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The release of double-stranded DNA from its interpolyelectrolyte complex with positively charged poly-
(allylamine hydrochloride) via exchange reaction with added polyanion, poly(sodium styrenesulfonate), is
directly observed by fluorescence microscopy. It is shown that the pathways of DNA release depend essentially
on the amount of added low-molecular-weight salt. At low salt content, the DNA release proceeds via the
formation of an intermediate “beads-on-string” structure, whereas at high salt content the release goes directly
from globule to coil states without any intermediate structures. The reasons for different character of DNA
release are discussed.

Introduction key importance for an appropriate design of gene delivery
systems, because the transcriptional activity of DNA is strongly

_Diversity of conformational states assumed by DNA in  affected by the degree of compaction of DNA macromolecule
biological processes together with the transitions between these, its vectorlt

states has currently attracted a great interest because of their Thus, the main aim of the present paper is to visualize the

fundamental significance and useful practical applications. The conformational changes of single DNA macromolecules at

concept of gene therapy can be considered as a particular,,anse/decollapse transitions taking place at the formation of

example, where the conformational transitions of DNA are of |pec with polycation (collapse) and further release of DNA
primary importance for providing the required functioning of ¢, the |PEC (decollapse) induced by added polyanion. In this
the system. On the one hand, DNA molecule for transfection study, poly(allylamine hydrochloride) (PAH) was used as
should be condensed into a compact state to ensure its IorOteCt'O'f.'mlycation triggering DNA collapse. As a competitive polyanion
against enzymatic digestion and its safe trafficking through the inducing the decollapse, poly(sodium styrenesulfonate) (PSS)
diverse barriers toward the nucleus of the target cell where theWas chosen. Among theylimited number of polyanions capable
gene will be expressed. On the other hand, once inside the ¢ displacing DNA in its IPEC with polycation, PSS is

nucleus, the .DNA should pec_:ome unfolded.(at least partial]y) characterized by its almost complete competitiveness with DNA
to be accessible to transcription factors, which are respon5|blein a broad range of pH and ionic strength314Besides, PSS

for decoding genetic information from the base sequencing of forms stron ; . :
. . X g IPEC with the polycation under study, PAH, which
DNA genome! While for the compaction of DNA there is @ s siaple even at high ionic strendth.To visualize the

va?t set qu.(sjynthtetic ?henehdgliver%/ Ve[;iléi\éisel" polycati?.ns.,t d conformational transitions in DNA, fluorescence microscopy
cationic lipids, etc.), the choices for release are limited 4o hnique was applied-18

to a few number of strategies. Among them, one of the most The paper is organized as follows. First, the egjlobule

promising methodologies is the release of DNA from its o I f DNA in th f | .
interpolyelectrolyte complexes (IPECs) with polycations via an trans[tlon. (collapse) o In the presence of a po ypathn
PAH is discussed and the morphology of the DNA during its

exchange reaction with added anionic polymefS. It is collapse is elucidated. Second, the globtdeil transition

suggested that this type of exchange reaction may take place in .
thtg?release of DNAt\ylforom its com%lex with polygationspand (decollapse) of the DNA macromolecules in the presence of an

L . L . added polyanion PSS is examined and the effect of salt on the
cationic polypeptides in intracellular environment because

. . . -~ morphology of DNA chains during the release process is
various types of negatively charged macromolecules, including discussed
mRNA and sulfated sugars, exist as essential cellular compo- ’
nents3

Although the release of DNA was investigated both in vivo
and in vitro3~7 the peculiarities of the conformational changes ~ Materials. Bacteriophage T4dc DNA (166 000 base pairs)
of DNA during its replacement in IPEC by another polyanion from Nippon Gene (Japan) as well as PSS (MW 000 000
are still poorly understood. At the same time, this point is of g/mol, 25 wt % solution in water) and PAH (MW 70 000
g/mol) from Sigma-Aldrich were used without further purifica-

t Part of the special issue “International Symposium on Polyelectrolytes tion. A fluorescence dye 4;@liamidino-2-phenylindole (DAPI)
(2006)". intercalating in DNA duplex and an antioxidant reagent
101; OF‘;VQO“;(Zgg’)egggﬁzdgggelzs_&oa‘ﬂ:‘j gﬁ”gggﬁ;fﬁy:nﬁgﬂﬁh.7(495) 939-2_dithiothreitol were obtained from Wako Pure Chemicals

* Moscow State University. (Japan) and were used as received. Water was purified with a

8 Kyoto University. Milli-Q system (Millipore).
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1 (a)

Sample Preparation. Stock solutions of 0.1 M Tri$iCl
buffer (pH 5.75), 0.1 M 2-dithiothreitol, 1M DAPI, 1 uM
PAH, and 1QuM PSS were prepared, and sample solutions were
made by appropriate addition of them to bidistilled water. In
the final solutions, the concentration of DNA (0/@M in
phosphate groups) as well as the number of DAPI molecules
per base pair (ca. 0.05) was always kept constant. Under these
conditions, the persistence length of DNA remains almost the
same as in the absence of DAPIn collapse experiments, the
PAH/DNA monomole ratiaq was varied from 0.01 to 10. For
decollapse study, the PAH/DNA ratio was fixed, while the PSS/
PAH monomole ratiop was gradually increased from 0.1 to
1.1. In contrast to polyanions (DNA and PSS) that are always
fully charged in water, the degree of charging of polycation
PAH is pH-dependent. In this study, the pH value was kept at
low enough level (5.75) to ensure a complete protonation of
PAH.18

The DNA release in low salt content (0.01 M) was carried
out by the addition of PSS to PAH/DNA solution and in the
case of high salt content (1 M), PSS and NaCl were mixed
separately and then were added to the PAH/DNA solution.

Fluorescence Microscopy.For preparing the samples for
fluorescence microscopy, the solution was placed between two
cover glasses and then was sealed with nail enamel to prevent
both convection and evaporation. Glasses were preliminarily
cleaned in an oven at 500C for 1 h. The solution was 10 Mgy
illuminated by a high-pressure mercury lamp (365 nm), and
fluorescence images of DNA molecules at wavelengths longer gigyre 1. (left) Typical fluorescence images of DNA in coiled (a),
than 420 nm were observed using a Carl Zeiss Axiovert 135 intrachain segregated (b), and globular (c) states. (right) Schematic
TV (Germany) microscope equipped with a 200il-immersed representations of the corresponding fluorescence microscopy images.
objective and a high-sensitivity Hamamutsu SIT TV camera ]
(Japan). Images were recorded on videotape and were analyzef iS seen that at low content of polycation £ 0.1), the average
using the Hamamutsu Argus-20 image processor (Japan). Fromlong axis lengthlllis around 3-4 um, which is typical for
the simple estimation with the DNA concentration, the number €longated DNA coils in the absence of polycation. At high
of DNA chains that should be observed on the monitor 43  content of polycationd = 0.8), the DNA chains acquire a long
43 urm?) is approximately fivé® To characterize the conforma- ~ @Xis length of ca._O.ﬁm that is the charac_tenstlc size of globular
tion of DNA, the mean long axis length(which is defined as ~ State by taklng into account the blurring effgct. Thus, PAH
the apparent longest distance in the outline of the DNA Polycation induces the change of conformation of the DNA
fluorescence image, including the blurring effect) was measured. chain from an elongated coil into a compact globule. This is

In the collapse experiments, the fluorescence microscopy OPviously due to the formation of IPEC, which leads to the
measurements were performed in 15 min after the mixing of SCr€ening of electrostatic repulsion between similarly charged
components, whereas in the decollapse experiments the meaS€dments of DNA and the abundant release of condensed
surements were made afté h of incubation to ensure the ~counterions into the bulk of solution.

accomplishment of interpolyelectrolyte exchange reaction. At the stoichiometric ratio of DNA and polycation repeat
units, the formed globules are rather stable and do not aggregate

with each other (Figure 2f). Such behavior was already observed
for other DNA/polycation complexeX. It may be due to the
Coil—Globule Transition. First, the ability of PAH poly- charged surface of the globules. Indeed, it was demonstfated
cation as a DNA compacting agent to induce €gjlobule that at stoichiometric ratio of cationic and anionic units DNA
transition was studied. In fluorescence microscopy images, coilsglobules carry a small negative net charge, which is attributed
and globules are easily distinguished from each other: coils to the noncompensated phosphate groups at the surface of the
are rather long (34 um) hazy objects that show only internal  globules. Such a slight negative net charge (13%)enough
movement with no translational displacement, whereas globulesto keep the globules colloidally stable and to preserve them
are small €0.5 um) bright spots with quick translational  dispersed in the solution, not tending to make aggregates at such
Brownian motion (Figure 1). an extremely low concentration of DNA. Further addition of
To characterize the conformation of DNA quantitatively, the polycation will compensate the negative charge of the surface,
long axis lengthL of the macromolecules was determined but this DNA/polycation was not explored in this paper. At
directly from the fluorescence microscopy image. At each higher excess of added polycatiom<€ 5, 10), the surface of
content of added polycation, more than 100 images were treatedthe globules becomes positively charged maintaining the disper-
and on the basis of these data, the histograms of the distributionsion of the globules in the solution. In this way, because of
of long axis lengths of DNA chainls were constructed. Typical  electrostatic repulsion between the globules, the system always
histograms thus obtained are shown in Figure 2. It is seen thatpreserves its colloidal stability either at stoichiometric conditions
all of them are monomodal. The average values of long axis or at high excess of polycation.
length L0 determined from each histogram are plotted as a  The sharp drop of the average values of long axis lefgth
function of polycation/DNA monomolar ratiog|Yin Figure 3. of DNA indicating the transition from coils to globules proceeds

(b)

(c)

Results and Discussion
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Figure 2. Histograms of the distribution of long axis lengths of DNA molecules at different PAH/DNA monomolar ratios: 0 (a), 0.15 (b), 0.3 (¢),
0.5 (d), 0.7 (e), and 1 (f).
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. . Figure 4. Dependence of the average long axis length of DNA
Figure 3. Dependence of the average long axis length of DNA  pleculedlon the PSS/PAH monomolar ratio at the release of DNA
moleculesllLCon the PAH/DNA monomolar ratio. from its interpolyelectrolyte complex induced by exchange reaction

with added PSS polyanion at different salt concentrations: 0.08M (
in a wide range ofj values from 0.1 to 0.8 (Figure 3). Atthese and 1 M ).

conditions, we observed intrachain segregated DNA structures

with folded (beads) and unfolded (string) parts coexisting along 9/0bules without the intermediate intrachain segregated struc-
single DNA duplex. A typical fluorescence image of such a tures, which is due to the screening of the repulsion of similarly

chain is shown in Figure 1b. The study of ceglobule charged units responsible fgr the appearance of strings and the
transition here was performed at low salt content (0.01 M). At enhancement of hydrophobic attractions of the complexed parts
low ionic strength, the appearance of the “beads-on-string” (P€2ds). . » .

structures was also observed for many other nonstoichiometric GIobuIe—_C0|I Tran5|t|on_. In the next step, we t_r|ed to release
DNA/polycation complexe&-28 According to theoretical con- DNA from its complex with polycation via an interpolyelec-

siderationg728the beads-on-string structures can be formed in Tolyte éxchange reaction with added PSS polyanion:

salt-free solutions qf hydrophobically modified polyelectrolyte IPEC(DNANPAH) 4+ xPSS— IPEC&PSShPAH) + DNA

as a result of the interplay of two counteracting tendencies:

hydrophobic association of nonpolar units and electrostatic  For this purpose, stoichiometric DNA/PAH complexes were

repulsion of similarly charged units. A nonstoichiometric IPEC used, each of them being based on a single DNA duplex. Then,

may be considered as a hydrophobically modified polyelectro- different amounts of PSS polyanion were added. Figure 4 shows

lyte, in which the hydrophobic sites are DNA segments the variation of the average long axis len@thiof DNA chains

complexed with polycation, whereas the hydrophilic sites are upon addition of polyanion PSS. In the initial state (before the

charged “naked” DNA units. When forming the beads-on-string addition of PSS), all DNA chains are fully collapsed wiik]

structures, the system gets a compromise: attracting hydropho-of ca. 0.5um, which is typical for the globular state of DNA.

bic units associate with each other into the beads, whereasNo visible effect was noticed up to a certain amount of added

repelling charged units constitute long strings, allowing them polyanion PSS, and then the sharp increasdLbfs observed

to come farther apart. indicating the unfolding of DNA. It means that PSS replaced
Thus, at low salt content, the ceifjlobule transition proceeds  DNA in its complex with PAH, and this interpolyelectrolyte

via the formation of an “intermediate” conformational state, exchange reaction resulted in the release of DNA chains in the

beads-on-string structure, in which coil and globular states coil state.

coexist within the same DNA chain. At high salt content, the  The total free-energy changAGita) for the interpolyelec-

coil—globule transition always go&sdirectly from coils to trolyte exchange reaction may be writteas the sum of free-
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energy changes of polymer chainsG.) and of counterions
(AGcounp:

AG = AG,, + AG

total pol count

Let us assign to each of these free-energy terms the appropri-
ate entropic and enthalpic components. As for the polymer 1 2 3 4 35 1 2 3 4 5
species AGyy), it is obvious that there is no change in their Long axis length, um Long axis length, um
translational entropy during exchange reaction, because the total
number of them remains the same. As to the enthalpic 30
component of AG,y, it should depend on the energy of
interactions between polyions in IPEC, in particular, on the
number of ionic links formed between them. It is reasonable to
suggest that the total number of ionic links formed by PAH in
the final IPECsXPSShPAH) is much higher than in the initial 0
IPECs (DNAhPAH) because of the perfect complementarity o
of PSS and PAH chains possessing the same intercharge spaciny
d (2.5 A). By contrast, in the components of the initial IPEC EilglUAre 5-| HiIStOQJa”ﬁS ‘i‘;ﬂ_‘e dIiS”ibUftiO“ OI‘;DtEh(e; 't‘)mg i’;}izr:gg@:tg‘:cggn

; o (i molecules during their release from y ex i
E?E) 'XssgdSPAA)ﬁ)Hat'[]?n?\tﬁ;insrlgzjs‘?gl;%rd}:fefer:]isslgnr];?gsggsgonic with PSS at different PSS/PAH monomolar ratios: 0.4 (a), 0.7 (b), 0.9
- ’ L (c), and 1.1 (d) at low (0.01 M) salt content.
links and therefore to smaller gain in enthalpy.

Now let us consider the role of counterion&Ggeoun). All
polyelectrolytes under study are highly charged, and therefore, _, 49
in a noncomplexed state some of the counterions should be . 30
condensed, according to Mannin@osawa theory?3° Forma- € 2
tion of IPEC leads to the release of these counterions into the %
bulk of solution: the higher the fraction of condensed counter- *-
ions, the larger the gain in their translational entropy upon their % 1 2 3 4 3 & 1 2 3 1 5 &
release. The intercharge spacing in DNA chalr<3.4 A) is Long axis length, um Long axis length, um
higher than in PSS chaird (= 2.5 A), which means that the
fraction of condensed counterions in DNA is somewhat lower. 40
This is consistent with the experimental data, which show that
about 70% of monovalent counterions are condensed on DNA
chain3-32 while ca. 8093 of monovalent counterions are 820
condensed on PSS chains. So, the replacement of DNA by PSSEW
in IPEC should give a gain in the translational entropy of
counterions. An additional gain may be provided by the fact 0 2 3 4 6 % T2 3 4 5 &
that in the initial IPEC (DNA/PAH) mismatched ionic links may Long axis length, um Long axis length, um
trap some counterions inside IPEC to provide its electro- Figure 6. Histograms of the distribution of the long axis length of
neutrality. As a result, the “defected” IPECs are less favorable DNA molecules during their release from IPEC by exchange reaction
because of loosing the translational entropy of some counterions./Ith PiS at dgfere?]t. PhSS/ PAH T°”°m°|ar ratios: 0.6 (a), 0.8 (b), 0.9

Thus, we can conclude that the exchange reaction under stud;’c)’ and 1.1 (d) at high (1 M) salt content.
is favorable for two reasons: gain in enthalpy of polyions
interactions in the resulting IPEC and gain in entropy of the different for different salt contents (Figure 7). Whereas at low
released counterions. salt concentrations the globuteoil transition proceeds via the

Now let us consider the effect of salt on this process. From formation of beads-on-string structures, at high salt concentra-
Figure 4 it is seen that the higher is the salt content, the largertions it follows an “all-or-none” scenario, that is, it proceeds
the amount of added polyanion is required to induce the releasedirectly from globules to coils without any intermediate
of DNA. This is because higher salt content decreases the gainstructures. This means that there are two pathways of DNA
in entropy of counterions and makes the exchange reaction lesgelease: (1) by removing some polycations from most DNAs
favorable. or (2) by removing all polycations from a few DNAs leaving

At first glance on the basis of averaging over the ensemble other IPECs intact. In the first case, the system consists of
of chains, the interpolyelectrolyte exchange reaction seems tononstoichiometric IPECs, whereas in the second case the mixture
be qualitatively identical at low and high salt concentrations of stoichiometric IPEC and released naked DNA is formed. The
(Figure 4). However, the histograms of the distribution of long first pathway is observed at low salt content, and the second
axis lengthsL giving the picture at the level of single chains one is observed at high salt content.

(Figures 5 and 6) show significant difference: at low salt  Let us consider the possible reasons for the different pathways
content, they are always monomodal, whereas at high saltof DNA release. Initial stoichiometric IPEC is in the collapsed

content an obvious bimodality appears indicating the first-order state, which indicates that segments of DNA complexed with

cooperative character of the transiti®¥riThus, an increase in  polycation attract each other and try to avoid contact with water
ionic strength of the solution (from 0.01 M to 1 M) changes that points to hydrophobicity of these sequences. The most
the character of globutecoil transition from a continuous to a  efficient attraction of such hydrophobic sequences with each
discrete one. other can be realized in the globular state of DNA. When added

Moreover, a closer look over the morphology of individual polyanion removes some polycationic chains from DNA,
chains reveals that the pathways of the DNA release are quitecharged noncomplexed sequences on DNA appear together with
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Figure 7. Schematic representation of two different pathways of DNA release from its interpolyelectrolyte complex induced by interpolyelectrolyte
exchange reaction with added polyanion.

counterions. The electrostatic repulsion of similarly charged Conclusions
DNA units in these sequences and the osmotic pressure exerted
by counterions induce the unfolding of the nonstoichiometric
IPEC that inevitably leads to the unfavorable contact of
complexed DNA sequences with water. Further exchange
reaction is more likely to proceed with partially unfolded DNA,

that is, with nonstoichiometric IPEC, as a “cooperative decom-
paction” process until the full removal of polycation (rather than

disrupting stoichiometric globules from their stable, water-

avoiding state), and this indeed happens at high salt content

Addition of salt switches the pathway of DNA release from
a continuous progressive mode with intramolecular segregation
into a discrete all-or-none scenario with intermolecular segrega-
tion between coils and globules. This is due to the screening of
electrostatic repulsion in charged sequences of naked DNA and
the decrease of the osmotic pressure of counterions.
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