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Abstract

We report the first atomic scale studies of polyelectrolyte decomplexation. The
complex between DNA and polylysine is shown to destabilize and spontaneously open
in a gradual, reversible zipper-like mechanism driven by an increase in solution salt
concentration. Divalent CaCls is significantly more effective than monovalent NaCl in
destabilizing the complex due to charge correlations and water binding capability. The
dissociation occurs accompanied by charge reversal in which charge correlations and
ion binding chemistry play a key role. Our results are in agreement with experimental
work on complex dissociation but in addition show the underlying microstructural
correlations driving the behavior. Comparison of our full atomic level detail and
dynamics results with theoretical works describing the PEs as charged, rigid rods
reveals that although charge correlations involved theories provide qualitatively similar
response, considering also specific molecular chemistry and molecular level water
contributions provides a more complete understanding of PE complex stability and
dynamics. The findings may facilitate controlled release in gene delivery and more in
general tuning of PE membrane permeability and mechanical characteristics through

ionic strength.

Introduction

Complexes of charge bearing polymers, polyelectrolytes (PEs), are versatile materials with
applications ranging from industrial solubilization and separation to drug delivery including
gene therapy by DNA-polycation complexes. Closely related PE multilayers! are used, for
example, as responsive coatings, sensing elements, and in tissue engineering. For reviews,
see, e.g., Refs. 2 and 3. PE complexes are known to be sensitive to added salt with
responses including shrinking, under some conditions flocculation or swelling, and at higher
concentrations loosening, and finally complete dissociation of the complex.*® Furthermore,

salt has been linked to the solubility,® kinetics,” and composition®® of PE complexes



and, spesifically, a correlation between the cell transfection of DNA delivered as DNA-PE
complexes and the tolerance of the complex to the addition of salt has been suggested.°

Excess salt can be used to drive PE multilayers into exponential growth region,!!
indicating a change in PE chain dynamics, and salt has been reported to be able to dissolve
PE multilayers.'>!3 The proposed mechanism is salt ion activated dissociation of contacts
between opposite charges in PEs'?* but no direct evidence of the mechanism has existed.
Here, we show the salt-driven dissociation of a PE complex by comprehensive atomistic
molecular dynamics simulations. We demonstrate the involved mechanism, and isolate the
contributing factors. To the best of our knowledge, this is the first study to describe a
dynamical transition and capturing the mechanism in full atomistic detail in a PE system.
The studied system is DNA-polylysine (PLL) complex which is one of the most studied
polyplectic carriers for DNA delivery with interest in efficiency of target reaching, release
dynamics and mechanics. %16

Most experimental work on DNA-PLL salt response is close to physiological salt
concentrations and with excess NaCl. High NaCl concentration has been reported to bring
forth swelling and loosening of PLL-DNA complexes with 0.8 M NaCl inducing a melting
transition.* Formation of isotropic DNA-PLL solution at high NaCl concentrations is also
mentioned.* Ref. 17 maps DNA-polycation response to NaCl at soluble-insoluble complex
region. Spesifically related to PLL-DNA complex salt responses, Ref. 18 reports a NaCl
concentration of 0.86 M to dissociate half of the DNA-PLL complexes whereas no complexes
are present at 1.3 M NaCl. For divalent MgCl,, the corresponding concentrations are 0.2 M
and 0.5 M.

On the theoretical side, electrostatic interactions joined with counterion release
entropy and water binding influence are in general thought to be contributing factors
to complex stability. Voorn and Overbeek did the pioneering work in describing PE
complexes by combining electrostatic free energy of the complex with Flory-Huggins mixing

entropy.!'? Castelnovo and Joanny employ a statistical mechanics approach to describe the



complexation.?® Biesheuvel and Cohen Stuart have taken the Voorn and Overbeek work
further by differentiating between the ionic and polymeric charges and their characteristics
achieving theoretical stability diagrams in qualitative agreement with experiments in relation
to mixing ratio and salt concentration?' and interplay of counterions and elasticity of the
PE has been linked to the complex stability by Schiessel et al.??

2 conclude based on Langevin dynamics simulations

Furthermore, Ou and Muthukumar
and theoretical considerations that at weak Coulomb interaction strength, salt affects the PE
complexation through screening the Coulomb attraction between PEs. However, in strongly
interacting systems, the salt effect on complexation originates from the suppression of the
counterion release entropy with the Coulombic energy change in complexation acting against
the complexation.

Hence, the ion distribution around PEs is an important factor determining complex
formation and its stability. The most known theoretical approach to ion condensation around
PEs is by Manning and Oosawa and based on mean-field Poisson-Boltzmann equation. 242
Notably, Sharp has elaborated the Manning picture by investigating effect of salt in
the polyelectrolyte electrostatics through non-linear Poisson-Boltzmann equation.?® More
recently, the Manning mean field picture has been shown to break down in the presence
of additional divalent salt, or strongly interacting systems.?"3% In particular, a number of
numerical and theoretical approaches in which the PE is defined as a rigid rod or a line
charge with varying charge density,?"?! or flexible chain of beads,?? highlight the role of
charge correlations in determing the ion condensation around PEs in general, and specifically
around the relatively highly charged double stranded DNA. Furthermore, charge reversal
upon ion condensation at high enough ionic strength or valency is reported in Refs. 27, 28,
and 32. The importance of charge correlations in divalent ion condensation has also been
indicated experimentally. 3

Besides ion condensation (in terms of total condensed ions), charge correlations are

important also in ion binding (in terms of binding sites and dynamics). Therefore, PE



complexation and complex stability are likely to be affected by charge correlations at the
microstructural level. This is also indicated by Refs. 34, 35 and 36, where correlations
among bound ions are shown to have a drastic effect on the interactions between two like
charged polyions. However, this level detailed studies are still very limited in number and
extent: Prior characterization of DNA-PLL complexes encompasses the complex formation
and its basic structural characterization.?”® Notably, Ouyang et al. make an attempt
at characterizing binding strength of PLL to RNA.3° Our study here presents, to our
knowledge, the first microstructurally detailed study of PE complex dissociation taking PE
characterization studies of atomistic detail level to cover also dynamics and transitions for

the first time.

Methods

Simulation model

All simulations were performed using the GROMACS 4.5.5 simulation package’ with the
empirical Amber99bsc0*! force field. The Amber bsc0 revision is an improved description of
a/~ dihedrals in nucleic acids, which ensures the stability and realistic conformations of the
DNA oligomer during the full 200 ns of simulation. Earlier AMBER parametrisations have
been shown to have problems in these respects.*'™#3 For Na* and Cl~ ions, the Joung and

1,4 was used. The Joung-Cheatham model for the monovalent ions was

Cheatham ion mode
employed to prevent the unrealistic crystallization observed with standard Amber99 ions in
high salt concentrations.*>46 As Ca?* is not available in the Joung and Cheatham ion model,
the standard Amber Ca?* ion model was utilized.*” This choice was made to ensure Ca2*
parametrization compatibility with the DNA and PLL parametrizations. We note different
ion parametrizations differ in ion condensation and values reported in this work should be

regarded qualitatively, although the ions in this work do not crystallize in the simulations

and decomplexation concentrations are in line with experimental salt concentrations for



decomplexation. In compliance with the Amber force-field, TIP4P-Ew water model*®

was
used.

Periodic boundary conditions in all three directions and full Particle Mesh Ewald
(PME)* in calculating the long-range electrostatic interactions were utilized in the
simulations. For the PME algorithm a real space cutoff of 1.2 nm, and Fourier spacing
of 0.12 nm were used while the simulation package was allowed to determine the optimal
grid spacing in the reciprocal space. Lennard-Jones potentials were cut-off at 1.0 nm with
a shifting function between 0.8 nm and 1.0 nm. No long range dispersion correction was
applied. LINCS®® constraints for bonds involving hydrogen were used in the simulations
while the equations of motion were integrated with a time step of 2 fs. Parrinello-Rahman®!
barostat and Nosé-Hoover®?%® thermostat were used with a reference temperature of 300 K

and pressure of 1 bar. The time constants were 7p = 0.1 ps and 7, = 2 ps for the thermostat

and barostat. All presented simulation snapshots were generated using VMD.?

Simulated system

The DNA molecule used in the simulations is the Drew-Dickerson dodecamer
d(CGCGAATTCGCG). This double stranded DNA oligomer carries a net charge is —22e.
The PLL in the simulations is a linear polypeptide consisting of 20 fully protonated lysines.
The N-terminal residue charge is +2e and the C-terminal is neutral totalling to a PLL net
charge of +20e. The backbone of the PLL is the most hydrophophic part of the PE. To
study the complexation and decomplexation of the DNA oligomer with the polycation, the
DNA and two PLL molecules were placed into a simulation box of 10x10x10 nm?® and
solvated with water molecules. A sufficient number of counterions to neutralize the system
were added by replacing water molecules. As a consequence, the salt-free systems contain
22 Na't (or 11 Ca?* ions) for DNA and 40 C1~ ions for the two PLLs. When excess salt is
present, the countercations are the same species as the excess salt cation.

To ensure the complexed structure and the complexation process are independent of the



initial configuration, several starting configurations with well-separated DNA and PLL at
various orientations and separations of the molecules were used. The complex formation
and structures obtained were insensitive to the choice of initial configuration. To map out
the effect of salt concentration and valency on the complex, a representative complexed
configuration formed in the absence of excess salt was introduced to NaCl and CaCl,
concentrations of 0.13 M, 0.27 M, and 0.52 M for both salt types. Additionally 0.39 M
CaCly and 1.04 M NaCl were studied to complement the data set. Simulations with and
without salt were run for 200 ns. In addition, the DNA was studied in the absence of the

oppositely charged polyelectrolyte at the same excess salt concentrations for 80 ns.

Results and discussion

In the absence of added salt, the two PLLs both rapidly complex to the DNA segment. The
contact between the PLL and DNA is zipper-like with the positive nitrogen NH3 ends of PLL
mainly attached to the negative phosphate oxygens (OP) of the DNA, see 1. The PLL binding
is dominated by the charged nature of the PLL, i.e., no co-operativity due to hydrophobicity
is observed. Once formed, the complex is extremely stable and PLL distribution rather even
on the DNA surface. However, the PLL chains do sample a number of binding configurations.
The most frequent binding configuration has one of the PLLs residing in the major groove
and the other either loosely on top of the minor groove or attached to both minor and major
groove with the PLL backbone parallel to the axis of the DNA. The binding behaviour
and binding stability are insensitive to the starting configuration. Our observations on the
structure and formation of the complex in the absence of excess salt are in agreement with
Ref. 37 where DNA complexation with a single PLL molecule was studied in comparable
detail with 12 — 18 ns simulations.

The addition of salt changes the situation. 2 shows the average of PLL backbone nitrogen

atom distances to closest DNA atom at varying concentrations of NaCl and CaCly. As



Figure 1: The DNA-PLL complex. The site labels show the DNA backbone phosphate
oxygen (OP) and PLL side chain NHJ sites. The visualization omits for clarity the ions and
the water molecules present in the simulation.

expected, added monovalent salt acts to destabilize the complex but the complex is relatively
insensitive to added monovalent salt at concentrations below 1.04 M. With divalent salt, the
behaviour is drastically different: 0.36 M CaCl, leads to full detachment of one of the
PLLs from the DNA and 0.52 M CaCl; to a complete dissociation of the complex. This
could represent the thermodynamic partitioning transitioning from complete complexation
via partial complexation to dissociation or, as very likely in the case of 200 ns simulations,
represent metastable simulation configurations. The PLL attached to the major groove is
typically the PLL fluctuating more and detaching first. In the major groove binding site,
the PLL needs to stretch its side chains more to close the zipper to the DNA OP sites. This
stretching is energetically costly as it results in the loss of flexibility and configurational
entropy. Weaker binding to major groove has been reported earlier for PLL and RNA in the
absence of added salt.3’

The detachment occurs gradually with a self-healing zipper-like mechanism, see 3. The
cations condensing to the negative OPs of the DNA compete with the NH3 tips of the PLL
side chains. The flexibility of the PEs and the mobility of the ions determine the dynamics

but at sufficient ion condensation, the zipper formed by DNA and PLL slowly opens. This is



— :
5 L —
i __ | #-PLL1in CaCl,
4l i1 e-ePLL2in CaCl, .
’g ! [ v~—PLL]1 in NaCl
CHl ! il PLL2 in NaCl
8 3 l’, ’IIA N
= 1 I’
St o
A P
A 2 l’ / N
1 II
1 !
L 4 _
I T ] .
| |
0 0.5 1
Concentration (M)

Figure 2: The average of PLL backbone nitrogen atom distances to closest DNA atom
at varying concentrations of NaCl and CaCl, during the last 100 ns of the simulations.
Fluctuations in the distance are presented as error bars (one standard deviation from the

mean).
quantified by 4 which shows the increase of the number of Ca®" ions condensed to DNA OP

sites while the number of contacts between the PLL NH3 and DNA OP sites decreases in the
0.52 M CaCl, system. The opening of the PLL-DNA zipper is likely a reversible process but

in the simulations the complexation in the absence of salt occurs so rapidly we are unable

to directly observe complete zipper closing mechanism.
First, regardless of salt

Why is CaCl, much more efficient in driving dissociation?
concentration, the number of Ca?* ions condensed to DNA in the simulations is 130% —190%

of the number of condensed Na™ ions, see 5. Difference in condensed charge is even larger
due to valency. Second, the Ca** binds to the same DNA phosphate oxygen sites also the
PLL NHJ side chains prefer upon complexation: NH;-OP contacts account for 71% of all
the contacts between DNA and PLL and impressive 95% of all Ca?* in direct contact with
DNA bind to the same DNA phosphate oxygens. However, Na™ is not as selective in its
binding as it binds also to the DNA base nitrogens and oxygens deeper in the DNA grooves.
Only 65% of the condensed Na™ ions associate with the phosphate oxygens. We note ion
size is a contributing factor to the binding site selectivity.®* As hydrated Ca?* is larger than

Na™, it cannot reach the basic O/N sites, buried in the grooves of the DNA. Instead, it binds



Figure 3: Detachment of the PLL chain from the DNA driven by 0.52 M CaCl, concentration.
Ca?" ions within 1 nm of the DNA are shown in green, phosphate oxygens in red, and
nitrogen tips of the PLL residues in blue. To show the detachment mechanism more clearly,
the visualization omits the 2nd PLL chain which also detaches in the simulation, all CI ions,
and water molecules.

to the exposed OP sites also the NHJ side chains prefer.

The microscopic binding site discussion is generalized to ion condensation landscape
by charge distribution around DNA in 5. Na* and Ca?" result in very different charge
distributions, both qualitatively and quantitatively with the charge distribution forms
characterized by two inflection points. The first one around 0.3 — 0.4 nm corresponds to the
cation binding to DNA (finite size of the ions) and defines the primary condensation peak and
the second, faint one, around 0.5 — 0.6 nm in monovalent salt and Ca?* counterions can be
associated with the Manning condensation radius. ™% All studied excess Ca?* concentrations
result in charge reversal due to secondary condensation. Furthermore, 0.27 M CaCl, is
sufficient to completely neutralizes the DNA with primary condensation. At 0.39 M and
higher concentrations, charge reversal due to primary condensation takes place. For NaCl,
primary overcharging is not observed and only the highest concentration of 1.04 M excess
NaCl system exhibits weak secondary overcharging showing resemblance to CaCl; charge
distribution. In particular, the primary condensation is much weaker for Na* than for Ca*2,
which has pronounced tendency to condense near DNA surface.

Can the higher propensity of Ca?T to condense to DNA be explained by simple

arguments? To answer this, we compare the results from our all atom simulations to models

10
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Figure 4: Top: The average PLL backbone nitrogen atom distances to closest DNA atom.
Bottom: The number of contacts between the DNA phosphate oxygens (OP) and the Ca?*
ions, and between OP sites and PLL nitrogen ends (NH3) at 0.52 M CaCly. A cut-off of
0.35 nm has been used for defining contacts. The vertical lines show the time of detachment
for the two PLLs (time of last DNA-PLL contact).

relying on simplified continuum electrostatics, with the DNA described as charged rod.
Even in the most simplistic Manning condensation framework?* with no added salt, a higher
condensation of divalent ions to the DNA is predicted. Our results match this qualitatively
but the ion condensation to DNA in our simulations is below Manning: at the distance of
0.7 nm, which corresponds to the Manning radius in salt free system, 48% of the DNA charge
for monovalent and 78% for divalent counterion is neutralized. The Manning predictions are
76% and 88%, respectively. This can be explained by the limited length of our DNA as end
effects could be significant. Also, the double-groove structure the atomistic DNA has been
suggested to decrease the condensation.?% Sub-Manning condensation around DNA has been
reported in previous molecular dynamics simulations with explicit water.?® Undoubtedly,
also the choice ion description in the force field causes some variance in precise amount of
condensed ions. *°

In low monovalent salt, our charge distribution shapes match qualitatively the
distribution shapes obtained in Ref. 27 describing the PE as a charged cylinder in implicit

solvent environment with excess ions. A similar kind of qualitative match between Poisson-
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Figure 5: At left, the cumulative charge distribution around DNA without and with excess
salt as a function of distance to the closest DNA atom calculated from the simulation
trajectories. The dashed line shows the level at which overcharging takes place as the DNA
charge is —22 e. At right, the corresponding number count of ions within 0.32 nm of DNA.
Last 30 ns of the simulation are used in the analysis.

Boltzmann theory and explicit water all-atom molecular dynamics for monovalent salt has
been reported before® with the use of simple potential to describe hydration effect. In
particular, Refs. 27 and 55 discuss the inflection points and their relation to ion condensation.

However, increasing concentration and valency gives rise to correlation effects, which
cannot be explained by mean field descriptions. Even though relationship between

57,58 with theoretical models

correlations and overcharging has been investigated extensively
and more coarse-grained simulations, work explicitly showing these correlations with
atomistically detailed models, like here, remains scarce. In our simulations, the appearance
of overcharging already with our lowest concentration of added divalent salt (0.13 M CaCl?")
and high concentration of monovalent salt (1.04 M NaCl) is a direct evidence of presence
of these correlations. The layering of the ions at 0.27 M—0.52 M CaCl; is visible as the

decrease in the magnitude of the cumulative charge distribution peaks and the shifting of the

secondary positive condensation layer closer to the DNA with increasing salt condensation

12



is a second direct indication of correlations in our simulation system. The double-layering
of ions is caused by the Cl™-co-ion condensation, and similar effect has been reported in
studies where the PE is described as a charged cylinder?” and by Wigner crystal based
theory.?® Furthermore, the shift of secondary overcharging peaks with increasing salt has
been observed in Ref. 28. Hence, as salt concentration and valency increase, the correlation
start to dominate the characteristics of the charge distribution around the DNA, and the
predictive power of mean-field Poisson-Boltzmann electrostatics decreases. To capture the
correlation effects, more complex descriptions are required, as also noted by Refs. 28, 33,
59, and 60. In particular, similar valency induced correlation effects as observed in our work
have been suggested to be behind the pronounced ability of divalent ions to condense to
DNA 33,60

An analogous analysis of the DNA-PLL complex charge distribution reveals that, during
the complexation, the PLL rapidly drives away the counterion cloud of the DNA. Hence,
the PLL dominates the charging near the DNA surface, see 6. The counterions are further
away from the DNA surface and gradually neutralize the DNA-PLL complex. Increasing the
NaCl concentration induces both a rising ionic contribution inside the complex and a shift of
the PLL charge contribution to further away from the DNA surface. With CaCl,, the same
effect is achieved with much lower concentrations and we stress that also the ionic strengths
of the solution are lower for CaCly. At 0.13 M CaCls, significantly more ion charge has
pushed into the complex compared to 0.52 M NaCl. Comparing 0.27 M CaCly; and 1.04 M
NaCl one sees that, while the amount of ionic charge in the complex is only slightly more
in 0.27 M CaCl,, CaCly presents a strikingly pronounced primary condensation compared
to NaCl. We note these differences in the amount of condensed Na* and Ca** ions and the
resulting charge distribution shapes within the complex well preserve the charge distribution
behaviour observed in the case of DNA without the PLL.

The ion charge pushing the PLL charge distribution cloud further from the DNA in

6 is a sign of binding loosening and fluctuations in the simulations. Already a 0.13 M

13
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Figure 6: Cumulative charge distribution around DNA for the DNA-PLL complex at 0.52 M
and 1.04 M NaCl (top figure, both PLL complexed), 0.13 M and 0.27 M CaCly (middle
figure, both PLL complexed), and 0.39 M and 0.52 M CaCl, (bottom figure, one or both PLL
detached). Charge distribution is calculated from the simulation trajectories as an average
over 5 ns in time with the 3 data lines for each plotted charge distribution demonstrating the
time variation in the data. Total charge is plotted as a solid line, counterion contributions
by dotted, and PLL charge by dashed line. Distance is measured as the distance to closest
DNA atom.

14



CaCly concentration causes the PLL to partially detach for short periods in the molecular
dynamics simulation (reversible unzipping) moving the average PLL charge cloud further
from the DNA. Increasing the CaCl, concentration to 0.27 M and further enhances this
loosening systematically. For NaCl, 1.04 M concentration is required to significantly loosen
the complex. See Supporting Information for complete set of DNA-PLL distance data as
function of time.

The total charge distribution of the DNA-PLL complex, 6, presents a charge reversal.
This charge reversal peak increases only moderately in height with increasing salt
concentration. When decomplexation finally takes place, and Ca?" replaces PLL as the
cationic component neutralizing the DNA charge, the charge reversal peak becomes much
more localized and moves closer to the DNA. This means that DNA charge is neutralized
more effectively and at a shorter distance. Furthermore, upon full decomplexation the
analoguos DNA-only system charge distribution is recovered in the vicinity of DNA.

Based on the similarities of the ion charge distributions between DNA-only and the
complexed system, we propose the secondary overcharging region between 0.4 nm and 0.6 nm
in DNA-only systems (5) could correspond to the PLL charge cloud moving to a larger
distance from the DNA in 6. This is accompanied by increased fluctuations in the DNA-PLL
complex structure and causes the complex to loosen. Finally, stable PLL decomplexation
is observed in the simulations at the precise concentration where added divalent salt
concentration results in primary overcharging in the DNA-only simulation. This overcharging
takes place between 0.3 nm and 0.4 nm distance from the DNA (measured to closest DNA
atom) and is thus much closer to the DNA than the secondary overcharging region. We
note that simulation duration of 200 ns is a short period if there is a significant kinetic
barrier opposing detachment - we cannot conclude whether secondary overcharging observed
at lower divalent charge concentrations and the 1.04 M NaCl concentration associated with
the loosening of the complex in the simulations would be sufficient to cause detachment, or

partial detachment, given more time. However, correlation induced primary overcharging

15



leads to definite PE complex dissociation in the simulations. Microscopically, the occurrence
of primary overcharging corresponds to over 1/4 of the OP sites being blocked by Ca?" in
direct contact.

To conclude the electrostatics discussion, our results fully support the claims3*% that
electrostatics and ion correlations play a significant role in divalent ion condensation to DNA.
We also showed that characteristic charge distribution shapes were well preserved between
DNA only simulations and the DNA-PLL complexes near the DNA surface. Therefore, we
suggest that electrostatics and in particular the correlation effects are in key role also in the
PE complex dissociation we observe.

To back up this claim, we point out that the ability of CaCl, to dissolve the DNA-PLL
complex cannot solely be explained by a simplistic argument of more effective screening
between the opposite sign polyelectrolytes. Even though the Debye length of the system is
indeed strongly dependent on the valency of the salt, the Debye length both in 1.04 M NaCl
and 0.52 M CaCl; is in the order of the ion radius and differs between the systems only by
0.5 A. Despite this, the CaCl, rapidly dissociates the complex whereas the NaCl only induces
fluctuations and loosening. Similar conclusion on the role of screening has been made in the
case of strongly charged PEs by Ou and Muthukumar.

So far, we have concentrated on the charge correlations and the role of electrostatics in
our discussion. Ion condensation is indeed considered to be governed by electrostatics by
many °>%1:62 but others emphasize factors like the role of water. %% Particularly interesting is

1.9 where they conclude that the condensation of Ca?* to polyacrylate

the work by Sinn et a
is purely driven by the release of waters from the hydration shell of the ion upon binding.
In comparison to bulk water, the water molecules in hydration shells of the PEs or the ions
have reduced degrees of freedom. Because of this, releasing water produces a favourable
entropy contribution to free energy.

To see whether water could provide additional driving force for Ca?t condensation, we

investigated the changes in Na™ and Ca?" hydration shells upon binding to the OP sites. As

16



Table 1: The average number of water molecules in the hydration shells of Na*
and Ca®' ions in bulk solution and bound to the DNA phosphate oxygen and
the difference in water molecules released upon ion binding.

H,0 bulk ions H,0 bound ions A H,0

Na™ (1st shell) 5.78 4.59 1.19
Ca?* (1st shell) 8.87 7.76 1.11

A H50 released 0.08
Na' (2nd shell) 17.94 15.03 2.01
Ca?* (2nd shell) 21.75 18.27 3.48

A H,0 released -0.57

expected, Ca?" ion binds more water molecules than Na™, see 1. Upon binding, both loose
water molecules especially from their 2nd hydration shell. In absolute numbers, we observe
a release decrease of 4.6 waters from the vicinity of Ca?t upon binding whereas Sinn et al.
approximate the number of released waters in the case of polyacrylate to be 10.

That said, the difference in average water release between the ions is small: Ca?* looses
0.6 water molecules more than Na® from its 2nd hydration shell. However, the water
molecules around Ca*" are more oriented and they also retain the orientation better upon
binding to OP indicating more restricted degrees of freedom, see 7. We interpret this as a
sign of more entropy being gained per released water molecule in the case of Ca** compared
to Na': the hydration component of the free energy is indeed more favourable to Ca?*
binding.

Finally, the systems with monovalent and divalent ions have an interesting kinetic
difference influencing the expected rates: the average lifetime of Ca?"-OP bond is at least an
order of magnitude longer than the Na™-OP bond lifetime calculated from our simulations.
Consequently, a Ca?" ion condensed to DNA lingers at the binding site and blocks a PLL
NHZ group from attaching. Na™ is more dynamic with its contacts, and therefore less
effective in blocking the PLL, as faster detachment of the ion enables more frequent recovery
of DNA-PLL zipper contacts. In contrast, the loosening of the DNA-PLL structure due to
the lifetime of Ca?T-DNA contact allows even more Ca** ions to condense resulting in larger

fluctuations, and with some concentrations, complete detachment. Kinetic considerations
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are, however, insufficient to explain the pronounced decomplexation ability of the Ca** as
the kinetics influence the transition frequency between different states but not their actual
population in equilibrium.

Related to this, salt is known to accelerate dynamics processes in PE complexes resulting

1467 or exponentially growing PE multilayers.!! An activated

in, e.g., faster equilibration
dissociation of charge connections has been proposed to govern the relaxation dynamics of PE
complexes based on rheology data measurements with salt and temperature promoting in a
similar way charge connection dissociation.* Here we have show this happens at microscopic
scale: Ca®T lingers at binding sites breaking the charge connections holding PLL and DNA
together. On the other hand, exponential growth of PE multilayers is considered to be
related to enhanced diffusion of polyelectrolytes during adsorption.%® 72 The ionic strength
activated charge connection breaking between the PEs presented here undoubtedly increases
the inter-chain diffusivity. In addition, the existence of a glass transition ionic strength,

where a critical solution ionic strength changes a PE multilayer from glassy to rubbery has

been reported. ™ The PE-PE contact pair breaking we observe could bear a direct connection
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to such a structural transition at ionic strengths below dissociation.

In summary, both electrostatics correlations and hydration play toward the divalent
Ca?" being more effective in condensing to DNA and inducing the decomplexation. Our
results of Ca?* driving the dissociation much more effectively than monovalent Na™, and our
concentrations of loosening and detachment, are in line with the experimental dissociation
results of Ref. 18, where the divalent ion studied is Mg?*. However, Mg?* has been reported ™
to bind to the same OP site as Ca?* binds to in this work, and the ions are close to each
other in Hoffmeister series indicating similar hydration behaviour. We note the dissociation
concentrations reported match excellently with ours even with the DNA and PLL molecules

in the experiments being significantly larger than in our simulations.

Conclusion

We report the mechanism of salt induced unzipping of a PLL-DNA complex in which the
PLL-DNA contacts are replaced by ion condensation to DNA surface. To our knowledge,
this is the first direct evidence of PE-PE charge contact pair breaking induced PE complex
loosening. Besides matching experimental loosening and dissociation of PLL-DNA complex,
the results connect directly with the activated dissociation of charge-charge connections
proposed to be at the root of a number of PE multilayer properties and could bear wide

significance in understanding PE multilayer structure and dynamics.
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