ex-
tend the DNA (), and T2—DNA), and checked the validity of the theory.
Interestingly, the crossover scale D.,.iicq; is Toughly twice the persistence
length that determines the degree of confinement at which bending rigidity

102] " The DNA extension results were in good agree-

becomes significant !
ment with the prediction of the theory for Dy < 2L,. The extension for
the widths greater than the crossover scale is consistent with a power law

of the form D=8 However, the value of the exponent is smaller than the

predicted value by the theory (i.e. D2/3)119] The effect of ionic strength
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1.2. DNA in Nanochannel experiments

on extension of DNA in confinement was reported by Reisner et al. in
20071, The A—=DNA extension is measured in nanochannels having an
average diameter of 50, 100, and 200 nm and ionic strength of TBE ranging
from 4 to 300 mM. To explain the results, effective DNA width w,; was in-
troduced and (w,ssL,)'/® describes the effect of ionic strength on extension
of DNA. The relative extension of the DNA as a function of ionic strength
in larger channels is in good agreement with scaling theory prediction i.e
Ryaratiel > %—L/g)m (Eq. (1.20)). But the extension of DNA in narrow
channels of width 50 nm (D < h, L,) was not in agreement with the theory
prediction. A 50 nm channel is the threshold between the Odijk and de
Gennes regimes, and the de Gennes scaling exceeds the measured extension
values. Reisner and his colleagues also carried out in another study using
the tapered nanochannels to probe the single DNA molecule, as well as the
circular charomid DNA M Tt was found that the extension of the circular
charomid DNA scales was in accordance with the de Gennes exponent, but
not the linear DNA. For the linear DNA, the exponent obtained was still

similar to the work previously done!**Z.

In 2008 Zhang et al. reported the effect of ionic strength on the
persistence length. In their study, they used a PDMS-based biochip of
depth 300 nm and width 150-300 nm and TBE ionic strength ranging from
0.3 to 35 mM. The equilibrium extension of DNA increases with decreasing
ionic strength. The experimental results were interpreted by a modified
version of the “blob theory” to account for the effects of the charge for
a polymer in a good solvent, and also for finite chain segments within
a blob. They concluded that the DNA extension with decreasing ionic

strength is mainly caused by the increase of persistence (L,) as the excluded
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1.2. DNA in Nanochannel experiments

volume effect is insignificant due to the relatively small number of statistical

segments within each blob?].

Kim et al. observed that at very low ionic strengths, the DNA (-
DNA usual length 21.8um) extension is almost approaching its contour
length (19.1 pm £ 1.1 pm), even though the DNA is confined in a wider
nanochannel of dimension 250 nm x 400 nm. Besides this experiment,
they also performed a Monte Carlo simulation using a “primitive DNA
model” within a nanochannel. The simulation results were used to eval-
uate their experimental results as well as the Odijk theory. Overall, they
demonstrated reasonable agreements among the experiment, computer sim-

ulation, and theory with some limitations!%.

Recently, using the same
simulation modell'%” another analysis of theirs showed that formation of
back-folding (hairpins) mostly occurs at both ends within the region of
~0.5 pm, but a significant portion of the events still takes place in the

middle region. They also claimed that they have observed the transition

regime as classified by Wang et al. [

The effect of dextran nanoparticles on the conformation and com-
paction of single DNA molecules confined in a nanochannel was investigated
with fluorescence microscopy by Zhang et al. in 2009. The DNA molecule
elongates and eventually condenses into a compact form with increasing vol-
ume fraction of the crowding agent. The elongation is explained in terms
of depletion of the DNA segments density nearer to channel walls. The
compaction is explained in terms of nanochannels facilitating compaction
with the crowding agent at low ionic strength. In 2012, the effects of the

like-charge proteins such as bovine serum albumin and hemoglobin on the
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1.2. DNA in Nanochannel experiments

conformation and compaction of single DNA molecules confined in rect-
angular nanochannels were investigated with fluorescence microscopy %%,
The sizes of the nanochannels ranged from 80 to 300 nm. In wider channels,
with increasing protein concentration, the DNA molecules were compacted
and eventually condensed into a compact form. In narrower channels (~80
nm), no condensation was observed. The threshold concentration for con-
densation depended on the channel’s cross-sectional diameter as well as
the ionic strength of the supporting medium. The critical values for full
compaction were typically less than one-tenth of a millimolar. In the bulk
phase and in the same environmental buffer conditions, no condensation
was observed. Anisotropic nano-confinement hence facilitated compaction
of DNA by negatively charged protein. They explained this behaviour

in terms of enhanced depletion interaction between segments of the DNA

molecule due to the orientation order imposed by the channel walls.

The extension of a confined DNA molecule results from a balance be-
tween entropy and excluded volume interactions within the DNA. The force
from confinement is similar to other techniques like Optical and Magnetic
tweezers for force-extension measurement of DNA for sub-100 pico-Newton

104

force[1%4. A systematic comparison of a polymer in confinement with ap-

1,199 Using Monte Carlo sim-

plied force was done recently by Dai et a
ulation, for a polymer in a good solvent, the effect of tensile force f on
extension in the Pincus regime! was similar to the effect of cylindrical con-

finement in the de Gennes regime after mapping the characteristic length

kT/f to the cylindrical diameter D. The extended de Gennes regime was

'In force extension measurements, the force applied to the end of the polymer in-
troduces a characteristic length kT'/f to describe the polymer conformations. Under
tension, polymer can be considered as a string of tensile blobs in the Pincus regime.
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1.2. DNA in Nanochannel experiments

analogous to the extended Pincus regime for a polymer under tension, but
the scaling of the extension was different. In the extended Pincus regime
the scaling followed L = (kgT/f)~", whereas the scaling in the extended

de Gennes regime was R = D~%/3.

In conclusion, advancement in nanochannel technology provides a
platform for physical and biological applications. From a physics point
of view, it provides an experimental study of polymers in different confine-
ments. From a biological point of view, it is capable of doing DNA sequenc-
ing, protein-DNA interaction studies etc., similar to nanopore and tweezers
experiments. Protein-DNA interaction studies are interesting because the
nanoconfinement space is similar to the dimensions of the bacterial chro-

mosomal nucleoid 11
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1.3 Research Objectives

The genome of Escherichia Coli bacteria has a 4.6x10° Mbp with con-
tour length of 1.6 mm, yet it is contained inside the nucleoid of about 1
pm diameter. This linear compaction (~1600) and volumetric compaction
(~350) has been attributed to many factors including supercoiling, nucleoid
associated proteins (NAPs), and macromolecular crowding as described in
introduction section. Despite being a topic of long standing interest, the
exact mechanism is not clear. In particular, the interplay between the
above mentioned compaction factors and confinement within a nanospace
is not clear. The main aim of this thesis is to investigate the conformational
response of DNA with nucleoid associated proteins H-NS and HU under

various experimental conditions.

In particular, advances in nanofabrication have made it possible to fab-
ricate quasi one-dimensional channel devices with cross-sectional diameters
on the order of tens to hundreds of nanometers. These channels serve as a
platform for studying single DNA molecules!!™12l Furthermore, confine-
ment in a nanospace results in significant modification of certain important
biophysical phenomena, such as the knotting probability of circular DNA

and the effect of macromolecular crowding[#6:108,113,114]

In particular, it
was shown that DNA can be compacted into a condensed form for over-
threshold concentrations of dextran or like-charged proteins such as bovine
serum albumin and hemoglobin. This thesis extends this idea to Protein—

DNA interaction studies in nanospace, in particular nucleoid-associated

proteins such as H-NS and HU.

Heat-stable nucleoid-structuring protein (H-NS, 15.6 kDa, pl 7.5) is
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implicated in transcriptional repression (gene silencing) as well as organ-

(115] " H-NS binds and oligomerises along

isation of the bacterial genome
dsDNA to form a semi-rigid nucleoprotein filament, increases the thermal
stability of the duplex, and inhibits transcription?®%]. The histone-like
function of H-NS in chromosome organisation is poorly understood. It has
been proposed that the compaction into the nucleoid is related to, DNA
supercoiling and osmotic stress through macromolecular crowding. Like-
charge attraction between distal DNA segments by binding protein (bridg-
ing) is also thought to be important*”. Indeed, it has been shown that
H-NS reduces the physical extent of circular plasmids through side-by-side

binding of opposing segments 7.

Divalent ions such as magnesium and
calcium have been reported to play a pivotal role in the H-NS mediated
bridging of DNAP3. However, H-NS does not behave like a regular con-
densing multivalent cationic ligand, because it does not compact DNA into
a structure with an ordered morphology (condensation) under physiological

conditions ™16l

In E. coli, heat unstable nucleoid structuring protein (HU) is also most
abundant protein®*%l. HU exists as a dimer with a molecular weight of
~18 kDa and an isoelectric point of pI 9.5. The binding of HU on DNA
is sequence unspecific, causes a kink in the duplex, and leads to under-
winding of the helix by insertion of two proline residues separated by 9
bp along the contour®:''7 Binding of HU on topologically constrained
DNA affects supercoiling through modulation of the helical pitch. At high
concentration, HU coats DNA and forms a rigid filament due to protein-

protein interaction %),
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The binding of HU on DNA affect the apparent flexibility of the du-
plex as inferred from the measurement of the persistence length. At low
concentration of HU (<50 nM), the HU-DNA complex is more flexible
compared to bare DNA because of HU induced bending at random posi-
tions along the contour. At high concentration of HU, a relatively stiff
nucleo-protein filament is formed with about one HU dimer per every nine
base pairs!f771. The variation in apparent persistence length also depends
on the concentration of salt(™®. For a salt concentration exceeding 100
mM, the persistence length is rather insensitive to the binding of HU on
DNA. The effect of HU on the persistence length, contour length, and su-
percoiling of DNA was previously observed to depend on the incubation
time™). This time-dependence was rationalized in terms of the formation
of a nucleo-protein filament followed by a structural rearrangement of the
bound HU on DNA. The rearrangement results in a change in topology of
closed circular DNA, an increase in bending flexibility, and an increase in

contour length through a decrease in helical pitch of the duplex.

This thesis reports the effect of H-NS and HU in conjunction with
confinement inside a nanochannel on the conformation and compaction of
DNA. For this purpose, we have done two different, but related series of
experiments. In the first series, we focus on equilibrium properties of DNA
molecules that have been pre-incubated with protein (H-NS or HU). In
the second series, the dynamic, conformational response of DNA molecules
immediately following exposure to protein (H-NS) is investigated. Super-
resolution fluorescence imaging of H-NS and HU in living F. coli cells has
shown that it is clustered within the nucleoid with a diameter of a few hun-

dred nanometers%. This diameter is comparable to the diameters of our
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Chapter 2

Materials and methods

This chapter describes the materials and methods used in the experi-
ments. The first section describes DNA labelling with YOYO-1, followed
by biochip fabrication using a proton beam and UV lithography, followed

by PDMS replication. The final section presents the data analysis

2.1 T4-DNA

T4-Phage DNA has provided countless research contributions to genetics
and biochemistry. T4-bacteriophage is a bacteriophage that infects FE.col.
Its complete genome sequence of ~ 169 kbps (~56 pm) encodes about 300
gene products. T4-DNA is held in an icosahedral head, also known as a
capsid of T4-phage. Single molecule studies generally use A or T4-DNA. Dai
et al. computer simulation suggests that A-DNA is too short to enter the
de Gennes regime and also to observe noticeable change in length. Even for

the extended de Gennes regime, the corresponding range of channel size is
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2.1. T4-DNA

rather small. It is possible to explore the extended de Gennes regime using
T4-DNA in high-salt solution, and also possible to explore the de Gennes
regime using T4-DNA in low-salt solution!). T4-DNA was purchased from
Nippon Gene (Tokyo), and used without further purification. The integrity
of T4-DNA was verified with pulsed gel electrophoresis (See Fig. 2.1). No

detectable fragments of the order of several kbps were observed.

Fig. 2.1 Pulsed field gel electrophoresis of T4-DNA gel picture. Lanes
from left to right, 1. PFGE standard - 5 kb ladder, 2. T4 (0.01 g/1), 3. T4
(0.006 g/1)(1-year-old sample), 4. T4 digested by Nrul (0.006 g/1), 5. T4
digested by Nrul (0.01 g/1), 6. T4 digested by HindIII (0.01 g/1), 7. T4
digested by HindIII (0.006 g/1).
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2.1.1. YOYO-1

2.1.1 YOYO-1

DNA is not fluorescence itself, so it has to be labelled with fluorescent ma-
terial. Some fluorescent dyes such as DAPI and Ethidium bromide (EtBr)
have low quantum efficiency. Cyanine fluorochromes, such as TOTO-1"
and YOYO-12, are commonly used in fluorescence microscopy. These
bis-intercalators exhibit high fluorescence enhancement (~1000 fold) upon
binding to dsDNA, thus providing a high signal to noise ratio>?.YOYO-1
was purchased from Invitrogen (Carlsbad, CA), and has excitation maxima
(Acx ) at 491 nm and emission maxima (A7 ) at 509 nm. YOYO-1 car-
ries four positive charges®. As DNA carries a negative charge, the overall
DNA-YOYO-1 charge is reduced and it depends on the amount of YOYO-1
added to the DNA. YOYO-1 alters the physical properties of the DNA, like
contour length and helical pitch. The contour length of DNA is increased
by 0.51 nm per YOYO-1 molecule and 36% increase in the fully saturated
DNAPST - The persistence length (I,) of DNA is constant and indepen-
dent of the amount of concentration of YOYO-158. All these effects were
considered in the experiment. The intercalation ratio of 100 bp per one
YOYO-1 molecule was used in the experiments. The length of T4-DNA
increased by 0.85 pym (i.e. from 56 to 56.9 pm). At such a low level of

intercalation the distortion of the secondary structure of DNA is minimal.

ITOTO-1:(1,1-(4,4,7,7-tetra  methyl-4,7-diazaundecamethylene)-bis-4-[3-methyl-
2,3-dihydro-(be-underlineoxazole-2-methyl-idenel]-quinoliniumolinium tetra-iodide)

2YOYO-1:(1-1-(4,4,7,7-tetra  methyl-4,7-diazaundecamethylene)-bis-4-[3-methyl-
2,3-dihydro-(be-underlinethiazole-2-methyl-idenel]-quinoliniumolinium tetra-iodide)
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2.2. Fabrication of nanofluidic device

2.2 Fabrication of nanofluidic device

A master stamp was produced in two steps. In the first step, nanochannels
were produced using proton beam writing (PBW). In the second step, micro
channels were produced by UV lithography, such that both nano and micro
channels were connected. The fabrication of the stamp was carried out by
Associate Professor Jeroen van Kan and his team (Piravi Malar. P, Liu. F)
in the Centre for Ion Beam Applications (CIBA), Department of Physics,

National University of Singapore, Singapore.

2.2.1 Nanostructure fabrication by PBW

Nanostructures were created using PBW with energies 500 keV to 2 Mev.
The advantage of using a proton beam is that it penetrates deeply into the
material with a minimal amount of surface disruption, and is less broaden-
ing than an electron beam!®). The fabrication process is shown in Fig. 2.2.

The process involves the following steps:

1. A 200-nm thick Cr and gold (Au) layer was pre-coated on the Si
wafer. The metallic layer gives good adhesion of the resist to the

wafer and easy removal for PDMS.

2. The required thickness (150-300nm) of a solution with hydrogen-
silsesquioxane (HSQ) (Dow Corning Co), XR-1541 and FOX 12 in
4-methyl-2-pentanone was wet spun onto the Si/Cr-Au layer. The

wafer was subsequently baked at 120°C in an oven for 2 h.
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2.2. Nanostructure fabrication by PBW

Photoresist (HSQ)
Metal layer (Au)
S|I|con substrate

Proton beam writing

9 L g

Fig. 2.2 Nanostructure patterning in HSQ photoresist by Proton beam
writing. Left side: regular channels; right side: cross channels. Top to
bottom: A) Coating of Au and HSQ on substrate; B) Proton beam writing
on HSQ; C) Positive structures after development.

3. The desired pattern on the HSQ layer was achieved by the PBW with
the help of a scanning software. HSQ forms a cross-linked network

by proton exposure; these structures are chemically strong.

e~

I[sopropanol-water (7:3) was used as a developer and developed in
10 min without agitation. The developer dissolves unexposed HSQ.
After development, positive structures with widths of 60 to 250 + 5

nm were achieved.

In this way, nanochannels of heights 90, 150, 200 and 250 nm, and
with widths 150, 200, 250, and 300 nm were obtained. The channel lengths

were 50 pm.
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2.2.2. Micro channel fabrication by UV-lithography

2.2.2 Micro channel fabrication by UV-lithography

1. The stamp with nanostructure prepared was heated to 200°C for
2 min. A 5 um SU-8 (Micro-Chem) layer was spin-coated on the
preheated stamp at 2000 rpm for 30 s. The spin coated SU-8 was

heated to 95°C for 2 min to evaporate the solvent.

2. The nanostructures on the substrate were aligned with the microstruc-
ture of the UV mask with the help of a mask aligner system. Due
to low optical absorption of SU-8, the micro channels can be aligned
to the underlying nanostructures. The substrate was exposed to UV
light of wavelength 365 nm for 30 sec. The exposed substrate was

post backed at 95°C for 2 min.

3. SU-8 developer (Micro Chem.) was used to develop the exposed SU-8
for 2 min. Finally, the substrate containing the nano and microstruc-
tures was backed to 150°C for 30 min to harden. The substrate was
finally rinsed with IPA, followed by deionised water and a gentle
stream of nitrogen gas. In this way, micro channels of dimensions

5x5 um? were obtained.

Using the combinations of PBW for nanostructures and UV lithog-
raphy for microstructures, it is possible to produce a master stamp with
positive structures of micro channels, which are superposed on underlying

nanochannels.
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2.2.2. Micro channel fabrication by UV-lithography

UV mask (top view) m
- =f=-)
Microchannel Emg

Photoresist (SU-8) ,
«

—Metal layer (Au
.. P
Silicon substrate

UV light exposure
UV light exposure

lu H l Patterned Photoresiste
(SU-8)

1

S-S

"l
‘ Developp&du?g)otoresis“

Nano & Micro channel stamp
(top view)

Fig. 2.3 Super positioning of the SU8 microstructure on the HSQ nanos-
tructure by UV lithography. Left side: regular channels; right side: cross
channels.
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2.3. PDMS

2.3 PDMS

The advantage of PDMS is that it is biocompatible and more robust to
replicate the master stamp. More than 100 replications can done with one
master stamp. The chemical formula of poly-di-methyl-siloxane (PDMS)
is CHy — [Si(CHj3)20],S1 — (CHj3)s , where n is the number of repeating
monomer [Si(C'Hz),0]. The Sylgard™184 (Dow Coring Corporation) kit
contains a liquid silicon rubber base (vinyl-terminated PDMS) and a cat-
alyst or curing agent (a mixture of a platinum complex and copolymers of
methyhydrosiloxane). The curing agent was added to the base in a 1:10
weight ratio. Because the base is viscous it was thoroughly mixed. The
mixture was degassed and poured onto the boat containing the master
stamp, and degassed again to remove any air bubbles that were trapped in
the nano/micro channels. The PDMS was then cured by placed it in an
oven for 4 h at 65°C. The cured PDMS was carefully peeled off from the
master stamp. The sources at the micro channel end were punched using

a needle (Harris Uni-Core, Jed Pella Inc.)

2.3.1 Air plasma cleaning

The PDMS nanochannels prepared had three faces covered, the fourth face
covered by a microscopic cover slip. The cured PDMS was naturally hy-
drophobic surface, so it was difficult for water based micro/nanofluidics.
The pressure exerted on the channels was inversely proportional to the
cross-sectional area of the channel. To make a good tight seal, and to enable

fluid to flow in the channel, surface modification was needed. Atmospheric
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2.4. Fluorescence microscopy

air plasma or argon plasma cleaning was the best methods to change the
surface from hydrophobic to hydrophilic. Oxygen plasma changes the sur-
face chemistry by converting the -O— Si(C H3)2- unit to silanol (—SiOH —).
This plasma cleaning also helps to remove surface contaminants and im-
proves adhesion. The air plasma oxidised PDMS surface resists absorption
of hydrophobic and negatively charged molecules. These hydrophobic sur-
faces are stable for few tens of hours in air/water. After a certain amount
of time (aging) the hydrophobic property of the PDMS surface is recov-
ered, irrespective of whether the medium is air, water, or a vacuum. The
experiments were done below the aging time, so there is no hydrophobic

effect on the results.

The PDMS chip was removed from the master stamp and cut to a
little bit more than the actual chip dimensions. The PDMS chip and cover
glass were placed in the cylindrical type glow discharge. Plasma energy of
10.5 W and a radio frequency of 40 kHz were applied for 30 s at air pressure
of 0.3 torr. After air plasma cleaning, the PDMS stamp was immediately
placed in contact with the cover slip for bonding. The bonding was further
strengthened by post-backing the assembly on a hot plate at 95°C for 1

min.

2.4 Fluorescence microscopy

T4-DNA molecules having 165,600 base pairs (Nippon Gene) were sus-
pended in the buffer of 10 mM Tris and 3 or 30 mm NaCl. For Protein-DNA

experiments, a mixture of the Protein-DNA was prepared and incubated
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2.4. Fluorescence microscopy

for more than 12 h. The DNA concentration was held constant at 0.003 g
per L for all the nanochannel experiments. For visualisation of the DNA,
the Protein-DNA complex mixture was fluorescently labelled with YOYO-1
and incubated overnight. The intercalation ratio was one YOY O-1 molecule
per 100 base pairs. The Protein-DNA complex was loaded into the reser-
voirs of the micro channels, which flows through capillary action. The
mixture was driven into nanochannels by application of an electric filed,
or sometimes by the application of minimal pressure of 0.7 kPa with the
micro injector (Narishige, Tokyo). To apply the electric field, two platinum
electrodes were immersed into the reservoirs of the two micro channels, and
the electrodes were connected to a high-voltage power supply (Keithley 237
high voltage source measurement unit, Cleveland, Ohio), and voltage from
0.1 to 10 V was applied. Once the DNA molecules got into the channel, the
electric field was switched off and the molecules were allowed to relax to
their equilibrium state for at least 1 min. The fluorescently labelled DNA
was visualised with a the help of an inverted microscope (Nikon Eclipse
Ti) equipped with a 200 W metal halide lamp, a filter set, and a 100X
oil immersion objective. Videos were collected with a high gain EMCCD

camera (iXon X3, Andhor) with 100 msec exposure and 512 x 512 pixels.
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2.5. Data analysis

2.5 Data analysis

The DNA lengths were measured with open source software ImageJ (http:
//rsb.info.nih.gov/ij) and Matlab. The size of the DNA along the long
axis was obtained using the intensity profile of the DNA in ImageJ/ Matlab
as shown in the Fig. 2.4 The DNA molecule average size was obtained by
plotting a histogram of ~100 molecules, and fitting the histogram with a

Gaussian distribution.

250x150 nm?2

200
® 150
o o
>
@ 100
(0}
50
0
0 5 10 15
Distance (um)
Fig. 2.4

Intensity profile of a labelled DNA and measurement of its length.

2.5.1 Measurements of DNA length in nanochannels

The DNA molecules in nanochannels are shown in Fig. 2.5(B). The fig-

ure shows a typical distribution of the measurements of more than 100
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2.5. Data analysis

individual molecules. The distribution is approximately Gaussian. The
fluctuation-induced distribution is close to Gaussian!'®), DNA fragments
can easily be discerned, because their extensions fall below the values per-
taining to the intact molecules. For the cut-off, the mean value minus 2
times the standard deviation was used. Resolution broadening can be ne-
glected because the optical resolution is 1 order of magnitude smaller than

the variance.
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Fig. 2.5 Fluorescence image of labelled T4-DNA in (A) bulk phase and
(B) nanochannels. (C) Distribution in long axis extension of a population
of more than 50 molecules in T-buffer with 3 mM NaCl inside the 250x 140
nm channels. 150 molecules in bulk phase with same buffer condition. A
Gaussian fit gives R = 12.3 £ 1.5 pm and 3.7 &= 0.7um in nanochannels
and bulk condition respectively. Scale bar is 5um.

Fig. 2.5 shows the clear difference between the conformation of DNA
in the bulk phase and nanochannels. In the bulk phase, the long axis
length is about 3.7 pum, and is extended to 12 pm in the 250 nm x140
nm channels. The conformational force extends the coil DNA along the

channel direction.
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2.5. Data analysis

2.5.2 Measurement of DNNA length in bulk phase

The free space DNA molecules are shown in Fig. 2.5(A). The bulk phase
experiments of the DNA-HNS complex for different HNS concentrations
are shown in Fig. 2.6. Figure clearly shows that H-NS induces elongation
and compaction, and not condensation, in the bulk phase. It may observed
that the DNA concentration is 100 times less than the nanochannel DNA
concentration (0.003 ¢g/l). However, DNA is condensed in the nanochannel

(See chapter. 3).
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Fig. 2.6 Labelled T4-DNA in bulk phase and nanochannels.
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2.6. Protein Purification

2.6 Protein Purification

Chromatography is a technique used to separate and/or analyze complex
mixtures™. The technique has two phases —the stationary phase and the
mobile phase. Based on geometry and nature of the phase, the chromatog-
raphy can be classified into different types. The stationary phase chro-
matography (geometry based) can be further classified into column chro-
matography and planar chromatography. Similarly, the mobile phase chro-
matography (based on nature) has three different types of chromatographic
techniques, namely liquid-chromatography (LC), gas chromatography (GC),
and supercritical-fluid-chromatography (SFC). Using liquid chromatogra-
phy, a lot of biomolecules such as DNA, proteins, peptides, and other
charged molecules are purified. These molecules are purified/separated
by using the differences in their specific properties. Today, many liquid
chromatographic techniques are available; some of them are shown in the

Table (2.1).

Table. 2.1 Different types of liquid-chromatographic separation based on
specific properties

Property | Technique

charge at certain | Ion exchange chromatography IEX
pH
Size | size exclusion chromatography (SEC)

Hydrophobicity | Hydrophobic interaction chromatography(HIC)
Reversed phase chromatography (RPC)

Biorecognition | Affinity chromatography (AC)
(ligand specificity)

Isoelectric point | Chromatofocusing (CF)
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2.6. Protein Purification

o ' ® |a- ".: &

Fig. 2.7 Schematic drawing of separation principles in chromatography
purification. From left to right: GF, HIC, IEX, AC, and RPC. Figure
adopted from GE Ion Exchange Chromatography & Chromatofocusing
Principles and Methods. Figure was adapted from GE website

Ion Exchange Chromatography (IEX) uses the property of differences in
net charge on the molecules to separate them. Many biomolecules have
ionisable groups. Proteins are made up of amino acids containing weak
acidic and basic groups, and their net charge depends on the pH, that
is, amphoteric in nature. Proteins are built up by specific amino acid

sequences, so each protein has its own net charge versus the pH relationship.

In IEX, the column was packed with ion exchange resin that could
be a cationic or anionic exchanger. The anionic exchanger had positively
charged groups and attracted negatively charged molecules, and the cationic
exchanger attracted positively charged molecules. When samples were
loaded to the column, molecules having opposite charges to the IEX resin
bound to the resin; the greater the opposite charge, the stronger the
bond. Proteins with the same charge as the IEX resin, and unbound
molecules/proteins, were washed out by the buffer. Proteins were eluted by
increasing ionic strength or changing the pH of the elution buffer (mobile
phase). Proteins with a low net charge at a selected pH were eluted, fol-

lowed by proteins having a higher net charge at that pH. The ionic strength
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2.6.1. First step purification by Cellulose column

was increased in a gradient or stepwise fashion.

2.6.1 Wt H-NS purification by ion exchange chro-

matography

2.6.1.1 First step — purification by Cellulose column

1500 ——A 100

280
—o— Buffer B

QA N 0o W
o o o o

()]
o
Buffer B concentration in %

600

Absorbance at 280nm(mAU)
~N
w
o

-40
450 130
300 I 20
150 I 10
0k Jo
0 | 1(I)O | 2(I)O | 3(|)0 | 4(I)O | 500
Volume (ml)

Fig. 2.8 Protein purification by Cellulose column. Blue sphere represent
arbitrary units of UV 280 readings and red diamonds represent the elution
buffer concentration in percentage

H-NS purified by K1746 bacteria transformed with pHOP-II["Z were
grown on a Luria Broth (LB) plate with ampicillin (50 mg per L). A single
colony was taken to grow a starter culture in a Luria Broth (LB) medium
containing ampicillin at 310 K for 8 h (ODggg = 0.6). The starter cul-
ture was then diluted 1,000 times into Luria Broth (LB) medium contain-

ing ampicillin and grown at 310 K for 2 h with vigorous shaking (280

62



2.6.1. First step purification by Cellulose column

Lane-1 Lane-2 Lane-3

H-NS

Fig. 2.9 SDS-page picture of Cellulose column purification of H-NS. From
left to right, lane-ladder; lane2-lysate; lane3-elute through cellulose column

rpm, ODgop = 0.6). Protein expression was induced by the addition of
isopropylthio-g-galactoside (IPTG) to a final concentration of 1 mM. The
bacterial cells were harvested by centrifugation at 6,000 g for 15 min at
277 K. The pellet was suspended in a buffer comprising 20 mM Tris-HCI,
pH 7.2, 1 mM EDTA, 5 mM B-mercaptoethanol, 10% glycerol, 100 mg
phenylmethylsulfonyl fluoride (PMSF) per L, 2 mM benzamidine, 100 mM
NH,Cl, and 1 mg Pefabloc SC per L. This was subsequently lysed with a
sonicator (Sonic vibra) at 10,000 Joules, and followed by treatment with
DNase-1 and RNase-A (Promega) on ice for 30 min. After centrifugation
at 15,000 g for 2.5 h at 277 K, the supernatant was loaded onto a phospho-
cellulose (P11, Whatman) column (XK 50/30) equilibrated with 100 mM
NH,Cl, 1 mM EDTA, 10% glycerol and 20 mM Tris-HCI, pH 7.2 with an
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2.6.1. Second step purification by Heparin column

AKTA explorer chromatography system (GE Life Sciences). The column
was washed with the abovementioned 100 mM NH4Cl buffer, and the pro-
tein was eluted with a gradient to 1 M NH4Cl. The chromatogram showing
the elution process is shown in Fig. 2.8. The elutes from the cellulose were
checked with SDS-page gel. Fig. 2.9 Protein having a molecular weight of

~15 kDa was observed.

2.6.1.2 Second step — purification by Heparin column
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Fig. 2.10 Protein purification by Heparin column. Blue sphere represent
arbitrary units of UV 280 , and red diamonds represent the elution buffer
concentration in percentage.

The results of purification from a cellulose column is usually not pure,
so second step purification process was needed. The elute from the cellulose
column was subsequently dialysed against 100 mM NaCl, 1 mM EDTA,
10% glycerol and 20 mM Tris-HCI, pH 7.2. The dialysed sample was loaded
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2.6.1. Second step purification by Heparin column

onto a heparin column equilibrated with the abovementioned 100 mM NaCl
buffer followed by elution in a gradient to 1 M NaCl.
_Lane-1

La ng-z nAe‘—, Lane-4

Fig. 2.11 SDS-page picture of Heparin column purification of H-NS.
From left to right: lanel-ladder; lane2, 3-elutes from heparin column at
different times (peaks A and B in the Fig. 2.10); laned-lysate.

The chromatogram showing the elution process is shown in Fig. 2.10.
The purity of the H-NS was monitored by SDS-page gel to check the quality
of the purification. From the picture of the gel (Fig. 2.11), it is clear that

the H-NS was almost purified.

In Fig. 2.10 there are two peaks side by side, possibly due to two
reasons — the column packing might not be good or the H-NS might exist
in oligomers, which is clearly shown in the gel (Fig. 2.11) and further

verified by size exclusion chromatography.
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2.6.2. His-tag H-NS purification

2.6.2 His-tag H-NS purification

This is a single-step purification process using a His-trap column. A BL21
(DE3) strain containing His-tag H-NS was grown in a Luria broth plate with
0.2% glucose with ampicillin (100 pg per ml). A single colony was taken in
a falcon tube containing a Luria Broth (LB) with glucose and ampicillin at
310 K for 8 h with shaking; the process stopped at OD goo = 0.7. The starter
culture was then diluted 1,000 times into a Luria Broth medium containing
0.2% glucose and ampicillin (100 pug per ml), and grown at 310 K for 2 h
with vigorous shaking (280 rpm, ODgypy = 0.7). 1 ml from the culture
was taken to check the expression. Protein expression was induced by
the addition of isopropylthio-S-galactoside (IPTG) to a final concentration
of 500 uM. Expression of the protein was checked by SDS-page gel; Fig.
2.13 shows that the protein was expressed well (lane 4, 3 before and after
expression).The bacterial cells were harvested by centrifugation at 6,000 g
for 15 min at 277 K. The pellet was suspended in a buffer, which is the
same as described in the first section, including the 0.1 mM DTT that is
then lysed with solicitor. The lysate after sonication was centrifuged at
25,000 g for 20 min at 277 K, and the supernatant was recovered. The
supernatant was treated with RNase A with final concentration 10 ug per
ml and 100 U DNase per ml in room temperature with agitation for 1 h.
RNase/DNase was deactivated by adding EDTA and again centrifugated
for 15 min at 15,000 g at 277 K.

The supernatant was loaded onto a His-trap column (GE Life Sciences)
with an AKTA explorer chromatography system (GE Life Sciences). The

column was pre-equilibrated with an adsorption buffer (A1) containing 20
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2.6.2. His-tag H-NS purification
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Fig. 2.12 Single step protein purification by His-trap column. Blue
sphere represent arbitrary units of UV 280 , and red diamonds represent
the elution buffer concentration in percentage.

mM Tris-HCL, pH 8, 10% glycerol, 0.1% Triton and 0.5 M NaCl at 1 ml/min
for 10 ml. The column was washed with a washing buffer (Tris-HCI, pH 8,
0.3 M NaCl), then followed by elution linearly with 4% elution buffer (20
mM Imidazole) which contained Tris-HCI, pH 8, 0.3 M NaCl and Imidazole
500 mM at 1 ml/min. After this, the percentage of Imidazole was increased
to 8% linearly to make 40 mM Imidazole, which further washed out un-
bound protein. Finally the concentration of Imidazole was increased from
8% to 100% linearly at 0.25 ml/min. Fig. 2.12 shows the chromatogram
for the His-trap column. The elutes were collected and checked for purity

by SDS gel, which is shown in 2.13.

The His-tag was removed with cutting enzyme-TEV. Fig. 2.14 shows

the progressive cutting action by TEV. Lanes from 3 to 7 are samples taken
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2.6.2. His-tag H-NS purification

Lane-3 Lane-4

Lane-1 Lane-

Fig. 2.13 SDS-page picture of His-trap column purification of H-NS.
From left to right: lane-ladder; lane2-elutes from his-trap column (puri-
fied H-NS); lane3- after induction by I PTG, lane4- before induction.

at 1, 2, 7, 12 h respectively. After overnight digestion all the Hig-tag were

removed and quality of the protein was checked with gel.

Lane-1 Lane-2 Lane-3 Lane-4 Lane-5 Lane-6 Lane-7 Lane-8

11kD

Fig. 2.14 SDS-page picture of His-tag digestion by TEV. From left to
right: lanel-ladder; lane2-elutes from His-trap column (purified H-NS with
His-tag); lane3 to 7 are 1, 2, 7, 12 h, and overnight digestion; lane8-purified
Wt-H-NS with two-step process.

68



2.6.2. His-tag H-NS purification

Experiments were done at 10mM Tris-HCI with 3 and 30mM NaCl.
The stability (denaturing) of the protein need to check before the experi-
ments.The circular dichroism technique was used to verify the protein sta-
bility at low ionic strength. Fig. 2.15 shows the stability at 3mM NaCl; the
protein was denatured after adding HoSO,. It was clear that the protein

at low salt concentration is still not denatured.

T | T | T | T | T T
21— —O— 3mMNa 1.2uM HNS —
|  —®— 3mMNa 1.2uM HNS+Acid

Molar ellipticity 102 (deg.cm?.dmol™)

200 210 220 230 240 250 260
Wavelength (nm)

Fig. 2.15 Circular dichroism spectrum of protein in 3mM NaCl before
and after adding the acid. After adding acid protein becomes denatured.
Open circles are protein in 10mM Tris-HCI and closed circles are after
adding acid.
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2.6.3. Size Exclusion Chromatography

2.6.3 Size Exclusion Chromatography (SEC)

SEC, also called gel filtration (GF), was used for desalting the buffer '3,
In SEC, molecules are separated based on their size. The column is made
up of sephadex, dextran, agarose, and polyacrylamide, or mixtures of these
chemicals, like superdex (dextran + agarose). The medium consists of
spherical particles with pores, and with physical and chemical inertness and
stability. Fig. 2.16 shows the small particles go to pores of the stationary
phase with a lag in motion; on the other hand, bigger particles are excluded
from going into pores of the stationary phase and instead pass through
the interstitial space of the stationary medium. The mid-range particle
goes half way into the pores of the stationary phase. In this way, biggest
molecules are first eluted, followed by the smaller particles. The elution of

the sample is best characterised by a distribution coefficient Ky
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Fig. 2.16 Structure of the beads in the SEC media and elution process.
(A) Schematic picture of a bead. (B) electron microscopic enlargement of
(A). (C) Schematic drawing of sample molecules diffusing into bead pores.
Figure was adapted from GE website
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2.6.3.1 Calibrating the column

If the molecule completely sieves from the column then K;=0, and if the
molecule goes in to pores of the stationary phase, lags, and comes last, then
its Ky=1. For all intermediate molecules 0<K,; <1. Let the volume of the
mobile phase be Vj, i.e. the elution volume of the molecules, which are
larger than the pore size of the gel. The volume of the stationary phase is
V, and the volume of the buffer inside the matrix is V;, which is available to
small molecules. It is clear that V;, is the elution volume of molecules that
distribute freely between the mobile and stationary phases, minus the void
volume. K, represents the fraction of the stationary phase that is available

for diffusion of a given molecular species:

_ Ve = Vo _Ve—=W
‘/t - % - ‘/gelmatriz V;

K, (2.1)

In practice, the volume Vj or V; stationary phase defined in the above
equation is rather difficult to determine. It is much more convenient to

substitute the term (V; — V) for Vi, in which case k,, is defined as

Ve —Vo
Kav:
Vi—W

(2.2)

For a given gel K,,/Ky, is a constant and is independent of the nature
of the solute or its concentration. K,, is easily determined and, like Ky,
defines solute behaviour independently of the bed dimensions and packing.
Fig. 2.16(D) shows the different terms involved in the equations (2.1 and

2.2). K,, is related to the size of molecules as K,, = Alog M, + B, where
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Fig. 2.17 Calibration graph of SEC column with standards. The stan-
dards are T (Thyroglobulin M,669 kDa), C (Conalbumin M, 75 kDa), O
(Ovalbumin M, 43 kDa), R (Ribonuclease A M, 13.7 kDa) and F (Ferritin
M, 440 kDa), A (Aldolase M, 158 kDa) and Blue dextran M,2000. TCOR
and FACO are in red and blue colour respectively. Insert shows calibration
graph of K, verses Log(M,.).

A and B are constants and M, is the molecular weight of the protein.
Plot the K,,versus log M, using known molecular weight proteins, and one
obtains the unknown protein molecular weight. Fig. 2.17 is a calibration
graph with standards. Calibration was done with two standard samples
with 500 pLi volume. The standards are T (Thyroglobulin M,.669 kDa),
C (Conalbumin M, 75 kDa), O (Ovalbumin M, 43 kDa), R (Ribonuclease
A M, 13.7 kDa) and F (Ferritin M, 440 kDa), A (Aldolase M, 158 kDa)
and Blue dextran M,2000. For best calibration, Conalbumin M, 75 kDa,
Ovalbumin M, 43 kDa, and Blue dextran M, 2000 kDa are taken in both
samples. Dextran has a very high molecular weight compared with all the

components in the samples, so it was washed out as the first elute. This
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2.6.3.2. Oligomerisation of H-NS

signal of the peak ensures that both samples are loaded at the same time,
and it gives the value of Vg in Eq. 2.2. The calibration graph is plotted
by using V., Vg and V; for K,, and log(M,). An insert in Fig. 2.17 shows
the final calibration graph for two standard samples. The values obtained

from the graph are slope A = -0.35 + 0.01 and intercept B = 2.17 £ 0.08.

2.6.3.2 Oligomerisation of H-NS
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Fig. 2.18 Size Exclusion Chromatography of H-NS. The concentrations
are 12 pum (red), 50 pm (green), 125um (blue).

The N-terminal of the H-NS is responsible for dimerisation or Oligomeri-
sation. Falconi et al. found that in solution H-NS is in predominately
dimeric form above concentrations of 10 uM, and that at even higher
concentrations a significant amount of H-NS can be found in trimers and
tetramers!'. Recent studies by Leonard also confirm this™!. The Oligomeri-
sation is needed for the filamentation process of the H-NS. Fig. 2.18 shows

the size exclusion chromatography of the H-NS. H-NS has a molecular
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2.6.4. Isolation and purification of HU

weight 15.5 kDa, so its K, is about 0.7. The molecular weights corre-
sponding to 3 peaks are 84, 120, and 175 kDa for 12, 50, and 125 uM
H-NS, which directly shows the oligomer formation of H-NS. The graph is
also skewed towards the less eluted volume side, that is higher molecular
weight. This SEC experiment confirms the oligomer formation of the H-NS

protein

2.6.4 Isolation and purification of HU

Purification of HU was done in Associate Professor Yan Jie’s lab, Depart-
ment of Physics, NUS. DNA plasmid pET Duet-1, which was designed
for coexpressing two genes HUa and HUS (HU« tagged with N terminal
histag), was transformed into Escherichia Coli BL21. The cells were grown
at 37°C in a Luria Broth medium containing ampicillin, and the overpro-
duction of HU was induced by the addition of 4 mM IPTG at 20°C. The
cells were lysed with a high pressure homogeniser. The lysate was cleared
by centrifugation at 35,000 rpm for 30 min at 4°C. The lysate was then
diluted with a buffer containing 250 mM NaCl, 10 mM Tris, and 10% glyc-
erol and loaded into a His-trap HP column. The column was eluted with
imidazole. The protein was further purified using a Superdex 75 gel filtra-
tion column and dispersed in a buffer comprising 500 mM KCI and 10 mM
Tris. The concentration was determined by UV absorbance at 230 nm with

Aogsg = 2.3 per 1 g of HU per L6,
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Chapter 3

Effect of H-NNS on the

elongation and compaction of
single DN A molecules in a

nanospace

3.1 Introduction

Heat-stable nucleoid-structuring protein (H-NS; 15.6 kDa, pl 7.5) is impli-
cated in transcriptional repression (gene silencing) as well as organisation of
the bacterial genome™. H-NS binds and oligomerises along dsDNA to form
a semi-rigid nucleoprotein filament, increases the thermal stability of the
duplex, and inhibits transcription®3l. The histone-like function of H-NS in
chromosome organisation is poorly understood. It has been proposed that

the compaction into the nucleoid is related to, among others, DNA super-
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3.1. Introduction

coiling and osmotic stress through macromolecular crowding. Like-charge
attraction between distal DNA segments by binding protein (bridging) is
also thought to be important!¥. Indeed, it has been shown that H-NS re-
duces the physical extent of circular plasmids through side-by-side binding
of opposing segments!®. Divalent ions such as magnesium and calcium have
been reported to play a pivotal role in H-NS mediated bridging of DNA [,
However, H-NS does not behave like a regular condensation agent, because,
to the best of our knowledge, it has never been reported to compact DNA

into a globular form (condensation) in physiological conditions!™.

Advances in nanofabrication have made it possible to fabricate quasi
one-dimensional channel devices with cross-sectional diameters on the or-
der of tens to hundreds of nanometers. These channels serve as a platform

(89 Furthermore, confinement in a

for studying, single DNA molecules
nanospace results in significant modification of certain important biophysi-
cal phenomena, such as the knotting probability of circular DNA and the ef-
fect of macromolecular crowding'®™1213] In particular, it was shown that
DNA can be compacted into a condensed form for over-threshold concen-
trations of dextran or like-charged proteins such as bovine serum albumin
and hemoglobin. Here, we report the effect of H-NS in conjunction with
confinement inside a nanochannel on the conformation and compaction of
DNA. For this purpose, we have done two different, but related series of
experiments. In the first series, we focus on equilibrium properties of DNA
molecules that have been pre-incubated with H-NS. In the second series, the
dynamic, conformational response of DNA molecules immediately following

exposure to H-NS is investigated. Super-resolution fluorescence imaging of

H-NS in living Escherichia coli cells has shown that it is clustered within
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3.1. Introduction

the nucleoid with a diameter of a few hundred nanometers!™. This diame-
ter is comparable to the diameters of our channel systems. Accordingly, we
surmise that our results for nanochannel confined DNA have implications

for gene silencing and chromosome organisation.

For the first type of experiments, T4-DNA (166 kbp) was incubated
in buffers of various ionic composition and various concentrations of H-NS
for at least 24 h. Some of the buffers also included divalent magnesium
ions. The DNA molecules were stained with YOYO-1 with an interca-
lation ratio of 100 base-pairs per dye molecule. For such a low level of
intercalation, the distortion of the secondary DNA structure is minimal.
Furthermore, there is no appreciable effect on the bending rigidity, as in-
ferred from previously reported measurements of the extension of DNA in

151 The pre-incubated

nanochannels with different concentrations of dye
molecules were subsequently electrophoresed into a single array of long and
rectangular nanochannels with average cross-sectional diameters of 200 or
250 nm. Our chips are made of polydimethylsiloxane (PDMS) casted on
a high quality master stamp, obtained by proton beam writing and UV

[15.16,17]  The advantage of this technology is that about a hun-

lithography
dred replicas can be made with a single stamp, so that a fresh chip can be
used for every experiment. Once the pre-incubated molecules are equili-
brated after switching off the electric field, their extensions along the direc-
tion of the channel (stretch) were measured with fluorescence microscopy.
Depending on solution conditions, we observed an elongation or contrac-
tion of the stretch with respect to the protein-free state. Furthermore, as in

the case macromolecular crowding, we observed a collapse to a condensed

form for over-threshold concentrations of H-NS.
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3.1. Introduction

The second type of experiments was done with our recently developed

18] As shown by its layout in Fig. 3.1, a centrally

cross-channel device
located grid of rectangular nanochannels is connected to two pairs of load-
ing reservoirs with a set of microchannels. The grid features two arrays of
parallel nanochannels in a perpendicular configuration. The average cross-
sectional diameters of the channels pertaining to the respective arrays are
225 and 175 nm. DNA immersed in the relevant buffer, but without H-NS,
was electrophoresed into the device through the array of wider channels in
one direction. Once the molecules were equilibrated inside the channels af-
ter switching off the electric field, a buffered solution of H-NS was flushed
through the intersecting array of channels in the other direction with a
microinjector using a minimal pressure. During and after the flush, the
conformational response of the DNA molecules was monitored with fluo-
rescence microscopy. These experiments were done with a range of H-NS
concentrations covering the critical concentration for condensation. Ac-
cordingly, the collapse to the condensed form following exposure to H-NS
was observed in real time. Our observations will be analysed in terms of
current knowledge of the binding properties of H-NS, in particular fila-
mentation of H-NS on DNA and H-NS mediated like-charge attraction of
distal DNA segments. However, it will be shown that, besides binding,
confinement is of paramount importance in H-NS mediated control of the

conformation and compaction of DNA.
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3.2 Materials and Methods

3.2.1 Isolation and Purification of H-NS

K1746 bacteria transformed with pHOP-II were grown on a Luria Broth
plate with ampicillin (50 mg per L). A single colony was taken to grow a
starter culture in Luria Broth medium containing ampicillin at 310 K for
8 h (OD600 = 0.6). The starter culture was then diluted 1,000 times into
Luria Broth medium containing ampicillin and grown at 310 K for 2 h with
vigorous shaking (280 rpm, ODgyy = 0.6). Protein expression is induced by
addition of isopropylthio-3-galactoside (IPTG) to a final concentration of 1
mM. The bacterial cells were harvested by centrifugation at 6,000 g for 15
min at 277 K. The pellet was suspended in a buffer comprising 20 mM Tris-
HCI, pH 7.2, 1 mM EDTA, 5 mM g-mercaptoethanol, 10% glycerol, 100 mg
phenylmethylsulfonyl fluoride (PMSF) per L, 2 mM benzamidine, 100 mM
NH4Cl, and 1 mg Pefabloc SC per L, subsequently lysed with a sonicator
(Sonic vibra) at 10,000 Joules, and folllowed by treatment with DNase-1
and RNase-A (Promega) on ice for 30 min. After centrifugation at 15,000
g for 2.5 h at 277 K, the supernatant was loaded onto a phospho-cellulose
(P11, Whatman) column (XK 50/30) equilibrated with 100 mM NH,CI, 1
mM EDTA, 10 % glycerol, 20 mM Tris-HCI, pH 7.2 with an AKTA explorer
chromatography system (GE Life Sciences, columns and chromatography
media were also purchased from GE). The column was washed with the
above mentioned 100 mM NH,Cl buffer and the protein was eluted with a
gradient to 1 M NH4Cl. The elute was subsequently dialyzed against 100
mM NaCl, 1 mM EDTA, 10 % glycerol, 20 mM Tris-HCI1, pH 7.2. The
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3.2.2. Sample preparation

dialyzed sample was loaded onto a heparin column equilibrated with the
above mentioned 100 mM NaCl buffer followed by elution in a gradient to 1
M NaCl. At each step, the purity of H-NS was monitored by SDS-page gel
chromatography. The secondary structure of H-NS in the prevalent buffers

was confirmed with UV circular dichroism measurements.

3.2.2 Sample preparation

T4-DNA was purchased from Nippon Gene, Tokyo and used without fur-
ther purification. The integrity of T4-DNA was verified with pulsed gel elec-
trophoresis. No fragments of ones to tens of kbps were observed. YOYO-1
was purchased from Invitrogen, Carlsbad, CA. T4-DNA was stained with
YOYO-1 with an intercalation ratio of 100 base-pairs per dye molecule. No
anti-photo bleaching agent was used. Samples were prepared by dialyzing
solutions of DNA against 10 mM Tris-HCI with the relevant concentration
of NaCl and/or MgCl, in micro-dialyzers. Solutions of H-NS in the same
buffer were also prepared. The Tris-HCI concentration is 10 mM Tris ad-
justed with HCI to pH 7.5, i.e. 8.1 mM TrisCl and 1.9 mM Tris). The ionic
strength of the buffer was calculated with the Davies equation for estimat-
ing the activity coefficients of the ions and a dissociation constant pK =
8.08 for Tris. For the measurement of the pre-equilibrated DNA molecules,
solutions of H-NS and DNA were subsequently mixed and incubated for
24 h at 277 K. The final DNA concentration is 3 mg per L. Fluorescein
5-isothiocyanate (FITC) was purchased from Sigma-Aldrich. H-NS was la-
beled with FITC following standard protocol!™. For the determination of

the time required for the protein influx, a solution of 1 uM of FITC labeled
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3.2.3. Fabrication of nanofluidic chips

H-NS in T-buffer was prepared.

3.2.3 Fabrication of nanofluidic chips
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Fig. 3.1 (A) Bright field optical image of the bonded cross-channel ar-
ray device. The loading reservoirs are connected to the central grid of
nanochannels by microchannels in SU-8 resin. (B) Optical image of the
master stamp featuring the nanochannel grid with connecting microchan-
nels. The channels have a uniform height of 200 nm and widths of 250 and
150 nm in the two perpendicular directions, respectively. The wider and
narrower channels are laid on a rectangular grid and separated by 4 and
3.5 um, respectively 18],

The nanofluidic devices were fabricated by replication in PDMS of

[15,17]

patterned master stamps The nanochannels were made in HSQ re-

sist (Dow Corning, Midland, MI) using a lithography process with proton

[16] * Chips with two different channel layouts were made. For

beam writing
the measurement of the pre-incubated DNA molecules, a single array of
nanochannels is connected to two punched loading reservoirs through a
superposing set of microchannels made in SU-8 resin with UV lithogra-
phy. For the investigation of the response to a change in solution con-

ditions, a cross-channel device was made. In the latter device, there are

two intersecting arrays of nanochannels connected to two pairs of loading
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3.2.4. Single-channel arrary

reservoirs. The heights and widths of the positive channel structures on
the stamps were measured with atomic force microscopy (Dimension 3000,
Veeco, Woodbury, NY) and scanning electron microscopy, respectively. For
the single-array device, two stamps were made featuring nanochannels of
length 60 um and rectangular cross-sections of 150 x 250 and 200 x 300 nm?,
respectively. The cross-sections pertaining to the two intersecting arrays of
the cross-channel device are 150 x 200 and 200 x 250 nm?. The connecting
microchannels have a width and height of 20 and 5 pum, respectively. The
stamp was coated with a 5 nm thick Teflon layer to guarantee a perfect
release of the replicated PDMS chips??. The stamps were replicated in
PDMS followed by curing with a curing agent (Sylgard, Dow Corning) at
338 K for 24 h. The PDMS replica was sealed with a glass coverslip, after

both substrates were plasma oxidised (Harrick, Ossining, NY).

3.2.4 Single-channel array

The pre-incubated and stained DNA molecules dispersed in the relevant
solution were loaded into one of the two reservoirs connected to the sin-
gle array of nanochannels. The DNA molecules were subsequently driven
into the channels by electrophoresis. For this purpose, two platinum elec-
trodes were immersed in the reservoirs and connected to an electrophoresis
power supply with a relatively low voltage in the range 0.1-10 V (Keith-
ley, Cleveland, Ohio). Once the DNA molecules were localized inside the
nanochannels, the electric field was switched off and the molecules were
allowed to relax to their equilibrium state for at least 60 s. The stained

DNA molecules were visualized with a Nikon Eclipse Ti inverted fluores-
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3.2.5. Cross-channel array

cence microscope equipped with a 200 W metal halide lamp, a filter set,
and a 100x oil immersion objective. The exposure time was controlled by
a UV light shutter. Images were collected with an electron multiplying
charge coupled device (EMCCD) camera (Andor iXon X3) and the exten-
sion of the DNA molecules inside the channels was measured with IMAGEJ
software (http://rsb.info.nih.gov/ij/). For the intensity threshold, we have

used two times the signal to background noise ratio.

3.2.5 Cross-channel array

The protein-free, stained DNA molecules were loaded into the two reser-
voirs connected to the array of 200 x 250 nm? nanochannels. To maintain
the balance in pressure, T-buffer (without DNA) was loaded into the other
two reservoirs connected to the perpendicular, intersecting array of 200 x 150
nm? channels. The DNA molecules were subsequently driven into the chan-
nels by electrophoresis and allowed to relax for at least 60 s as described
above. At preset times, solutions of H-NS are flushed through the array of
200 x 150 nm? channels into the 200 x 250 nm? channels using a microin-
jector with a minimal injection pressure of 0.5 kPa (Narishige, Tokyo).
During and following the flush with the solution of H-NS, the stained DNA
molecules were visualized and their extensions were analyzed as described

above.
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3.2.6 Monte Carlo simulation

In the Monte Carlo protocol, the chain is modelled as a string of (N + 1)
beads, which are connected by N inextensible bonds of length ,[?1??. Fur-
thermore, the model consists of bond bending energy, hard-sphere repulsion
between beads, and hard-wall repulsion between the beads and the wall.
If the centre of a bead is beyond the channel wall, the potential becomes
infinitely large and the configuration is rejected. The effective channel di-
ameter is hence the real diameter minus the diameter of the bead. The
diameter of the bead was set equal to the bond length [,, which is equiv-
alent to the chain width w. We have done two series of simulations. In
the first series, the bending rigidity is set to reproduce a persistence length
P = 50 nm. The contour length of the chain with widths w = 5, 7.5, or
10 nm was fixed at L = 8 um. The second series was done for a range in
persistence length P = 50-160 nm, but with a single width w = 10 nm and
contour length L = 16 um. In each Monte Carlo cycle, we carried out one
crankshaft and one reptation move. The simulation started from a random
conformation and reached equilibrium after 107 cycles. In the production
run, we generated 10'° cycles and recorded the conformation every other
105 cycles. For each conformation, we calculated the extension as the max-
imum span of the molecule along the channel axis. Finally, the extension
was averaged over the ensemble of 10° conformations. We have verified
that effects of finite contour length on the relative stretch are unimportant

for the relevant range of channel diameters.
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3.3 Results

3.3.1 Stretch of pre-incubated DNA

In the first series of experiments, T4-DNA molecules were incubated with
the relevant buffer for at least 24 h before they were brought into the chan-
nels of the single-array device. Montages of images of single DNA molecules
confined in rectangular channels with a cross-section of 200 x 300 nm? are
shown in Fig. 3.2. The images refer to well-equilibrated conformations.
After the electric field has been switched off, the molecules relax to their
equilibrium state within 60 s. We have verified that there is no further
change in the extension of the molecules for more than 3 h. Furthermore,
we observed no difference in extension between molecules inserted by elec-
trophoresis or pressure. Video imaging was started 5-10 min after the
molecules were brought into the channels and lasted for another 10 min.
The equilibrated stretch in the longitudinal direction of the channel de-
pends on the buffer conditions. In a buffer with a moderate ionic strength
of around 11 mM (T-buffer with 3 mM NaCl, T-buffer is 8.1 mM TrisCl and
1.9 mM Tris, pH 7.5), the DNA molecules elongate with increasing con-
centration of H-NS. In the case of a buffer with a higher ionic strength of
about 38 mM, the molecules are contracted with respect to the protein-free
situation. In the presence of sub-millimolar concentrations of magnesium
ions, the H-NS induced contraction is minimal, if not negligible. For over-
threshold concentrations of H-NS, condensation of the DNA molecules into
a compact form is observed. Condensed DNA is visible as a bright fluores-

cence spot and can easily be discerned from the extended form. In channels
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3.3.1. Stretch of pre-incubated DN A

with a smaller cross-section of 150 x 250 nm?, we observed the same qualita-
tive behaviour. There are quantitative differences however in the values of
the stretch and critical concentration of H-NS for condensation. Note that
differences in width and brightness between molecules of similar extension

are related to effects of photo-bleaching and have no physical meaning.

O
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Extension inum

Fig. 3.2 (A) Montage of fluorescence images of T4-DNA in T-buffer with
3 mM NaCl and confined in 200 x 300 nm? channels. T-buffer is 8.1 mM
TrisCl and 1.9 mM Tris, pH 7.5. The H-NS concentration is 0, 0.3, and
0.6 uM from left to right. The scale bar denotes 3 pm. (B) As in panel
(A), but in T-buffer with 30 mM NaCl. The H-NS concentrations are 0
and 0.3 uM from left to right. (C) As in panel (A), but in T-buffer with
3 mM NaCl and 0.2 mM MgCl,. The H-NS concentrations are 0 and 0.1
puM from left to right. (D) Distribution in extension of a population of 50
molecules in T-buffer with 3 mM NaCl and 0.3 M H-NS, inside 200 x 300
nm? channels, A Gaussian fit gives Rj=10 £ 2 pm.

We have measured the extension of the DNA molecules in channels
with two different cross-sections: 200 x 300 and 150 x 250 nm?. For each
experimental condition, that is buffer composition, channel diameter, and
H-NS concentration, we have used a fresh PDMS replica and measured
around 50 molecules. The distribution in extension is close to Gaussian 3.
An example of such a distribution is also shown in Fig.3.2. Fragmented

DNAs can easily be discerned, because their extensions clearly fall below
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Fig. 3.3

(A) Relative extension Rj/L of T4-DNA in T-buffer with 3 (A)

or 30 (v7) mM NaCl versus the concentration of H-NS. The molecules are
confined in 150 x 250 nm? channels (B) As in panel (A), but in 200 x 300

nm? channels.

(C) As in panel (A), but in T-buffer with 3 mM NaCl

and 0.2 () or 0.8 (¢) mM MgCl,, inside 200 x 300 nm? channels. The
dashed curves are drawn as an aid to the eye and the arrows denote the
condensation thresholds.
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3.3.1. Stretch of pre-incubated DN A

the values pertaining to the intact molecules. For the cut-off, we have
used the mean value minus two times the standard deviation. Resolution
broadening can be neglected, because the optical resolution is one order of
magnitude smaller than the variance. The mean relative extension Rj/L,
that is the mean extension divided by the YOYO-1 corrected contour length
of 57 pm, is set out in Fig.3.3 as a function of the H-NS concentration. An
enhanced stretch is observed if the molecules are bathed in a buffer of mod-
erate ionic strength without divalent ions (T-buffer with 3 mM NaCl). In
the case of a buffer of higher ionic strength (T-buffer with 30 mM NaCl),
different behavior is observed. Now the molecules contract with increas-
ing concentration of H-NS. The stretch is constant or slightly decreases
with increasing H-NS concentration in the presence of 0.2-0.8 mM MgCls.
Note that for sub-threshold concentrations of H-NS the relative extensions
are in the range 0.05-0.4, which implies that the DNA molecules remain
coiled. Furthermore, related to the stronger confinement, the stretch is

more pronounced in the 150 x 250 nm? channel system.

For over-threshold concentrations of H-NS, the DNA molecules com-
pact into a condensed form. This is facilitated by the confinement in the
nanochannel, because we did not observe condensation in the feeding mi-
crochannels and/or the reservoirs of the chip. To the best of our knowledge,
condensation of DNA by H-NS has not been reported before. In buffer
composed of monovalent salts, the critical concentrations of H-NS for con-
densation are around 0.5 and 2 pM H-NS for the 200 x 300 and 150 x 250
nm? channel systems, respectively. The threshold shifts hence to a higher
value with decreasing channel cross-sectional diameter. There is however

no significant effect of the concentration of monovalent salts. On the other
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3.3.2. Time-dependent conformational response

hand, the critical concentration for condensation are shifted downwards
from, say, 0.05 to 0.03-0.1 uM of H-NS in the presence of sub-millimolar

concentrations of magnesium ions.

3.3.2 Time-dependent conformational response

The above described results refer to DNA molecules pre-incubated with
H-NS for more than 24 h before they were brought into the nanochannels
of the single-array device. In order to obtain more insight in the various
mechanisms at hand, we have done a second series of experiments with
the recently developed cross-channel device'®l. With the latter device, the
conformational response of the DNA molecules to a change in environmen-
tal solution conditions can be investigated in situ. To avoid complications
related to contraction prior to the collapse, we have used a buffer of mod-
erate ionic strength and without divalent ions (T-buffer with 3 mM NaCl).
In such a buffer, the pre-incubated DNA molecules are either elongated or
condensed, depending on the concentration of H-NS. To cover the conden-
sation phenomenon, we have done a series of experiments with a range of

concentrations of H-NS through the threshold (0.8-1.6 uM).

Protein-free DNA molecules were electrophoresed into the array of
wider 200 x 250 nm? channels of the cross-channel device. Filling the other
two loading reservoirs with buffer minimized pressure gradients. Once the
electric field is removed, the molecules equilibrate and remain stationary
inside the array of wider nanochannels. The initial stretch is around 9
pm. The H-NS containing buffer was loaded into the microinjector and

subsequently flushed through the array of narrower 150 x 200 nm? channels
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3.3.2. Time-dependent conformational response
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Fig. 3.4 Elongation of T4-DNA following a flush with a solution of 0.8
uM H-NS in T-buffer and 3 mM NaCl. The molecules are in 200 x 250
nm? channels and initially immersed in T-buffer with 3 mM NaCl. The red
circles () represents the average elongation of three different molecules.
The solid curve (—)represents a sigmoidal fit with a lag time of 45 min. The
time-lapse series of fluorescence images (inset) illustrates the elongation
following the flush. The start of the flush is at time zero. Notice the time
scale of minutes.

into the wider channels with a pressure of about 0.5 kPa. Throughout the
flush, the DNA molecules are imaged with fluorescence microscopy and
were observed to remain inside the array of wider channels. The result
pertaining to elongation with a flush of 0.8 uM H-NS is shown in Fig. 3.4.
Condensation following a flush with over-threshold concentrations of H-NS
(1.0, 1.2, and 1.6 uM) is illustrated in Fig. 3.5. The threshold concentration
for condensation inside the 200 x 250 nm? channels is 0.9 uM H-NS. This
value falls between the thresholds for pre-incubated DNA in slightly wider
and narrower channels. We observed that the molecules remain mobile and

that there is no H-NS-mediated sticking of DNA to the channel walls.
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3.3.2. Time-dependent conformational response
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Fig. 3.5 Condensation of T4-DNA following a flush with a solution of
1.0 (A), 1.2 (), and 1.6 (vv) pM H-NS in T-buffer with 3 mM NaCl.
The molecules are in 200 x 250 nm? channels and initially immersed in
T-buffer with 3 mM NaCl. The symbols represent averages pertaining to
two different molecules for each buffer condition. Individual trajectories
are denoted by the dashed curves (1.6 uM H-NS only). The inset shows
a time-lapse series of fluorescence images illustrating the compaction into
the condensed form following a flush with 1.6 uM H-NS. The start of the
flush is at time zero. Notice the time scale of seconds.

In order to gauge the conformational response, it is necessary to de-
termine the time required for the influx of protein. For this purpose, 1 uM
FITC-labelled H-NS was pipetted into one of the loading reservoirs con-
nected to the array of narrow nanochannels. With fluorescence microscopy,
it was monitored that the protein is transported through the microchan-
nel and reaches the entrance of the nanochannels in about 30 s. Subse-
quently, the protein diffused through the narrow into the wide channels!®.

Fig 3.6 shows the time evolution of the integrated fluorescence intensity

across the array of narrow channels. The buffer is progressively and uni-
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3.3.2. Time-dependent conformational response

formly replaced within about 3 s from the moment H-NS enters the array
of nanochannels. Eventually, the protein exits through the nanochannels
into the microchannels connected to the other reservoirs. We have verified
that, due to the continuous influx of H-NS, there is no appreciable drop
in integrated fluorescence intensity and, hence, protein concentration for
longer times. Furthermore, we did not observe adhesion of H-NS to the

surface of PDMS.
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Fig. 3.6 (A) Fluorescence intensity profile across the array of 200x250
nm? channels imaged at the indicated times after injection of FITC-labeled
H-NS through the intersecting array of 150x200 nm? channels. The wider
channels are separated by 4 pm. (B) Integrated fluorescence intensity as
a function of the elapsed time after injection. Time zero is defined as the
time when the protein enters the channels and the fluorescence intensity
starts to increase.
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3.3.2. Time-dependent conformational response

As can be seen in the time-lapse series of fluorescence images and
relative extensions in Fig. 3.4, for a sub-threshold concentration of H-NS
the DNA molecules elongate in a sigmoidal fashion. We observed some
variation in elongation pertaining to different molecules, but, overall, the
rate and lag time are 0.06 £ 0.01 min~! and 42 £ 2 min, respectively.
The molecules reach the final stretch in around 90 min. These times are
much longer than the time required for the influx of protein (<3 s). All
molecules reach a final extension of around 15 pym. With an extension prior
to the flush of around 9 um, the stretch has increased by about 70%. The
final extension falls between the extensions just prior to the collapse of

pre-incubated DNA in slightly wider and narrower channels.

A time lapse series of fluorescence images captured after a flush with
over-threshold concentrations of H-NS, as well as the corresponding relative
extensions, are shown in Fig. 3.5. We have averaged the results obtained
from two different DNA molecules for each buffer condition, because in-
dividual trajectories coincide within experimental error. The extensions
decrease in a sigmoidal fashion and, eventually, level off at a level per-
taining to the condensed form. The relative decrease in extension AR /L,
decay rate R, and lag-time 74, resulting from a fit of a sigmoid to the
data are collected in Table. 3.1. With increasing concentration of H-NS,
the rate and lag-time increases and decreases, respectively. Besides com-
paction time, the final extension of the condensed molecules inside the
nanochannels depends on the concentration of H-NS. For 1.0, 1.2, and 1.6
uM H-NS, the final extension is 4.0, 2.6, and 0.9 um, respectively. We have

verified that there is no further decrease in extension for another 2 h.

95



3.3.3. Summary of observations

Table. 3.1 Relative decrease in extension AR)|/L, decay rate R, and lag-
time 73,4 pertaining to condensation following exposure to an over-threshold
concentration of H-NS

H-NS Conc. AR/L R (s—1) Tiag(s)

1.0 M 0.087 £ 0.002 0.048 £0.002 144 £ 2
1.2 uM 0.112 £ 0.002 0.052 £ 0.002 120 £ 2
1.6 uM 0.141 £ 0.004 0.069 £ 0.004 100 & 2

3.3.3 Summary of observations

For sub-threshold concentrations of H-NS, the molecules are either elon-
gated or contracted with respect to the protein-free state. Elongation oc-
curs in a monovalent buffer of moderate ionic strength. The final stretch is
reached in about 90 min after exposure to H-NS. At higher ionic strength,
the molecules contract. In the presence of sub-millimolar concentrations of
magnesium ions, the H-NS induced contraction is minimal, if not negligible.
DNA compacts into a condensed form for over-threshold concentrations of
H-NS. The critical concentration depends on channel diameter (lower for
wider channels), divalent salt (lower for sub-millimolar magnesium ions),
but do not significantly depend on the concentration of monovalent salts.
The time required for condensation after an exchange of buffer with H-NS
is around a minute. Furthermore, the compaction time and the final ex-
tension of the condensates inside the channels depend on the concentration
of H-NS, with shorter times and smaller extensions for higher concentra-
tions of H-NS. We did not observe condensation of DNA with H-NS in the
bulk phase and/or the microchannels of the chip in the prevalent solution

conditions.
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3.4.1. Elongation by filamentation

3.4 Discussion

3.4.1 Elongation by filamentation

H-NS is known to bind on DNA in a cooperative way and polymerizes along
the contour to form a nucleoprotein filament[®!. The filamentation takes a

6 Furthermore, it has been shown that the persistence length P

few hours!
increases from the nominal value of 50 nm for bare DNA to around 140 nm
in the presence of 4.0 M H-NS and 50 mM KCI1. With a DNA concen-
tration of 3 mg per L, an H-NS concentration of 4.5 uM corresponds with
one H-NS dimer per base pair. Accordingly, with a range of four decades in
H-NS dimer to base pair ratio, we cover the situation with sparsely bound
H-NS on DNA for the lowest concentrations of H-NS to a fully coated nu-
cleoprotein filament at H-NS concentrations exceeding, say, 1.0 puM. The
observed elongation in monovalent buffer of moderate ionic strength over
a time span of 90 min is almost certainly due to filamentation with a con-
comitant increase in bending rigidity (stiffening). In order to verify this
conjecture, we need to relate the stretch of the filament to its persistence
length P. For this purpose, we have done Monte Carlo computer simula-
tion of a wormlike chain confined in nanochannels of various cross-sectional

diameter[21,22]

For a self-avoiding, wormlike chain with persistence length P and
width w in a wide channel with diameter D > P, Daoud and de Gennes’
blob model predicts a scaling law Ry/L oc D~2/3P1/31/3124.25.26 " Ty par-
ticular, the scaling exponent for both P and w is predicted to be 1/3. The

Monte Carlo simulation results for R /L as a function of P for fixed w = 10
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3.4.1. Elongation by filamentation

nm as well as R|/L as a function of w for fixed P = 50 nm are shown in
Fig. 3.7. To a good approximation, the extension follows a power law in P
and w, that is R)|/L Pew?. The fitted values of the exponent o depend
on the value of the tube diameter D. Only for very wide channels with
D = 400 nm, the simulation result for a approaches the prediction of blob
theory. On the other hand, the simulation results for § are always close to

the value given by the blob model, irrespective channel diameter.
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Fig. 3.7 Monte Carlo simulation results. (A) Monte Carlo results of the
relative extension R)/L versus persistence length P for a chain with cross-
sectional diameter w = 10 nm. (B) As in panel (A), but for the relative
extension versus w for a chain with P = 50 nm. The channel diameters
and fitted scaling exponents are indicated.

The width of the filament is expected to be around 10 nm, as estimated
from the diameter of the duplex (2 nm) and the diameter of H-NS (3.5
nm). In the absence of more detailed knowledge about the structure of the
filament, we ignore a possible dependence of w on the concentration of H-
NS. For the interpretation of the elongated stretch in terms of an increase in

P, we accordingly use the Monte Carlo results obtained for w=10 nm. The
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3.4.1. Elongation by filamentation

scaling exponents a = 0.56 and 0.67 for the 250 and 200 nm, respectively.
The increase in P with increasing H-NS concentration can then be obtained
from P/Py = (R /R})"/*, with Py and Rf the persistence length and stretch
for the protein-free state in otherwise the same conditions, respectively.
The results are shown in Fig. 3.8. With increasing concentration of H-
NS, P increases from the value pertaining to bare DNA (60 nm in 10 mM
salt?6:271) to about 130 nm just prior to the collapse to the condensed
form. This increase in P is in good agreement with the one reported in
the literature obtained in 50 mM KCI12. Furthermore, the agreement of P
obtained from channels of two different cross-sections confirms the scaling
exponent o and the cancellation of unknown, channel width dependent

pre-factors in the relevant ratio of the extensions.
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Fig. 3.8 Relative persistence length P/ Py of TA—DNA in T-buffer with
3 mM NaCl and confined in 150 x 250 (A) and 200 x 300 (A) nm? channels
versus the concentration of H-NS. The dashed line is drawn as an aid to
the eye.

Elongation of nano-confined DNA by crowding with dextran was re-

ol11,12,13]

ported befor This effect was interpreted in terms of depletion of

DNA segments and volume occupancy by neutral nanoparticles in the in-
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3.4.2. Contration by bridging

terfacial region next to the channel wall. Depletion can also play a role
in the elongation of the nucleo-protein filament. However, such a role is
minor at best, because the elongation of DNA induced by H-NS is more
pronounced despite the fact that the concentrations of H-NS are an order of
magnitude lower than those of dextran. Furthermore, unlike the situation

for dextran, the molecules contract in a buffer of higher ionic strength.

3.4.2 Contraction by bridging

Another aspect is the disappearance of the elongation in the presence of
sub-millimolar concentrations of magnesium ions and the contraction in a
monovalent buffer of higher ionic strength. An increase in ionic strength

reduces the binding efficiency of H-NS 282

. However, in the present range
of salt concentrations (below 50 mM) the concomitant effect on the bend-
ing rigidity of the filament is moderate!?. Furthermore, an explanation of
a contraction with respect to the protein-free state in terms of a decrease
in bending rigidity requires a value of P less than the one pertaining to
bare DNA. Although this can be envisaged by, for instance, sharp bends
or kinks in the duplex, a more plausible explanation is H-NS mediated
side-by-side binding of distal segments of the DNA molecule (bridging). In
atomic force microscopy and single-molecule manipulation studies, bridg-
ing was observed to be induced by divalent ions such as magnesium and

56l Here, we show that for DNA in a nanochannel the switch

calcium|
is merely controlled by screened electrostatics through a variation in the
concentration of monovalent salt. The enhanced sensitivity of the confor-

mation of the filament to the concentration and ionic composition of the
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3.4.3. Condensation

supporting medium is plausibly related to confinement induced segment

orientation order (see below).

Nanochannel confined DNA was previously observed to contract in
the presence of bovine serum albumin or hemoglobin irrespective of the
ionic strength[®l. The latter contraction was explained by depletion of like-
charged protein in the interior of the DNA coil and the concomitant osmotic

301 such a

pressure gradient. Since H-NS is net electroneutral at pH 7.5
mechanism does not explain the switch from elongation to contraction with

a change in the ionic composition and/or concentration of the buffer.

3.4.3 Condensation

A unique feature of the nanoconfinement is the compaction of DNA into a
condensed form for over-threshold concentrations of H-NS. Condensation
of DNA in a nanochannel by crowding with dextran as well as like-charged

11131 A fundamental difference is the

proteins has been reported before!
critical concentration of the crowder or like-charged protein in the range
of tens to hundreds of micromolars. In the case of H-NS in monovalent
buffer, the critical concentration is at least one order of magnitude less
and around one micromolar. This concentration corresponds to a fully
coated nucleoprotein filament. The threshold concentration for the fila-
ment (pre-incubated DNA) is however about the same as the one observed
for bare DNA following exposure to H-NS. Furthermore, the time scale of
filamentation (hours) is much longer than the one for condensation (min-

utes). Accordingly, condensation is not related to filamentation per se,

but to H-NS mediated attraction of like-charged, distal DNA segments.
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3.4.3. Condensation

Such a notion is also supported by the order of magnitude downward shift
in threshold concentration in the presence of magnesium ions, which are
known to promote the formation of H-NS bridges®%. In this respect, H-NS
acts as a multivalent condensing ligand such as polyamines, despite its net
neutral charge. Indeed, the threshold concentration and final extension of
the condensates for H-NS are similar to those obtained for protamine in
the same cross-channel device!'®. Protamine induced condensation occurs
however markedly faster on a time scale of a few seconds. Another impor-
tant difference is that H-NS only facilitates condensation once the molecule
is confined in a nanospace, whereas protamine also condenses DNA in the

bulk phase®!.

An effective attractive interaction by bridging ligands requires the jux-

321 Once the segments are

taposition of two almost parallel DNA segments
skewed, the contact area is reduced and the attraction disappears. A plausi-
ble mechanism for the nanochannel-facilitated condensation is the increase
in contact pairs of (almost) parallel-aligned and juxtaposed segments due
to orientation order imposed by the channel walls. The critical concentra-
tion for condensation hence depends on two factors: the orientation order
and probability of a contact. With decreasing channel diameter, the ori-
entation order increases. Concurrently, the contact probability decreases,
because the correlation length of the volume interaction is on the order of
the channel diameter. In the blob model, the contact probability is propor-
tional to the number of segments per blob, that is & D°/3 with diameter
DP4 The increase in critical concentration with decreasing channel diam-

eter can hence be explained by a decrease in contact probability despite

the increase in orientation order.
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3.4.3. Condensation

The decrease in extension and eventual condensation following ex-
posure to over-threshold concentrations of H-NS is sigmoidal Fig.3.5. In
a coarse grained simulation model, it was seen that DNA compaction is
controlled by competing factors®. These factors include several binding
modes of H-NS to DNA and confinement to a planar interface. In par-
ticular, it was observed that additional bridges are preferentially formed
at sites close to a first bridge, provided that other H-NS dimers are avail-
able. The first bridge accordingly act as a seed to propagate compaction.
Such a mechanism in which a dimer D is converted into a bridge B can be

represented by an auto-catalysed reaction

k1
D +B = 2B (3.1)

ko

with k% and &~ being the rate constants for bridge formation and de-
struction, respectively. The concentration of dimers cp can be considered
constant due to the continuous influx of protein. A sigmoidal increase in
concentration of bridges is obtained from integration of the logistic rate

equation,

K.,
— .2
T eop(krent) (Ko /5 — 1) 82)

CB(t)

with seed concentration ¢3 at t = 0 and equilibrium constant K = k™ /k~.
One may assume that the decrease in extension of the DNA molecule in-
side the nanochannel is proportional to the density of bridges. The decay
rate R = k} and maximal decrease in extension AR) oc K.}, should then
be proportional to the concentration of protein. As shown by the relevant

entries in Table. 3.1, this proportionality is indeed observed within experi-
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3.4.3. Condensation

mental error. Once the rates are divided by the concentrations of H-NS, we
obtain a rate constant of bridge formation k™ = (4.5 +0.3) x 10*s7*M L.
To the best of our knowledge, this quantity has not been reported be-
fore. We did not observe a systematic H-NS concentration dependence in
the fitted values of the shift factor K., /c3 = 800 £ 200, so that the lag-
time is approximately inversely proportional to the decay rate. Overall,
the sigmoidal decrease in extension, time required for condensation (rate
and lag-time), and final extension of the condensate agree with compaction
driven by like-charge attraction of distal DNA segments and mediated by
bridging H-NS.

Condensed DNA has usually an ordered morphology, in which the
segments are arranged in a hexagonal fashion!™?4. The structural arrange-
ment of compacted molecules inside nanofluidic channels is probably also
hexagonal. This could, however, not be confirmed, because of difficulties

associated with molecular imaging of enclosed molecules.
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3.5 Conclusions

Overall, our observations on nanochannel-confined DNA agree with the two
main features of H-NS, that is filamentation of H-NS on DNA and H-NS
mediated bridging of distal DNA segments. Filamentation with a concomi-
tant increase in bending rigidity occurs over a time span of about an hour,
as determined from the elongation of DNA along the direction of the chan-
nel in a buffer of moderate ionic strength. Elongation is suppressed and
the DNA molecule may even contract once bridging comes into play. For
DNA in a nanospace, bridging is not only induced by divalent ions such as
magnesium, but also by screened electrostatics through the concentration
of monovalent salts. Another unique feature of nano-confinement, in con-
junction with H-NS mediated bridging, is the collapse to a condensed form
for over-threshold concentrations of H-NS. The collapse occurs within a few
minutes following exposure to H-NS, which shows that it is not related to
filamentation per se. As for sub-threshold suppression of elongation and
contraction, divalent ions facilitate but are not required for DNA conden-
sation. The enhanced sensitivity of the conformation to H-NS mediated
attraction is plausibly related to DNA segment orientation order induced
by confinement inside the channels with cross-sectional diameters on the
order of a few times the DNA persistence length. The architectural role
of H-NS is hence not only related to its binding modes but also DNA con-
formation as affected by one or two-dimensional confinement is of para-
mount importance®¥. The interplay among confinement, H-NS-mediated
bridging, and filamentation controls the conformation and compaction of

DNA. Furthermore, since the typical dimensions of the bacterial nucleoid
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are comparable to those of our channel systems, these specific effects are

likely to play a role in H-NS mediated gene silencing and chromosome or-

ganisation 1314,

This chapter was published in softmatter journal (2013) with minor

changes.
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Chapter 4

Effect of HU protein on the
conformation and compaction
of single DINA molecules in a

nanospace

4.1 Introduction

The genome of Escherichia coli (E coli) bacteria has a contour length of
1.6 mm, yet it is contained inside a nucleoid of about 1 pum diameter.
This compaction by 3 orders of magnitude has been attributed to many
factors, including supercoiling, nucleoid associated proteins (NAPs), and
macromolecular crowding. Despite being a topic of long-standing interest,
the exact mechanism is not clear. In particular, the interplay between the

above-mentioned compaction factors and confinement within a nanospace

110
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is not clear.

In FE.coli, HU is considered as the most abundant protein. There
are 30,000 copies in the logarithmic phase, and 7,500 in the stationary

2] In the logarithmic phase, this corresponds to 300 to 400 bp of

phase
the E.coli genome. HU exists as a dimer with molecular weight ~18KDa
and pI 9.5. In most cases it exists as a heterodimer HU,, and HUpg, encoded
by the hupA and hupB gens. It is also exists as a homo-dimer forms as
HU,qand HUgg with low percentage . All forms of HU are having different

3451 HU is a structural homologue of IHF. It induces

binding properties
a bending angle of 160° to DNA. The binding to HU to DNA causes two
sharp kinks, at a space of 9bp via the insertion of prolines!®”. Moreover,
the two kinks are not co-planar, which results in a dihedral angle and
leads to an under-winding of the DNA helix[®. Binding of HU to DNA
is sequence unspecific. The bending of DNA by HU requires interactions

B9 but recent studies have shown that a

between adjacent HU dimers
single HU dimer is sufficient for bending'%. HU can stabilise and constrain
supercoiling. The bend induced by HU is not as rigid as the DNA bend
induced by IHF; moreover it is a flexible hinge!®. At a high concentration

of HU, the HU coats along the DNA and forms rigid filaments due to

protein-protein interactions!!.

The bending caused by a single HU at random positions would change
the apparent flexibility. At a low concentration of HU ( <50 nM ), the HU-
DNA complex is more flexible (compacted by 50 %), and at a relatively
high HU concentration the HU-DNA complex is less flexible (which leads to

8,12]

ﬁlamentation)[ Recent studies, with magnetic tweezers have reported
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4. Introdution

that the persistence length of the DNA-HU complex is also dependent

3], Compaction and extension (Bimodal) was

on the salt concentration
observed for <100 nM of NaCl salt and compaction is observed for >150
nM only. Kundukad et al. have reported that the persistence length and

contour length of the HU-DNA complex changes with incubation time™ .

Advances in nanofabrication have made it possible to produce quasi-
one-dimensional channel devices with cross-sectional diameters to the order
of tens to hundreds of nanometers. Our chips are made of polydimethyl-
siloxane (PDMS) cast on a high quality master stamp, obtained by proton

(15,1617 " The advantage of this technol-

beam writing and UV lithography
ogy is that about a hundred replicas can be made with a single stamp,
so that a fresh chip can be used for every experiment. These channel
devices are used to study, among others, the confomation, folding, and
compaction of single DNA molecules!'8. Furthermore, confinement in a
nanospace results in significant modification of certain important biophys-
ical phenomena, such as the knotting probability of circular DNA and the

[19.20.21] T particular, it has been shown

effect of macromolecular crowding
that DNA can be compacted into a condensed form for over-threshold con-
centrations of a crowding agent such as dextran or like-charged proteins

such as bovine serum albumin and hemoglobin. DNA condensation with

DNA-binding protein H-NS has also been reported 2.

Here, this chapter reports the effect of HU, in conjunction with con-
finement inside a nanochannel, on the conformation and compaction of
DNA. For this purpose, series of experiments were done with nanochannels

having different cross-sections. These experiments focused on the equi-
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librium properties of DNA molecules that were pre-incubated with HU.
Super-resolution fluorescence imaging of HU in living Escherichia coli cells
has shown that it is composed of clusters distributed within the nucleoid,

(23] This diameter of

which has a diameter of a few hundred nanometers
the nucleoid is comparable to the diameters of our channel systems. Ac-
cordingly, it may be surmised that our results for nanochannel confined

DNA have implications for gene silencing and chromosome organisation.

T4-DNA (166 kbp) was incubated in buffers of various ionic composi-
tion and various concentrations of HU for at least 24 h. Some of the buffers
also contained divalent magnesium ions (400 nM). The DNA molecules
were stained with YOYO-1 with an intercalation ratio of 100 base-pairs
per dye molecule. For such a low level of intercalation, the distortion of
the secondary DNA structure is minimal. Furthermore, there is no appre-
ciable effect on the bending rigidity, as inferred from previously reported
measurements of the extension of DNA in nanochannels with different con-
centrations of dyel’!. The pre-incubated molecules were subsequently elec-
trophoresed into a single array of long and rectangular nanochannels with
average cross-sectional diameters of 200 or 250 nm. The chips are made of
polydimethylsiloxane (PDMS) cast on a high quality HSQ master stamp,
obtained by proton beam writing and UV lithography ['>617 The advan-
tage of this technology is that about a hundred replicas can be made with
a single stamp, so that a fresh chip can be used for every experiment. Once
the pre-incubated molecules were equilibrated after, the electric filed was
switching off, their extensions along the direction of the channel (stretch)
were measured with fluorescence microscopy. Depending on solution con-

ditions, we observed only contraction of the DNA molecules with respect
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to the protein-free state. Furthermore, in recent studies with H-NS we ob-
served elongation or contraction of the DNA molecules and as in the case
of macromolecular crowding, we observed a collapse to a condensed form

for over-threshold concentrations of the macromolecular crowding agent.

4.2 Materials and methods

4.2.1 Isolation and purification of HU

DNA plasmid pET Duet-1, which has been designed for the co-expressing
of two genes HU,, and HUs (HU,, tagged with N terminal his), was trans-
formed into Escherichia coli BL21. The cells were grown at 37°C in a Luria
Broth medium containing ampicillin and the overproduction of HU was in-
duced with the addition of 4 mM IPTG at 20°C. The cells were lysed with
a high pressure homogeniser. The lysate was cleared by centrifugation at
35,000 rpm for 30 min at 4°C. The lysate was then diluted with a buffer
containing 250 mM NaCl, 10 mM Tris, and 10% glycerol, and loaded into a
HisTrap HP column. The column was eluted with imidazole. The protein
was further purified with a Superdex 75 gel filtration column and dispersed
in a buffer comprising 500 mM KCI and 10 mM Tris. The concentration
was determined by UV absorbance at 230 nm with A3y = 2.3 per 1 g of
HU/LP4. Protein purification was done in Assoc Prof. Yan Jie’s lab in

MBI-NUS and Physics-NUS.
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4.2.2 Sample preparation

The sample preparation was the same as that described in section (3.2.2);
briefly, T4 GT7 DNA (165.65 kbp) were purchased from Nippon Gene,
Tokyo and used without further purification. The integrity of the T4-DNA
was verified with pulsed gel electrophoresis. No fragments of ones to tens of
kbps were observed. Samples were prepared by dialysing solutions of DNA
against 10 mM Tris-HCl with the relevant concentration of NaCl and/or
MgCly in micro-dialysers. Solutions of HU in the same buffer were also
prepared. The Tris-HCI concentration was 10 mM Tris adjusted with HCI
to pH 7.5, (i.e. 8.1 mM TrisCl and 1.9 mM Tris). The ionic strength of the
buffer was calculated with the Davies equation for estimating the activity
coefficients of the ions, and a dissociation constant pK = 8.08 for Tris. For
the measurement of the pre-equilibrated DNA molecules, solutions of HU
and DNA were subsequently mixed and incubated for 6 h at 277 K. YOYO-
1 fluorescence staining dye was purchased from Invitrogen, Carlsbad, CA.
The T4-DNA was stained with YOYO-1 with an incubation time of 24 h
and an intercalation ratio of 100 base-pairs per dye molecule. No anti-photo
bleaching agent was used, since it might have interfered with DNA-protein

binding. The final DNA concentration was 3 mg per L.

4.2.3 Fabrication of the Nanofluidic Chips

The nanofluidic devices were fabricated by replication in PDMS of pat-
terned master stamps.>'7 The nanochannels were made in HSQ resist
(Dow Corning, Midland, MI) using a lithography process with proton beam

writing. '8 (the process is described in section 2.2). For the measurement
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of the pre-incubated DNA molecules, a single array of nanochannels was
connected to two loading reservoirs through a superposing set of microchan-
nels made in SU-8 resin with UV lithography. The heights and widths of
the positive channel structures on the stamps were measured with atomic
force microscopy (Dimension 3000, Veeco, Woodbury, NY) and scanning
electron microscopy, respectively. For the single-array device, two stamps
were made featuring nanochannels of length 60 ym and rectangular cross-
sections of 150 x 250 and 200 x 300 nm?, respectively. The connecting
microchannels had a width and height of 30 and 5 pm, respectively. The
stamp was coated with a 5 nm thick teflon layer to guarantee perfect release
of the replicated PDMS chips.??! The stamps were replicated in PDMS fol-
lowed by curing with a curing agent (Sylgard, Dow Corning) at 338 K
for 24 h. The PDMS replica was sealed with a glass coverslip, after both

substrates were plasma oxidised (Harrick, Ossining, NY).

4.2.4 Single-channel array

The pre-incubated and stained DNA molecules dispersed in the relevant
solution were loaded into one of the two reservoirs connected to the sin-
gle array of nanochannels. The DNA molecules were subsequently driven
into the channels by electrophoresis. For this purpose, two platinum elec-
trodes were immersed in the reservoirs and connected to an electrophoresis
power supply with a relatively low voltage in the range of 0.1-10 V (Keith-
ley, Cleveland, OH). Once the DNA molecules were localised inside the
nanochannels, the electric field was switched off and the molecules were

allowed to relax to their equilibrium state for at least 60 sec. The stained
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DNA molecules were visualised with a Nikon Eclipse Ti inverted fluores-
cence microscope equipped with a 200 W metal halide lamp, a filter set, and
a 100x oil immersion objective. A UV light shutter controlled the exposure
time. Images were collected with an electron multiplying charge coupled
device (EMCCD) camera (iXon X3, Andor Technology, Belfast, UK) and
the extension of the DNA molecules inside the channels was measured with
IMAGEJ software (http://rsb.info.nih.gov/ij/). For the intensity threshold,

a signal to background noise ratio of 2:1 was used.

4.3 Results and Discussion

4.3.1 Compaction and Condensation of pre-incubated

DNA

The T4-DNA molecules were incubated with the relevant buffer for at least
24 h before they were brought into the channels of the single-array device.
Montages of images of single DNA molecules confined in rectangular chan-

nels with a cross-section of 200x 300 nm?

are shown in Figure (4.2). The
images refer to well-equilibrated conformations. After the electric field was
switched off, the molecules relaxed to their equilibrium state within 60 s.
There was no further change in the size of the molecules for more than
3 h. Furthermore, no difference was observed between the extensions of
molecules inserted by electrophoresis or those inserted by pressure. The
equilibrated stretch in the longitudinal direction of the channel depends

on the buffer conditions. In a buffer with a moderate ionic strength of

around 11 mM (T-buffer with 3 mM NaCl; T-buffer is 8.1 mM TrisCl and
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Fig. 4.1 Relative extension R|;/L of T4-DNA in T-buffer with 3 (A) or
30 (vv7) mM NaCl versus the concentration of HU. The molecules are pre-
incubated and inside 150 x 250 nm? channels. (B) As in panel (A), but
in 200 x 300 nm? channels. (C) As in panel (A), but in T-buffer with 3
mM NaCl and 0.4 mM MgCl, (0), inside 200 x 300 nm? channels. The
dashed curves are drawn as an aid to the eye and the arrows denote the
condensation thresholds.
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Fig. 4.2 (A) Montage of fluorescence images of T4-DNA in T-buffer with
3 mM NaCl and inside 200 x 300 nm? channels. T-buffer is 8.1 mM TrisCl
and 1.9 mM Tris, pH 7.5. The HU concentration is 10, 100, and 400 nM
from top to bottom. The scale bar denotes 3 um. (B) As in panel (A), but
in T-buffer with 30 mM NaCl. The HU concentrations are 10 and 30 nM
from top to bottom. (C) As in panel (A), but in T-buffer with 3 mM NaCl
and 0.4 mM MgCl,. The HU concentrations are 10 and 80 nM from top to
bottom. (D) Distribution in extension of a population of 80 molecules in
T-buffer with 3 mM NaCl and 100 nM HU, inside 200 x 300 nm? channels.
A Gaussian fit gives )= 4.5 £ 1.0 pm.

1.9 mM Tris, pH 7.5), the DNA molecules slowly contracted compared to
buffer with a higher ionic strength of about 38 mM, with respect to the
protein-free situation. In the presence of sub-milli molar concentration of
magnesium ions, HU-induced compaction was observed. And over a thresh-
old concentration of HU, condensation DNA molecules into a compact form
was observed. In channels with a smaller cross-section of 150 x 250 nm?,
we observed the same qualitative behaviour. The quantitative differences

are the values of the critical concentration of HU for DNA condensation.

The extension of the DNA molecules in channels with two different

cross-sections of 200 x 300 and 150 x 250 nm? was measured. For each
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experimental condition, that is buffer composition, channel diameter, and
HU concentration, a fresh PDMS replica was used, and about 50 molecules
were measured. The distribution in extension was close to Gaussian!26l.
An example of such a distribution is shown in Figure(4.2D). Fragmented
DNASs can easily be discerned, because their extensions clearly fall below
the values pertaining to the intact molecules. For the cut-off, we have
used the mean value minus two times the standard deviation. Resolution
broadening could be neglected, because the optical resolution was one order
of magnitude smaller than the variance. The mean relative extension Ry/L,
that is the mean extension divided by the YOYO-1 corrected contour length
of 57 pm, is set out in figure(4.1) as a function of the HU concentration. In
a buffer with moderate ionic strength without Magnesium (T-buffer with 3
mM NaCl), a slow contraction in length was observed. In the case of a buffer
with high concentration (T-buffer with 30 mM NaCl), the contraction was
faster compared with molecule bathed in moderate ionic strength buffer.
The same effect was also observed in 0.4 mM MgCly in a T- buffer with
3 mM NaCl(moderate ionic strength buffer). Note that for sub-threshold
concentrations of HU, the relative extensions were in the range of 0.05-
0.2, which implies that the DNA molecules remained coiled. Furthermore,
the same decrement in length was observed in the 150 x 250 nm? channel

system which had stronger confinement than the 200 x 300 nm? system.

For over-threshold concentrations of HU, the DNA molecules com-
pacted into a condensed form. This was facilitated by the confinement in
the nanochannel, because we did not observe condensation in the feeding
microchannels and/or the reservoirs of the chip. To the best of our knowl-

edge, condensation of DNA by HU has not been reported before. In 200
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x 300 nm? channels, the critical concentrations of HU for condensation
were 0.3 £ 0.05 and 0.04 + 0.01 kM HU in moderate (T-buffer with 3
mM) and high (T-buffer with 30mM Na) buffers respectively. On the other
hand, in a 150 x 250 nm? channel system, the values for the condensation
concentration of HU were 1.1 4+ 0.1 and 5 £ 1 in high and moderate mono-
valent buffers respectively. The threshold concentration for condensation
increased in value, as the channel cross-sectional diameter decreased. The
concentration of monovalent salts had a significant effect on condensation,
because as monovalent salt concentration increases the condensation con-
centration of HU decreases. On the other hand, the critical concentration
for condensation was lowered from 0.3 to 0.09 M of HU in the presence
of sub millimolar concentration (i.e 0.4 mM) of magnesium ions. The ef-
fect of magnesium was smaller than that of the change in monovalent salt
concentration from high to moderate for condensation, while the effect of

magnesium was more prominent in H-NS [

4.4 Conclusions

As the concentrations of HU increased, the molecules are contracted with
respect to the protein-free state for 24 h incubation, because of the bridging
of different segments of DNA by HU protein. The DNA molecules are con-
densed more easily in high-salt concentration than low-salt condition. With
the addition of a sub-milli-molar concentration of magnesium, the thresh-
old concentration for condensation is lowered, but the effect of divalent
ion is low (unlike with H-NS), as compared with the increase in monova-

lent salt from 3 to 30 mM. The critical concentration for condensation is
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also depends on channel diameter, i.e in wider channels DNA-HU complex
condense more easily. Condensation of DNA with HU in the bulk phase
and/or the microchannels of the chip in the prevalent solution conditions
was not observed. It should be noted that for sufficiently low HU concentra-
tions, the molecules contract but do not compact into a condensed form. A
unique feature of the confinement in a nanospace is that the molecules do
compact into a condensed form for over-threshold concentrations of HU.
This phenomenon also be observed in neutral crowding agents and like
charge proteins, but condensation induced by bacterial proteins HU and
H-NS occurs at an order of magnitude lower, with a concentration of about
one micromolar. Our results show that the effects of architectural proteins
on the conformation and folding of DNA do not depend on DNA-protein
interaction and crowding per se, but the interplay with the confinement in

a nanospace such as within a bacterial cell is of paramount importance!?3.
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Chapter 5

Conclusions and future work

This chapter focuses on the conclusions of the study, followed by the overall
conclusion and recommendations for future research. The main objective of
this thesis is to investigate conformational changes of single DNA molecules

induced by H-NS and HU proteins in nanospace.

5.1 Conclusions

(A) Effect of H-NS on the elongation and compaction of single
DNA molecules in a nanospace
In the first project, the observations of nanochannel-confined DNA
agree with the filamentation of H-NS on DNA and H-NS mediated
bridging of distal DNA segments. Filamentation with a concomitant
increase in bending rigidity occurs over a time span of about an hour,
as determined from the elongation of DNA along the direction of the
channel in a buffer of moderate ionic strength. Elongation is sup-
pressed and the DNA molecule may even contract once bridging comes

into play. For DNA in a nanospace, bridging is not only induced by
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divalent ions such as magnesium, but also by screened electrostatics
through the concentration of monovalent salts. Another unique feature
of nano-confinement, in conjunction with H-NS mediated bridging, is
the collapse to a condensed form for over-threshold concentrations of
H-NS. The collapse occurs within a few minutes following exposure to
H-NS, which shows that it is not related to filamentation per se. As
for sub-threshold suppression of elongation and contraction, divalent
ions facilitate but are not required for DNA condensation. The inter-
play among confinement, H-NS-mediated bridging, and filamentation

controls the conformation and compaction of DNA.

Effect of HU protein on the conformation and compaction of
single DNA molecules in a nanospace

In the second project, the DNA-HU complex was contracted with in-
creasing concentration of HU by bridging and finally compacted into
a condensed form. The critical concentration for condensation not
only depends on the salt concentration, but also nanochannel dimen-
sion. The critical concentration for condensation has higher value in
the low ionic salt condition and lower value in high ionic salt condi-
tion. DNA-HU complex was easy to condense in more wider channels
than in more narrow channels. A unique feature of the confinement
in a nanospace is that the molecules do compact into a condensed
form for over threshold concentrations of HU. In presence of sub-milli-
molar concentration of magnesium the threshold concentration shifts
to lower value side. Magnesium alone does not condense the DNA

such a low level magnesium concentration. There is no condensation

of DNA with HU in the bulk phase and/or the microchannels of the
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chip in the prevalent solution conditions.

5.1.1 Overall conclusion

In nanochannels, DNA-protein interaction studies are different from the
bulk phase. A unique feature of the nanochannel walls is that it imposes
orientation order to juxtaposed segments of the DNA. As the concentration
of protein increases, the DNA-HNS complex shows an increase in length at
low ionic strength, and a decrease in length at high ionic strength. On the
other hand, DNA-HU complex shows contraction by bridging at below the
threshold concentration and at an over-threshold concentration of protein,
the DNA molecules compact into a condensed form. This phenomenon is
shared with neutral crowding agents as well as like charge proteins, but
condensation induced by bacterial proteins HU and H-NS occurs at an

order of magnitude lower concentration of about one micromolar.

Our results show that the effects of architectural proteins on the con-
formation and folding of DNA do not depend on DNA-protein interaction
and crowding per se, but the interplay with the confinement in a nanospace

such as within a bacterial cell is of paramount importance!!.

5.2 Future work

There are various interesting topics to explore using the nano-fluidic device
in the area of protein-DNA interaction studies. Further extensions from

current studies described so far in this thesis are discussed in the following
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sections, to provide further understanding of the conformational changes

of DNA induced by nucleoid-associated proteins (NAPs).

e H-NS WT forms filamentation and bridging in the nano channel de-
pending on environmental buffer conditions. H-NS has two domains,
called as the C-terminal and N-terminal. Mutation in the C-terminal
domain affect the DNA-binding, and mutation in the N-terminal do-
main affects the dimerisation of H-NS. The removal of proline in the
C-terminal (AP115), or the substitution of it with alanine (P115A),
has the ability to retard the dimerisation and cause condensation.
L30P and L30D are a result of mutation in the N-terminal that af-
fects the dimerisation. Other mutants R15C and R15H affect the
DNA-binding ability. R12E and C21S have the ability to enhance
oligomerisation. Recent studies show that L26P and L30P mutants
causes large scale DNA condensation?. A study of some of these mu-
tations provides a clear picture of gene silencing. In a nanochannel it
is interesting to study the effect of mutation on the filamentation and
bridging. H-NS has homology with other NAPs such as StpA, and
forms heteromerics with them. To study the collective behaviour of
the homomeric and heteromeric with DNA is a possible direction for
future research work, because collectively these NAPs are organising

the genome.

e All NAPs bind to DNA and changes conformation uniquely. NAPs
have different copy numbers in different phases of the cell. Some of
them are abundant in the logarithmic phase (E.g. Hfq, HU, StpA,

H-NS etc.), and some in the stationary phase (E.g. Dps and IHF). In-
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terestingly, a few NAPs are very most abundant in one of the phases
and much less abundant or even not present in another phases. For
example, Fis is abundant in the exponential phase and not present
in the stationary phase, and Dps is the most abundant protein in
the stationary phase, with more than 1,00,000 copies, and much less
abundant in the exponential phase, with only 100 copies® . These
NAPs control the conformational changes of the chromatin. Confor-
mation of the chromatin is diffuse in the exponential phase and com-
pact in the stationary phase. The investigation of conformational
changes of DNA in nanospace by other NAPs like as Fis and Dps

would thus be an interesting research direction.

HU produce a flexible kink to in the DNA and is not as strong as
the kink produced by IHF. The HU-DNA complex length in nano
channels shows more fluctuation than the HNS-DNA complex. It
would be interesting to investigate the dynamics of the HU-DNA
complex in nanochannels. Temporal response of the DNA by HU is

in progress.

Advancement in nanofabrication and DNA labelling can provide DNA
sequencing by the linearisation of DNA®. Linearisation of DNA in
an array of nanochannels with specific labelling gives sequencing res-
olution of few kilo bases. Recently, Matsuoka et al. have reported
the linearisation of chromatin with nanochannels (epigenetic profil-

561 This type of epigenetic profiling has problems with histone

ing)
modification and labelling with antibodies, and thus is time consum-

ing and also not robust. Zhang et al. have developed a nanofluidic
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device to study single molecules with in situ control of environmental
solution conditions!”. Through a combination of the linearisation of
the chromatin technique and a crossed micro-nanochannel array for
change of buffer and/or antibody labels, it might be possible to do

epigenetic profiling in a single chip.

Finally, the distribution of H-NS and HU around the DNA is still
completely unknown. Nanofluidic devices are useful in investigating
conformational changes of DNA induced by proteins, but are too con-
strained by optical resolution and the fabrication of nanochannels to
see the distribution of protein around the DNA. Therefore, to know
the distribution of protein around the DNA, other experimental tools
such as Neutron and/or X-ray scattering are needed. The small-angle
neutron scattering technique is useful to estimate the distribution of
other molecules around the DNA and also the DNA conformational
changes induced by the other molecules. In 1999, polyamine distribu-
tion around the DNA®! was reported by Zakharova et al. The effect
of crowding on the conformation of interwound DNA strands us-
ing SANS has also been reported. It is also possible to estimate the
distribution of H-NS and HU around the DNA. Small angel neutron
scattering experiments with solvent contrast matching to derive the
DNA-Protein (H-NS and HU) and protein partial structure functions
are in progress. The structural functions will be interpreted in terms
of a radial distribution of protein density and possible protein density

correlation along the duplex in register with the phosphate moieties.
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