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Received 10th December 2013, We have adsorbed plasmid pUc19 DNA on a supported bilayer. By varying the fraction of cationic lipids

Accepted 10th January 2014 in the membrane, we have tuned the surface charge. Plasmid conformations were imaged by Atomic

DO 10,1039/c3sm53071] Force Microscopy (AFM). We performed two sets of experiments: deposition from salt free solution on
charged bilayers and deposition from salty solutions on neutral bilayers. Both sets show similar trends:

www.rsc.org/ at low surface charge density or low bulk salt concentration, internal electrostatic repulsion forces
plasmids to adopt completely opened structures, while at high surface charge density or higher bulk
salt concentration, usual supercoiled plectonemes are observed. We experimentally demonstrate the
equivalence of surface screening by mobile interfacial charges and bulk screening from salt ions. At
low to medium screening, the electrostatic repulsion at plasmid crossings is predominant, leading to a
number of crossovers decreasing linearly with the characteristic screening length. We compare our
data with an analytical 2D-equilibrated model developed recently for the system and extract the DNA
effective charge density when strands are adsorbed at the surface.

Introduction DNA leads as well to some natural twist. Therensrdrinsic
linking numberLk, corresponding to the unconstrained number

Since its discovery, supercoiled DNA has been extensivelys helical turns for a DNA of a specific length. Wever the

studied by biologists and by physicists. The formere mostly |inking numberLk is generally not equal to kit is usually a

interested in its implication in biological proces$®, the later |ittje smaller. Therefore one introduces the diéfece:

were amazed by the beauty of its structure andiestuds ) k=| k-Lk,. AsLk,increases with the DNA length, in practice

topology and conformatiot **. Topology and conformation ;¢ yses the supercoiled densgitywhich as an intensive

are inter-dependent so that, in order to studycthr@ormation parameter, enables the comparison of plasmidsffef-eint

of a supercoiled DNA we need to define a few topwmal lengths:

concepts.

In nature, enzymes promote winding of one straodrad the a=&
other during many cell processes, this is whatesus 0
supercoiling. In fact, supercoiled DNA is madeclafsed

circular double stranded DNA where one strand Ugwahds Two other numbers are of great importance: thesTwimber

around the other a specific number of times. Aglas the two Tw and the Writhing numbew,. These three quantities are

circular strands are not broken, this number iedixt is called I?nk_ed by the f°||°VYi”9 equationL,=Ty+W,. _ For a_fixed
the linking numbet., .The helical nature of double-stranded linking number, twist can be traded against writheA
supercoiled DNA molecule attempts to relax its itaral stress

) ) . by writhing. Segments of the chain go successiablgve and
a Institut Charles Sadron, CNRS’R 22 et Université de Strasbol . . . .
23 rue du loess BP 84047 67034 Strasbourg CedeaacE: below others which finally defines the tertiaryustiure of the
molecule. Writhe gives rise to extra bending. The
conformation is fixed by a balance between twid Aending

) ) . i energies in physiological conditions. At lower salt
T Electronic Supplementary Information (ESI) avawabl[Fig St concentrations, the electrostatic repulsion betwstands is
Langmuir Blodgett Isotherms for DPPC/DPTAP mixednmiayers, Fig - ’ ) ) p_ i )
S2: Isopressures measurements of the area per lipid feramixec  @lso involved. For DNA in solution, it is possible to adopt,

DDPC/DPTAP monolayers, as a function of the chdraetion, Fig S3  non-planar conformations, with the lowest total rggethat

Evolution of the DNA absorbance at 260 nm as atfancoof time an : : - :

temperature]. See DOI: 10.1039/b000000X leads tq some torsu_)nal twist. .The reduction of thf_smnal
energy is accompanied by an increase of the benelireggy.
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There is an additional electrostatic energy contidn, which
favours slightly open structures. The equilibriumge thus
also depends on the salt concentration in solutknr. non-
planar geometries, the torsional energy is propoali to Tw-
Lko)z, therefore, in practice, Tw remains close ltk,, by
adopting a conformation with\r close toA4L,. For a planar
closed double helix, without any writhe, the coastr of AL,
would give rise to a huge torsional energy, praposl toAL,>2.

Much is known about the conformation of supercolladA in

solution, mostly under the physiological conditioe$evant in
biology. Many experiments using gradient centrifimya’! and
electrophoresis have been performed in the lats. A®iey tend

3D conformation. The results obtained with cryo-EMre by
many aspects comparable to those from pioneerirld Werk.
For example the idea of a perfectly regular 3D cyeemic
conformation was reinforced. Nonetheless, cryo-Ekh
generate surface artefacts as well. Sample preparit very
subtle and small volumes are required. The sanmit&ress is
often of the same order of magnitude as size ofntbéecule,
confinement may occur before freezing at the aidwa
interface which will modify the structure and amaments of
the molecules’. At large ionic strength, cryo-EM also showed
strong deviations from solution measurements; ueebqully,
the gyration radius of the molecule was seen toesse with
the salt concentratiot 1’ . This discrepancy was attributed to

to give precise values foW, , Ty and g, as well as ratios a quenching of the conformation at very low tempem

between them'? 1%,

images of plasmids were available roughly ten yéater
17 This was the first time one could see what sugilrdt DNA
looks like. In these experiments, supercoiled DNAhown to

10, 14-

The first electron microscopy (EM)Indeed, the native twist of the DNA molecule shoirndrease

when the temperature is decreased. Simulationsc8°€ have
confirmed this assumptiofi.

have a plectonemic conformation. For very long DN#kese Our goal in this article is to understand the iafiue of surface
plectonemes may have branches as well. It is destras a charges when supercoiled DNA is confined in 2D, smdelp
superhelix of radius. The number of crossings of one strandhtionalize seemingly conflicting observations mepd in the
above or below the other i® W,=n.sina, wherea is the literature. The physics of the problem is compl&kere is
angle between the tangent to one helix and the eplaantropy loss consecutive to DNA adsorption, entramin

perpendicular to the superhelix axis. One of therk&oof
reference is
plectonemes with a particularly well defined sumdishradius.
In this study the authors precisely measuned and a and
compared their results with those obtained fromutsmh
measurements. These observations were confirmed
molecular simulation$®?*. AFM data arrived late? . They
systematically show loosely interwound conformagiomhe

by Boles et af. It shows perfectly regular electrostatic

consecutive to counter-ions release, and there vareous
interactions. For constrained cyclieNA,

supercoiling introduces an extra level of complexiAll these
aspects enter the description with an impact depgnon the
concentration of salt in solution. Vologodski andzgarelli *°

peyformed simulations in order to elucidate théuiefice of the
surface on the conformation of supercoiled DNA. sThiork
focused on non-equilibrium immobilizatiohater on, Velichko

observed conformations are much less regular thaset seen and coworker4® did molecular simulations on supercoiled semi
in EM. Small variations were observed from experitseto flexible polymers and reported writhe gain when the
experiments, and sometimes the results were disddrdcause macromolecule was adsorbed on a surface. The nusgel to
they did not show plectonemic conformations. In020 describe the supercoiled macromolecule was a fjeéted
Zhakharova et &° performed small angle neutron scattering ozhain with uncharged segments. Their study wascdéeti to
supercoiled DNA. Their results are in agreementhwithe entropic and mechanical deformation aspects their
pioneering EM work. For instance, they obtained5thh mM conclusions apply probably well to DNA at high salt
NaCl an opening angle of 50° and a superhelix radiusof concentrations. In a more recent Monte Carlo <Satiam,
10nm. Surprisingly the superhelix radius distribot was Fujimoto and Schurt! used a model previously validated with
rather large (£ 4 nm) in comparison with EM meameats. supercoiled DNA in solution. They added a surfacteptial to
This cannot be attributed to the precision of treagurement as mimic the 2D immobilization of the molecule. Our nw

the resolution of neutron scattering is much betten 4 nm.
These results could then go in favour of the AFMsk®
conformations as well. Neutron scattering doespwasturb the
molecule and can be trustfully considered, butsitrather
difficult to transpose the results to real space. tBe other
hand, real space experiments like AFM and TEM nexthe
deposition of the molecule at the surface, whosecebn the
conformation is often underestimated. Actually ig an
important issue. One might think that the problefrsurface
effects was solved with the appearance of cryo-EMchv is
surely a real improvement in this directibri’. With cryo-EM,
the sample solution is frozen and micro sliced eimaging,
such as we may think that the observed conformasiome real

Soft Matter, 2014, 10, 2520-2529

experiments will turn out to be quite close to th&mulation
results at equilibrium. The authors compared themputation
with the AFM results from Lyubchenko and Shlyakhker?®
even though neither the surface charge of the amiodified
mica, nor the plasmid supercoiled density, werewknoTheir
results match the AFM data at 160 mM salt and stiaw after
surface immobilization, the DNA molecule seemsearrange
as an unbranched plectoneme. At 10 mM however, shew
plectonemic conformations, while experiments wesporting
quite open conformations, with multiple strandsssing nearly
at the same point. The authors suggested thatumisual
multi-arm conformations reported in AFM might beedto
irregularities of the surface used for DNA fixingr local

This journal is © The Royal Society of Chemistry 2014



higher charge densities. Starting from this statemBussiek

and Langowsky®® performed AFM experiments where thdVlaterials and methods

DNA was deposited on polylysine films. The polyntansity

was varied. Testing linear DNA with the model frativetti et AFM

al ** on their surfaces, they showed that for high palyle All experiments were performed in tapping mode itiaid
densities, DNA was immediately stuck and remainedai cell of a multimode AFM connected to a nanoscopke I
conformation that is a projection of the full 3Dnéormation. controller (Bruker, Santa Barbara). The cantilevevere
For plasmids of the same length they observed corEtions TAP75 from “Nano and more”. The volume of the cil
that were irregular and frozen. For low polylysthensities, the approximately 400 microliters.

linear DNAs reached an equilibrated 2D conformat@md The diluted DNA solution was injected into the ARMid cell
plasmids were observed with plectonemic confornmatioThey and allowed to adsorb gently on the membrane. imgaof the
concluded that the plectonemes were the result d2Da conformation of the DNA took place immediately aftine

equilibrium conformation and that open or multi-aommany
crossing conformations were the result of a 3DAireg This
work is a good starting point toward the undersitandof
surface induced conformations, although internalymperic

injection. A very gentle force was applied. By ugismall
attenuations of the working amplitude we tend tevpnt
deformation or degradation of the molecule by the t

electrostatics is not taken into account andace charges wereSubstrate preparation

only considered as an adhesion promoter.

In the present article we present AFM experimemrt$gomed
on surfaces with known surface charge densitiesad@sorbing
DNA on lipid bilayers whose composition was a mietwof
cationic lipids and zwitterionic phospholipids, wave varied
the surface charge quantitatively. Furthermorejdd are
mobile within a membrane which ensures that DNAeunoles
are not frozen and conformations should be eqailést in 2D.

The lipids diffusion coefficient has been measurbg
Fluorescence Recovery After
(FRAPP) %3

membranes are in the gel phase where the dynamec080
times slower than in the fluid phase, but stilltfamough to
allow small segments of the DNA chain to move asafrange
at the surface. Thus, we can study the influencthefcharge
density without risks of freezing the conformatioi® our

knowledge this is the first time that charged lipigembranes
have been used to observe supercoiled DNA confoonaby

AFM. In contrast to bare mica or polylysine filnesmembrane
is a soft, elastic substrate for the depositioDbfA. It allows

the molecule to rearrange. On mica, in the presehcivalent
cations, the location of the surface charges isttaimed by the
crystal lattice. On membranes, charges are faidpita.

We study the influence of the surface charge dermit the
conformation of supercoiled DNA. We observe varid3

equilibrium conformations: plectonemic conformasoas well
as open conformations or loose conformations witly @ few

Because of its atomic smoothness, mica was chasehd bare
substrate. However, it is negatively charged, tloeeeit needs

to be modified to promote DNA adhesion. To bridde t
macromolecule and the mica, we have chosen charged
supported lipid bilayers as a substrate. These hodmbranes

are formed by vesicle fusion on mith By adjusting the ratio
between a positively charged lipid and a neutraispholipid

we can vary the surface charge density. Assumirag the
proportion of charged lipids within the bilayer tise same as
the one within the starting lipid mixture, we camakiate

Patterned Photoblegchiguantitatively this surface charge density. Lipossrof 30 nm
it is 0.7 pm.s® at room temperature. Ourin diameter on average, as determined by dynangbt li

scattering, are formed by tip sonication of a dohutof a
mixture of lipids diluted in pure MilliQ water oruffer. The
lipid concentration is (0.24 mg/mL). The two lipideosen are
Di-Palmytoyl-Trimethyl-Amonium-Propane, chloride Itsa
(DPTAP), and Di-Palmytoyl-Phosphatidyl-Choline (DBP
(Avanti Polar Lipids). They only differ by their hd, DPTAP
being positively charged, while DPPC is zwittermniTheir
fluid-gel transitions are respectively 41 and 46ftzrefore we
heated up the vesicle solution during sonicatidh,°’@ above
the fluid gel transition. The hot solution was &ted
immediately after sonication into the fluid cell die AFM.
When floppy nano vesicles break on the cold mikhay tform
instantaneously a bilayer that cools rapidly dowrhe
membrane was rinsed with 3 mL water at RT or buffich the
same salt concentration. The obtained bilayersirartne gel
phase. They are particularly smooth, even smoatien the

crossings. This merely depends on the amount ofileotbare substrate because they partially absorb thegation of

charges around the molecule, either in the solutibrat the
surface. We show that in a similar manner to saltbulk,
surface charges screen the phosphate charge orDNi#e
backbone resulting in an evolution of supercoiledNAD
conformations to more regular and more writhed wheariace
charge is increased. We compare the efficiencyswface
screening and bulk screening (from salt), using sets of
experiments.

This journal is © The Royal Society of Chemistry 2014

the mica. However, due to the mechanism of fornmatbthe
bilayer, i.e. small patches nucleating and growimgain
boundary and sometimes small holes showing thebara are
clearly visible on the AFM images. Mixed DPPC DPTAP
bilayers are homogenous at low DPTAP content.

Above 50% of DPTAP, we see the appearance of tpithains

of different heights. The domains size does nothevavith
time. In the thinner domains, lipids are tiltecheBEe domains
also exist at 100% of DPTAP with a higher thickness

Soft Matter, 2014, 10, 2520-2529



difference. Most of the time, tilted domains areafier than the
size of the macromolecule and the surface presantal like
digitations. Similar domains have been describe®Rbagler and

place is still an issue. We used the hypochromi§NA to
determine the kinetics of denaturation of pUcl19 DAthe
conditions of our AFM experiment§. The absorbance of the

coworkers*® for DMPC/DMTAP mixed bilayers. The authorssolution at 260 nm was stable for more than twelvers at

have evidenced a non-linear behaviour
transition of the lipid mixtures. The temperatdrg at which
the lipids main transition occurs, increases up4&9% of
DMTAP before decreasing again.
Langmuir isotherms by compressing monolayers ofecght

of the fget/ RT. It increased rapidly and reached a plateau Wieating the

sample up to 80°C (See supplementary informatign $1).
This result clearly shows that the DNA we used tabke

They also performethough at RT for the time of our AFM experimentailigh it

denatures quickly at 80°C. This result is not imtcadiction

mixtures at the air water interface. They have ghomat at a with the existence of denaturation bubbles along thain.
fixed high pressure, the area per lipid in the mayer presents However, the fact that plasmids are supercoilechtrpgevent a

a minimum around stoichiometry 1:1.
They explain these results by the fact that théreukl be a
high affinity between the phosphate group of thetfe@d and

complete denaturation at large scale at RT. Theigiom of the
measurement is given by the signal to noise ratiche UV
absorbance signal. It did not seem to evolve witletor be

the ammonium group of the TAP, which is maximizext f larger than for DNA dissolved in buffer solution.

stoichiometry 1:1. From SAXS results, they dedudieat at
high DMTAP contents, small domains of solid phasd#s
stoichiometry 1:1 would be embedded in a matrik Gfphase.
Although bilayers and monolayers can behave diffiye we

To assess the exact linking number of our DNA, wdgmed
1D agarose gel (1.5 % w/w) electrophoresis in preseof
chloroquine (2ug/mL) at 20V for 17h. Chloroquine am
intercalating agent inducing positive superturnsd athus

have performed Langmuir isotherms on DPPC/DPTAPenhixreducing negative supercoiling of DNA. An appropgia

monolayers, which shall give us a good insight inte
interactions between the two lipids used in thiskvéVe show
them in supplementary information. The presencBRTAP in
the monolayer results in the disappearance of tE£LC

plateau of pure DPPC. Increasing the DPTAP coniant
monolayers, results in a shift of the isothermsnwller areas.

The minimum is achieved at a 50-50 ratio. Above %0of
DPTAP, the isotherms are shifted back to the laageas.
However, the area per lipid head at fixed pressurasily
changed, in contradiction to what was reported
DMTAP/DMPC mixtures by Radler and coworkers.
conclusion, the surface charge density of

for
In
the mixed

concentration allows a separation of the topoisan(lgig. 1).

R

_'llﬂ'lB-ﬂh'-rtr.-lL“
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DPPC/DPTAP bilayers shall not be much affected b? tFig.1 A. Agarose gel electrophoresis (1%) of pUc 19 DNA in presence of

peculiar phosphate-ammonium affinity. Moreover, dlie
quantitative analysis that we have pursued in ahiikle, have
been performed at low surface charge densities avtiee
bilayers are still homogenous.

DNA

The DNA used for this study is supercoiled pUcl8&®ase
pairs long from New England Biolabs (NEB). It waguoted
as received (Img/mL in10mM Tris buffer), withoutyaiurther
purification. This supercoiled DNA appears to letigularly
pure of broken or relaxed circles. The manufactyiees a
specification of at least 90% of the DNA in the siqwiled
form but agarose gel electrophoresis (1%) perfororedeveral
batches in presence of ethidium bromide showed amg
bright spot indicating that apparently no relad@dear DNA or
other sizes of supercoiled DNA were present. Origquat
containing 1 pg of stock DNA was unfrozen a few umés
before each experiment and diluted in ultra-puréi@iwater

chloroquine (2pg/mL). Lane 1: Closed circular pUc19 DNA (Relaxed by nicking
and re ligated). Lane 2: open circular (one strand nicked) pUc19 DNA (relaxed by
nicking). Lane 3: native supercoiled pUc 19 DNA (initially negatively supercoiled).
Fig.1 B: intensity line profile of lane 3.

As a control, we injected at the same time relgxgd19 (one
strand nicked with Ntbspql (NEB) and relaxed pUti&t was
afterward religated with T4 DNA ligase (NEB). Batsstriction
and ligation were done following the manufactureotpcol.
The DNA was purified using a Miniprep PCR purifiicatt Kit
(Qiagen) and resuspended in 10 mM Tris buffer at fbl
before being run through the gel. The conformatbmelaxed
supercoiled DNA (one strand nicked) is not modified the
presence of chloroquine. As it is circular, itsdhydynamic
radius is large and the migration on the gel isdlogvest (lane
2). Relaxed DNA that has been religated is poditive
supercoiled by chloroquine and migrates the fafiestie 1).
The spot of the native pUcl9 appears in betweame(&. A

(resistivity 18.2 M2.cm) or in buffer solutions to reach a finaline profile of lane3 is given on figure 1.B. Fitj the

concentration of 1pug/mL.
It is commonly assumed that DNA is not stable inepwater at
room temperaturd® 4,

Soft Matter, 2014, 10, 2520-2529

intensities with a skewed Gaussian curve gave enagedAL
=-7. This value is in agreement with the literattfre

But how fast the denaturation takes

This journal is © The Royal Society of Chemistry 2014
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Fig.2 A to G show 400 x400 nm zooms of representative pUc19 DNA conformations. Plasmids are diluted in miliQ water and adsorbed on bilayers with a controlled
surface charge containing a fraction of cationic lipid of 0, 10, 15, 30, 50, 70 and 100 % respectively. On the left, the corresponding normalized histograms of the

number of nodes (number of crossings) with Gaussian fit.

This journal is © The Royal Society of Chemistry 2014
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Results and discussions
Deposition of supercoiled DNA from purewater on charged
membranes

In a first set of experiments we have studied thefarmation
of supercoiled pUc19 that we allow to adsorb oidlipilayers

with DPTAP content ranging from 0% to 100%. For the

purpose of the experiment we get away from physgickd
conditions and dilute our DNA in milliQ water.

Working in salt free solution allows us to explaenuch larger
range of DNA surface interaction&fter dilution, the residual

5.0 nm

2.5 nm

0.0 nm

salt concentration was fU\/l; as shown in the supplementaryig.s AFM image (5um*5um) of pUc19 plasmids adsorbed on DPPC in salt free

materials, in such a dilution our plasmids are Istatt RT for
more than 10 hours.

Typical conformations of supercoiled pUcl19 DNA inilli@®
water are shown on Fig. 2 (mixed DPPC/DPTAP bilayand
Fig 3 (pure DPPC). For each surface charge on Eigve
present a series of zooms on single molecules;
conformations within the population studied looKatively
similar, with of course some variations.

Next to the AFM images on Fig. 2, we present noizedl

solution. Most of the conformations are open rings although the DNA is not
nicked. A small fraction of plasmids over cross strands in a perpendicular
manner.

On DPPC-DPTAP mixed bilayers, as seen on Fig 2BR@0

ithing increases with surface charge fractior. IBa surface
charges, plasmids adopt relatively loose conformmati which
tighten along with an increase of the surface ohaensity. We
have noticed that plasmid shapes vary slowly, wittdes

histograms of the number of nodes (crossovers [B#iwepifting along the closed chain, presumably to nethe most

strands) and the corresponding Gaussian fit (rez).liFor each
experiment, the statistic was done on fifty molesulon
average. For DPTAP fractions above 50%, the nodesber
dispersion is quite large, due to surface inhomegis. For
the pure DPTAP surface it was rather difficult tmunt nodes:
the superhelix was really tight and the AFM tip haduble
resolving the tertiary structure. Discarding thisldiéional
surface complexity, we averaged the number of nodes the
entire surface, but restricted our further datalysmis to low
surface charge densities where the membrane
homogenous at nanoscopic scale.

On DPPC (Fig. 2A and 3), Plasmids adopt an opecular
conformation in miliQ water. For the record, nickadtles also
adopt the same open circular conformation on DRHR@vever,
plasmids were not nicked in bulk, as shown in tregemal and
method section, and it is unlikely that the adhesio the
substrate would have only broken one strand. Inhsac
geometry pUcl9 DNA with &AL, of -7 must be particularly
constrained. Besides, the surface of DPPC is ne(itrafact
zwitterionic), but we do see DNA adhesion. Whenrapphing
the membrane, plasmids should be repelled by tvairimage
charge, which is due to the high dielectric contiatween the
membrane and water. Therefore there must be sont df
compensating short range interaction that allowsafthesion.
The origin of this short range attraction is uncldat we
speculate a dipole-charge interaction, the posithv@rge of the
dipole being pointing out of the membrane.

Soft Matter, 2014, 10, 2520-2529

stable conformation in 2D. At equilibrium, supetedi DNA
molecules end up in conformations with small lospattered
along a main cycle. Hence, if the crossings aré seaittered all
over the DNA molecule just after immobilization, eth
positions evolve during the first minutes. Aftemsotime, there
is equilibrium of very small loops next to muchdar ones.
This effect has been previously reported in therditure, in
computer simulations performed on 2D knd%s*® When
charges are added to the bilayer, the superhelithes more

0%y more until it reaches the plectonemic confoimnathat

was so often reported in the literature.

Additionally, as one can see on Fig.rdlaxed pUc19 DNA is
insensitive to surface charge as it stays perfeaign on 50%
DPTAP surface.

Flatten

Fig.4 Open circular (one strand nicked) pUc19 DNA adsorbed on a 50% charged
membrane. The DNA is lying open on the surface. There is no apparent crossing
of strands in the tertiary structure. Black areas are holes in the bilayer that let
appear the mica substrate underneath.

This journal is © The Royal Society of Chemistry 2014



All surface interactions are likely to be similaorfnicked
circular DNAs and for closed constrained circuladlAs. We
thus deduce that for wild (non-nicked) plasmidg #uditional
internal stress due to extra turns is accountaislevfithing and
that supercoiling is made easier and easier whenstirface
charge is increased.

This writhing along with a surface charge increasa be
explained with the help of a simple physical argome

Indeed, in a recent analytical stutfywe show that in salt free
solution, for constrained polyelectrolytes adsorle®D, the
electrostatic interaction at crossing is dominaoipared to
other interactions. When charges are added to ithgeb, the
polarizable interfacial charge screens the DNA gharand thus
reduces the electrostatic repulsion at crossings.

On DPPC, the zwitterionic surface, the membraneeistral.
DNA bears counter-ions which ordinarily reduce iit¢ernal
charge. The electrostatic energy needed for crgssirands in
2D is of the order of one hundred kT, it exceeds bending
and twisting costs (tenths &tT). Therefore, a DNA molecule
would prefer to be under high twist rather than ihgv
crossings. Rings are more favourable than confaomsitwith
one single crossing (“figures of eight”), even tgbuDNA is
highly constrained.

the electrostatic potential of the surface repektionos
condensed on the plasmid. They will be releasea targe
extent, which will drastically increase their eqityo As a result,
the final net charge of the plasmid (condensednati+ DNA)
shall be larger than for a plasmid only subjecteddunter-ion
condensation in solutioA %%

Fig.5 Sketch of a charged rod adsorbed on an oppositely charged membrane
with mobile charges. Drawing bulk counter-ions has been voluntary omitted.

Comparison of confor mations with chargesat the surfaceor in
volume

To compare the effect of surface charges with tfiece of
charges in bulk, we have performed a second setmériments
on the zwitterionic DPPC surface with addition ddltsin
solution. This set of experiments showed, as ewgect

For charged surface, DNA plasmids do feel the serfasypercoiled conformations with an increase of thenber of

potential. The repulsion between strands is reduwédt might
be partially traded against writhe.

For moderate surface charge densities, we expetaiten
noticed that crossovers are right-angled. Thigreng evidence
that electrostatic repulsion at crossings is domtin&®n highly-
charged surfaces however, we observe plectonenmesargle
at crossings is of the order of 30°. Introducing extra
superhelical turn is more favourable than havingitm within
the chain.

More precise consideration of electrostatics effeshows
indeed that the surface charges provide some sSoeemd

play a similar role to ionic charges in solution.drder to get a |

better picture of the problem, we need to introdacdew
concepts.

At surface carryings charges per unit area, DNA chains adojg

a flat conformation and are confined within a ceusion layer
whose thickness is characterized by the so-callexlyG
Chapman (GC) length from the surface’® 3

The effective charge of the plasmid is fixed by thterplay
between electrostatic interactions and entropysdiation, it is
rather simple; cations condense on the negativélgrged
backbone of the plasmids. This counter-ion layeduces
significantly the repulsive electrostatic interacti between
charged phosphate groups of DNA chains.

On positively charged surfaces, the vicinity of therface
further reduces the electrostatic interaction betweDNA
charges. Because of the annealed surface chaiges,rsobile
surface charges tend to accumulate under the DNA %, this
additional screening is somewhat stronger. At thmes time,

This journal is © The Royal Society of Chemistry 2014

nodes when the salt concentration was increased. pksent
typical conformations in Fig. 6A to 6E, accompanibg

histograms of the node numbers (Fig. 6F-J). Asaaly shown
by others in the literature, the conformation opeucoiled

DNA shows more writhe as the salt concentration thoé

solution is increased. Adhesion to the substrate nather weak
above 10 mM of salt Hence, plasmids appeared teHiksh on

the image Fig. 6D and 6E, indicating that they wadreost not
touching the substrate. We encountered a lot obteimaging
at 30mM therefore the node number was not couriied 6J)

Not counted

Fig.6 Effect of salt addition on the adsorption of plasmid DNA onto an uncharged
DPPC bilayer. From A to E: lum*1lpm AFM zooms showing the effect of
increasing salt concentration, respectively 0, 1, 5, 10 and 30 mM of NaCl. From F
to J: the corresponding statistical analysis of the number of nodes. The number
of DNA superturns increases along with the bulk salt concentration, but at the
same time the affinity for the surface is reduced and imaging becomes very
difficult. The colour scale is the same as on Fig.3.
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From the two sets of experiments that we have padd we
can compare the screening effect from charges eatstinface
and from charges in bulk.

We expect to see similar behaviour for surface esdrey and
bulk screening.

For a charged object in solution in the vicinityaofnembrane,
the electrostatic potentials involved are namele tGC

mN/m. Although for DPPC where both values of theaaper
molecule are known, the area of the monolayeriatgressure
does not correspond to the one of the bilayer. Aasg that the
area variation relative to the DPTAP compositiorthe same
within the bilayer than within the monolayer, wdimsited the
area per lipid in the mixed bilayers. We comparked areas
obtained for mixed DPPC-DPTAP monolayers with theep

potentials Vg for surface screening and the Debye-Huck&8PPC monolayers and transposed the variationslagdrs of
(DH) potential Vpy for bulk screening. Both potentials aréhe same compositions. The surface charge dendityraspect

characterized by a single screening length; resmdygtthe GC
lengthA and the Debye lengtki®.

to the DPTAP proportion was subsequently computed.
Results are presented in Table 1.

The number of nodesbeing a direct indicator of the screening

efficiency, we plot it as a function of both scremnlengths.

_ e
2y Qi

Table 1 Area per lipid head for pure and mixed monolay$SPPC

/IDPTAP measured at 30mN/m. Estimation of the cpwading area in the
bilayer of the same composition as compared to P&eC where the area in
the bilayer was previously measured by Neutrorecéflity. Corresponding
computed surface charge density of the bilayerestichation of the distance

K= 871,C, with Cs the bulk monovalent salt concentration anbetween charges. Bold values are measured

Ig the Bjerrum length.

e2

BT A e, KT

xtis of the same order of magnitude thaR® . However the
two potentials (GC and DH) do not have the samedéence
with their respective screening length, therefore will only
retain thaty-* 0 4 without any pre estimation of the coefficien
of proportionaly.

% DPTAP  Awono(B)  Aviyer A (e A donargedA)

0 43 64 (a) 0

10 41 62.7 0.0016 25
15 40 62.4 0.0025 20
30 40 62 0.0048 14
50 40 62.08 0.0081 11
70 42 63.3 0.0111 9.5
100 43 64 0.0156 8

t
As measured in réf

In order to getd, one needs beforehand to compute the surface

charge density of the bilayeypa
regime, this surface charge density is proportiotwal the
fraction of cationic lipids within the bilayef, and inversely
proportional to the mean area per lipid head in bflayer
A'oilayer-

f

HO———
Abilyer

For highly charges surfaces this would not be ¢hse any
longer. There would be a greater ionic organizatigthin the
GC layer. Counter-ions condensation could also pd#ee until
the effective distance between charges matthed/e did not
take this effect into account in our calculationd amse only
nominalvalues ofy.

While a surface per lipid head of 64 As commonly admitted
for a DPPC bilayer as measured by neutron refliegtry, for
pure DPTAP and all DPPC/DPTAP mixed bilayers, weeha
not found any data in the literature. We expechilsr
behaviour for monolayers and bilayers; therefore wi
evaluate the area per lipid head in the bilayeusing the data
measured in the monolayer. As specified before (saterial
and methods), for mixed DPPC-DPTAP monolayers,ntiean
area per lipid head undergoes non-linear but swaalhtions of
less than 10% depending on the DPTAP content. Nelexds,
it is not easy to estimate what would be the aezalipid head
in the bilayer. Transfers are usually performeduacb 30
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In the moderate screeninglhe resulting node numbers as a function of theestng

lengths are presented on Fig. 7

8-
7_; e nsurface
| = nbulk

64\ A deltalk
" —— Line fit of Data1_nsurface
3 5 —— Line fit of Data2_nbulk
o
c
5 4
& 3-
IS
2 2-

14

0 T La'l T T T T T 7

0 20 40 60 80 950 1000

screening length A or ' (A)

Fig.7 Comparison of the efficiency of surface screening and bulk screening. We
measured the crossing number as a function of the corresponding screening
length in the case of the Gouy-Chapman (black solid circles) and Debye Huckel
(red solid squares) theories respectively. As predicted by the analytical model of
ref 51, the extrapolation at zero screening length of the mean field regime shall
be ALy. We plotted the value measured by electrophoresis (blue triangle).
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In practice, the limit occurs between the data {somt 15 %
For both types of screening, we see that the nurobeodes (1=9.45 A) and 30 % of DPTAPA£4.69A). We plotted the
decreases with the screening length. It drops to f& large value at 30 % as well as it helps to see a trend.

screening lengths. From the all set of data, we only have two poifat tsurely
We will use the results of ret to analyse our data. Thisbelong to the mean field regime: the points at 0% 15% of
analytical model was developed in the mean fielgraach. DPTAP. Using, these points, we find a line with laps

For a plasmid adsorbed in 2D at the surface, themization S,=0.35 A'. As expected the data point at 30% DPTAP
of the total free energy of the plasmids with respge n shows slightly deviates from the mean field regime. Thiaear

that the free energy has a linear dependence on dependence is also cut at low number of nodes whercurve
L must smoothly goes to zero.
|n| = _411—2l(Fh + Foross) + |ALg| From the slope, we can deduce the linear chargsitgiesf the
t

plasmid when adsorbed on charged surfaces. We fawsdue
with L is the contour length of the plasmidis the twist length, of 1.5€ per Bjerrum length, which is the effective line&iacge

Fn the free energy of interaction with the surface B is density of the plasmid including its cloud of coemions. It has

the penalty for crossing helices in 2B, can usually be been increased by one third as compared to whasuslly

neglected in front oFos. N andALy. are negative by definition 555 med in salty bulk solutions. This is consisteittt the fact

for a plasmid negatively supercoiled. A linear degence with . . .

Aor k't is hidden iy, that some count_er-lons have been releaseq durmm_lbn.
For bulk screening, the number of nodes is alsoedsing but
less sharply. At large screening length it is nthadess null.

Writhing is thus only a question of how we scredre t The linear dependence must only be valid for madera

electrostatic penalty for crossing helices in 2D. screening lengths, therefore we discarded the paitw™'= 96
andx'= 960 A.

The minimum of electrostatic free energy is obtdiméen the

segments are perpendicular to each other as wendtisessed The straight line based on the first three dataxtgohas for

in the experiments for moderate range of screenée only slopeS,=0.13 A%,

consider this case in the following:

By comparing the slopes &nd &, one obtains the ratio:

Fow = \[( q = 0) Wherev~(q = 0) is the FT of the potential
taken at the surface. S—* = 267"
VG:: (g=0)= %HIBpAZ/l For a specific node number, the two DNA segments at

. with p; the linear charge density of ¢rossing must be screened the same way by a Di ar ®C
DNA in the case of surface screening. The abovedta takes  potential, the value of the two interactions (pengdr crossing
into account the fact that in the presence of dledezharges,  pejices) are thus equal. This suggests that thie o&effective
the GC potential is reduced by a factor of 3 dukpids charges is
mobility.

%Pf/ﬂf - o7 and thenfs _,.

Vou (g=0) =2ﬂBK_lpK2 P

_ _ _ _ The linear charge density of DNA appears to be timmes
with g, the linear charge density of DNA for bulk scregnin  smaller for bulk screening than for surface scregnivhich is
For both types of screening, the intercept of the $hould give compatible with our assumption that DNA has lessdemsed
|AL. As we only have a few data points, in order tmimize counter-ions on charged surfaces than in bulk. DB#®C, this
the error on the slopes, we used the valuRofl which was gives approximately a DNA effective linear chargensity of
independently measured as a starting point ofigrhis data . 75e- perl; which is smaller than what is usually assumed for
point ShOU'_d be common for surface and bU'_k SC“?B”'O”G DNA in salt solutions. It is compatible with theei that, in
only C_OnSIdefS Th? electrostatic cost.. This poirt Z&810  order to compensate for the repulsion of plasmidshieir own
screening lengths is only an extrapolation of theam field image charge, there is over-condensation of cotiotes,

regime. .For highly charggd sunfaces, and high  sg@hich further reduces the effective linear chargBRA.
concentrations, other types of interactions do @asole (for on the neutral bilayer (zwitterionic), counter-ioandensation
instance bending). is slightly enhanced while on the charged bilaythere is

_ _ _ counter-ion release.
For surface screening we use only the data paingsmoderate Hence, we experimentally demonstrated that scngefriom

range of screening, i.e. where the coupling betwemmter- charges at the surface is equivalent to screemom falt in
ions is weak.
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bulk solution. It is only a matter of how many mlebcharges circular conformations, even though it remains vasgstrained
are available around the crossing. by the linking number. When charges are addedestinface,
the mobile lipids reduce the effective charge oé thNA
At large Debye screening lengths, i.e. ki{=96A and kK~ backbone, and supercoiling occurs. It is non-ttivtaat the
1=960A, the analytical model shows huge electrastastronger interaction could favour nodes formatisaively, one
repulsion, (at this distance the electrostatic dostcrossing would think instead that a greater affinity betw@émsmids and
helices in 2D is above 10Gk *° %), however, experimentally surface  would  untighten them. By
the distribution of nodes was non-zero. The ocawreeof one experimentally the equivalence of surface screemind bulk
crossing conformations (“figure of eight”) and tveoossings screening we show that electrostatic screening datas. The
was of the order of 20% of the overall plasmid gdapan fork™ presence of mobile charges at the surface does @lagry
1=960 A and above 60% far'=96A, which is extremely large important role. The mobility of the lipids ensuréise 2D

considering the energy cost given by the model. $tall
expect that counter-ions condensation would hakentgplace
at the crossover, which shall decrease the effe@nergy cost,
but it would not be sufficient to decrease it byeoorder of
magnitude. We postulate that for these two datantppithe
conformations we have imaged are not fully 2D elrated as
the model presupposed. Loose writhe might be plesgib3D
although in 2D it is energetically not favourablBNA
molecules enduring a rapid transition between 3@ 2D
might sometimes trap some writhe during adsorptigie
compare it to 3D freezing.

This could be the result of a side effect that osaluring the
adsorption step. We guess that it has somethirp tevith the
existence of a repelling image charge. Plasmiddl stand
perpendicular to the surface before adhering, whiitl
increase the probability of forming writhe.

This presumed additional “frozen crossing” mightftshhe
average node number by one, but it cannot accarnimbre
than one. In this case, distributions shall lookghgly
asymmetric, which seems indeed to be the casead6A.
When salt is added to the bulk, the repulsion betwéhe
plasmid and its image charge is decreased andrtpoion of
this extra node to the overall population of nodesst be less.
The average node number shall then be more relialfler
charged surfaces, this problem does not exist.nitiss must
already feel the surface potential and stand paratl the
surface before adhering. They have time to equailédr

Considering that we have a few numbers of data tpoig

available in the valid range of screening lengthsere the
analytical model does apply, our estimation of #ffective
charge density of DNA when adsorbed at an inter&adl then
be truthful, but with a rather large error bare.

Conclusion:

In this article we have presented experimentszedlpn pUc19
plasmid DNA adsorbed on a bilayer and changed thface
charge density to see its effect on the 2D suplkedoi
conformation of the DNA. We have been able to rdpoe
many conformations reported in literature eitherA®M or by
TEM, just by changing the surface charge. In puetew the
most important energetic cost is the repulsiorressing which
cannot be avoided in 2D. In the absence of eldeitios
screening, in bulk or at the surface, the moleéal®urs open

Soft Matter, 2014, 10, 2520-2529

equilibrium of the molecule but it enhances surfacesening
as well. As a direct consequence of different ceuitns

condensation mechanisms, the effective charge tyersi

plasmids appears to be larger for surface screetiiag for
bulk screening.

As a general rule, membranes of other lipid compm®s can
also be a good substrate to study the dynamics
macromolecules or macromolecules at 2D equilibriiniThe

similar case of interaction between anionic lipasl cationic
biomolecules is also of interest. In the presesecthe DNA is
negatively charged and the membrane underneatbsisively

charged. In protein- membrane interactions, botrgés are of
reversed sign. Cell membranes are negative andctsbfjbat
bind to them are positive. Nevertheless, electtustaffects
would lead to similar consequences.
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