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Interaction of alginate single-chain polyguluronate segments with mono- and divalent metal
cations: a comparative molecular dynamics study

Lovorka Perić-Hassler and Philippe H. Hünenberger*

Laboratory of Physical Chemistry, ETH Zürich, CH-8093 Zürich, Switzerland

(Received 19 November 2009; final version received 5 March 2010)

The interaction of a set of monovalent (Naþ, Kþ) and divalent (Mg2þ, Ca2þ) metal cations with single-chain polyguluronate
(periodic chain based on a dodecameric repeat unit, 21-helical conformation) is investigated using explicit-solvent molecular
dynamics simulations (at 300 K and 1 bar). A total of 14 (neutralising) combinations of the different ions are considered
(single type of cation or simultaneous presence of two types of cation, either in the presence or absence of chloride anions).
The main observations are: (1) the chain conformation and intramolecular hydrogen bonding is insensitive to the counter-ion
environment; (2) the binding of the cations is essentially non-specific for all ions considered (counter-ion atmosphere
confined within a cylinder of high ionic density, but no well-defined binding sites); (3) the density and tightness of the
distributions of the different cations within the counter-ion atmosphere follow the approximate sequence Ca2þ . Mg2þ .
Kþ , Naþ; (4) the solvent-separated binding of the cations to the carboxylate groups of the chain is frequent, and its
occurrence follows the approximate sequence Kþ . Naþ . Ca2þ . Mg2þ (contact-binding events as well as the binding of
a cation to multiple carboxylate groups are very infrequent); and (5) the counter-ion atmosphere typically leads to a
complete screening of the chain charge within 1.0–1.2 nm of the chain axis and, for most systems, to a charge reversal at
about 1.5 nm (i.e. the effective chain charge becomes positive at this distance and as high in magnitude as one-quarter of the
bare chain charge, before slowly decreasing to zero). These findings agree well (in a qualitative sense) with available
experimental data and predictions from simple analytical models, and provide further insight concerning the nature of
alginate–cation interactions in aqueous solution.

Keywords: computer simulation; molecular dynamics; alginates; polyguluronates; cation binding

1. Introduction

Polyuronates are (predominantly) polymers of uronic acids

in (1 ! 4)-linkage [1–5]. These polymers have diverse

biological functions in plants, such as the preservation of

the structure, texture and flexibility, as well as the

prevention of dessication [6–12]. These functions are

related to their ability to form gels [2–4,13–16], typically

in the presence of divalent metal cations. The three most

important natural derivatives of polyuronates are pectins

[2–4,7–9,12,15,17–21], alginates [2–4,6,22] and glucur-

onans [23–25]. These polymers play a key role in food

processing, biochemistry, biotechnology and environmen-

tal sciences [7,10,22,26–31].

Alginates [2–4,6,22] are linear copolymers of b-D-

mannuronate (b-D-ManU) and a-L-guluronate (a-L-GulU;

Figure 1) residues in (1 ! 4)-linkage, predominantly

alternating homogeneous segments of either type of residues

and regular repeats of their dimer [32]. The relative amounts

of the two acids and their distribution along the polymer

chain vary widely depending on the natural source

[6,22,33,34], and strongly influence the physico-chemical

and biological properties of alginates [6,33–38]. They are

present in large amounts in the extracellular medium of

brown seaweeds (20–40% of the dry weight) and, for this

reason, constitute the most abundant marine biopolymer.

An aqueous gel is formed when the polysaccharide

chains associate through non-covalent interactions at the

level of junction zones. These zones are separated by

disordered segments consisting in general of only one

chain. The framework of associated and disordered

segments leaves large-sized cavities filled by water

molecules. In the context of natural alginates, the size of

the junction zones is typically limited by inhomogeneities

in the polymer sequence. Homogeneous polyguluronate

(pGulU) segments are believed to be the main contributors

to junction zones [35,39–44] (although regular repeats of

the a-[D-ManU-b(1 ! 4)-L-GulU] dimer in (1 ! 4)-

linkage may also be involved [34,37,43,45]), while

homogeneous polymannuronate segments (as well as

segments with more heterogeneous sequences) show

reduced propensities to chain–chain association. This size

limitation of the junction zones prevents the formation of

crystalline structures (precipitation) and, consequently,

stabilises the polymer–water system in the gel state.

The gelation of polyuronates is generally induced by

the addition of divalent metal cations (typically Ca2þ)

at a pH close to neutrality. In this case, the leading
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intermolecular interactions responsible for chain–chain

association in the junction zones are ionic interactions

between the negatively charged carboxylate groups and

bridging divalent cations [2–4,42,46–48]. The most

popular structural model for calcium-induced chain–

chain association between pGulU segments in alginates is

the so-called egg-box model [46,49,50], suggesting that

pairs of segments in a 21-helical conformation are

associated in an antiparallel fashion, leaving ‘niches’ for

the calcium ions that are coordinated by carboxylate and

hydroxyl groups of the two chains [46,49–54]. The egg-

box model may not be the only model compatible with the

available experimental data and has been questioned in a

number of recent studies [35,45,51,53–58] (see [5] for an

overview). However, irrespective of the details of the chain

conformation and cation coordination mode, a primary

dimerisation mechanism involving chain rigidification

(regular helical structure) and tight ion binding (well-

defined coordination sites) at junction zones associating

(principally) homogeneous pGulU segments is generally

accepted for the cation-induced gelation of alginates.

One important factor influencing the gelation of

polyuronates in general (and of alginates in particular),

as well as the properties of the resulting gels, is the

nature and concentration of the cations present in solution.

The experimental investigation of the influence of

different counter-ions is not only interesting in terms of

the elucidation of the gel formation mechanism, but also in

terms of biological [59,60] (e.g. cell–cell adhesion) and

environmental (e.g. concentration of heavy metals by plant

roots or bacterial exopolysaccharides [61,62], adhesion of

micro-organisms to surfaces and formation of biofilms

[63,64]) issues, as well as practical applications (e.g.

detoxification of heavy metal containing wastes [65–68],

inhibition of the uptake of radioactive isotopes by the

human body [69], design of wound dressing materials [70],

biofouling of ultrafiltration or reverse-osmosis membranes

[71,72], stabilisation of in situ drug release systems [73]).

The results of independent experimental studies

concerning the cation binding selectivity of alginates are

sometimes difficult to compare in detail, due to differences

in the considered polymers (e.g. degree of polymerisation,

GulU vs. ManU content and distribution), experimental

conditions (e.g. soluble polymer vs. gel, detailed

composition of the aqueous environment) and monitored

properties (e.g. cation-exchange coefficients, gel strength,

spectroscopic properties). However, considering simple

(alkali and alkaline-earth) ions, the following main trends

appear to be largely systematic:

(1) All (alkaline-earth) divalent metal cations (except for

the Be2þ and Mg2þ cations [15,74–76]) are capable of

promoting alginate gel formation. The selectivity

towards these cations (as probed, for example, by

cation-exchange coefficients, by the concentration of

cations required to promote gel formation, or by the

strength and permeability of the resulting gel) generally

follows the sequence [14,26,27,69,75–91] Ba2þ .

Sr2þ . Ca2þ q Mg2þ . Be2þ. This sequence

appears to be dominated by the selectivity towards

pGulU segments [69,79,80,88,89,92] (and inversions

have been reported for ManU-rich alginates [89]). The

same sequence appears to hold for both soluble (single-

chain) and gel (junction zones) alginates, although the

selectivity is weaker in the former case [82].

(2) The salts of alginates with monovalent (alkali) metal

cations are typically water soluble (no gel formation in

the absence of divalent cations). The selectivity

towards these cations (as probed by ellipticity changes

in circular dichroism measurements) appears to follow

the sequence [93] Liþ , Naþ , Kþ . Rbþ . Csþ.

Here also, the sequence appears to be dominated by the

selectivity towards pGulU segments [93]. These

experimental results suggest a peculiar binding mode

for the Naþ cations (which was tentatively interpreted

as resulting from weak egg-box-like interchain

interactions [93]). However, independent measure-

ments of cation-exchange coefficients suggest a slightly

enhanced binding of Naþ compared to Kþ in soluble

(single-chain) alginates [94] (i.e. an inversion between

Naþ and Kþ in the above sequence).

(3) Alginate chains evidence preferential affinity for

divalent (alkaline-earth) over monovalent (alkali)

metal cations. This selectivity is well known for the

gels [46,86,95] (the divalent cations bound in junction

zones cannot be displaced by monovalent cations, or

only at very high relative concentration of monovalent

ions [70,78,96–102]) and also appears to hold

for soluble (single-chain) alginates [88,96,103].

Here again, the preferential affinity appears to be

dominated by interactions with the pGulU segments

[70,84,88,96,97,103,104].

The effect of different counter-ions (charge, size and

concentration) on the gelation and resulting gel properties

of polyuronates in general (and alginates in particular) can
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Figure 1. Structure of the (1 ! 4)-linked a-L-GulU dimer,
along with the atom labelling used in the present article (the
primed residue is next to the unprimed residue towards the
reducing end of the chain). The hydrogen bond H2 ! O6

0 is also
indicated by an arrow.
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be thought of as resulting from differences in poly-

saccharide–ion interactions in two distinct states: (1) free

single chains in aqueous solution and (2) associated chains

in junction zones. The present study exclusively focuses

on the first state (the investigation of the second state will

be the scope of a subsequent study).

In the free (unassociated) state, a polyuronate chain

can be idealised as an infinite rod with regularly positioned

negative charges, surrounded by (bound or aqueous)

cations and neutralising (aqueous) anions. There exists a

number of theoretical approaches to model such a rod-like

polyanion surrounded by an aqueous counter-ion atmos-

phere. These include (in order of increasing complexity

and expected accuracy): (1) analysis of the potential

generated by the polyanion in vacuum and deduction of

possible binding sites [54,105,106]; (2) analysis of the

counter-ion distribution around the polyanion using simple

solvation models based on continuum electrostatics along

with different approximate treatments of interionic

interactions, e.g. [107,108] linearised Poisson–Boltzmann

[109,110], Poisson–Boltzmann [108,111–113] or Man-

ning condensation [112–118] and extended [119–121]

approaches; and (3) analysis of counter-ion trajectories

(and corresponding calculated distributions) around the

polyanion using Monte Carlo (MC), molecular dynamics

(MD), stochastic dynamics (SD) or Brownian dynamics

(BD) simulation techniques with an explicit representation

of the counter-ions along with an implicit [122–124] (MC,

SD and BD) or explicit [125] (MC and MD) representation

of the solvent molecules. Although these approaches have

been most commonly applied to the study of the

deoxyribonucleic acid double helix, some have also been

applied to polyuronates [5,54,105,106,126–131].

In a previous article [5], we applied an approach of the

third type (explicit-solvent MD simulations) to investigate

the binding of calcium ions (neutralising amount) to four

types of homopolyuronate single chains at 300 K, starting

from alternative regular two- and three-fold helical

structures. In this work, the chains were made formally

infinite by application of artificial periodicity along the chain

axis (with octameric or nonameric repeat units). Two main

observations made in these simulations were that: (1) the

glycosidic linkages (and local helical parameters) showed an

important flexibility (in time) and variability (along the

chains), and regular helical structures only accounted for a

limited fraction of the conformational ensembles populated

at 300 K and (2) for all systems considered, the binding of

the calcium counter-ions was essentially non-specific, with

the formation of a dense counter-ion atmosphere around the

chains (condensation), but no specific (tight-binding)

interactions at well-defined coordination sites. Taken

together, these observations suggested that if chain dimers

are appropriately described by the egg-box model (or any

other structural model with similar qualitative features),

chain–chain association within junction zones in gels must

be accompanied by substantial chain stiffening and a

dramatic change in the ion-binding mode.

The goal of the present study is to investigate and

compare the interaction of a set of monovalent (Naþ, Kþ)

and divalent (Mg2þ, Ca2þ) cations with single-chain

pGulU (at 300 K and 1 bar) using explicit-solvent MD

simulation. The approach employed is similar to that used

in previous article [5], based on a (periodic) dodecameric

pGulU chain in 21-helical conformation, and considers 14

possible combinations in terms of (neutralising) solution

environments (single type of cation or simultaneous

presence of two types of cation, either in the absence or

presence of chloride anions).

2. Computational methods

2.1 MD simulation

All MD simulations were performed using the GRO-

MOS96 program [132,133], together with the GROMOS

45A4 force field [134–139] (encompassing a recently

reoptimised parameter set for hexopyranose-based

carbohydrates [139–143], including uronates [5]) and

the SPC water model [144]. The non-bonded interaction

parameters for the ions were taken directly from the 45A4

force field except for Kþ (parameters optimised for the

SPC model based on experimental single-ion hydration

free energies assuming a value of 21100 kJ mol21 for the

proton [145]; set L therein) and are provided as Supporting

Information (Table S.I).

A total of 14 explicit-solvent simulations were carried

out involving a single (periodic) pGulU chain in different

counter-ion solutions (see below) at a temperature of 300 K

and a pressure of 1 bar. The simulations were carried out

under periodic boundary conditions based on cubic

computational boxes (box edge L). The equations of

motion were integrated using the leap-frog scheme [146],

with a time step of 2 fs. The SHAKE algorithm [147] was

applied to constrain all bond lengths with a relative

geometric tolerance of 1024. The temperature was

maintained close to its reference value (300 K) by weakly

coupling the solute and solvent degrees of freedom

separately to a heat bath [148], with a relaxation time of

0.1 ps. The pressure was also maintained close to its

reference value (1 bar) by weakly coupling the particle

coordinates and box dimensions (isotropic coordinate

scaling) to a pressure bath [148], with a relaxation time of

0.5 ps and an isothermal compressibility of 0.4575 £

1023 kJ21 mol nm3 as appropriate for water [132].

The centre of mass motion was removed every 200 ps.

Non-bonded interactions were computed using a twin-

range scheme [125,132], with short- and long-range cut-off

distances set to 0.8 and 1.4 nm, respectively, and a

frequency of five time steps for the update of the short-range

pairlist and intermediate-range interactions. A reaction-

field correction [149,150] was applied to account for the
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mean effect of omitted electrostatic interactions beyond the

long-range cut-off distance, using a relative dielectric

permittivity of 61 as appropriate for the SPC water model

[151]. All simulations were carried out for a duration of

10 ns after an equilibration period of 1 ns, and coordinates

were saved every 1 ps for subsequent analysis.

To avoid the presence of chain-end effects and the

reduction of cooperativity associated with the simulation

of finite (short) oligomers [106,126–131,152], the choice

was made to simulate infinite chains by taking advantage

of the periodic boundary conditions [5]. To this purpose, a

polymer segment consisting of 12 residues within the

computational box (with the chain axis aligned along the

z-direction) was made infinite by linking the two terminal

residues via a glycosidic bond across the periodic

boundary (resulting in a formally cyclic topology [153]).

This approach is expected to account more appro-

priately for the cooperativity effects present within longer

polymer chains and to entirely eliminate chain-end effects.

However, one should be aware that the inclusion of an

artificial periodic constraint with a repeat unit of 12

residues (along with an essentially fixed end-to-end vector

for this 12-residue repeat, as imposed by the isotropic

pressure coupling employed in the simulations and the

limited compressibility of water) results in a restriction

of the chain longitudinal and torsional flexibility [5].

The effect of the artificial longitudinal constraint is

expected to be limited in view of the long persistence

length (about 40 residues [5,154–158]) of pGulU.

The effect of the torsional constraint is also expected to

be limited by the consideration of a dodecameric periodic

repeat (longer than in our previous article [5] and

compatible with both regular two- and three-fold helices).

The initial structure for the simulations was chosen to be

a regular 21-helix (six full turns per dodecameric repeat)

with a turn angle per residue of 1808 and a rise per residue

href ¼ 0.427 nm. The latter value was taken from the

modelling studies by Braccini et al. [105] (based on MM3

relaxed-residue energy maps for the corresponding diuronic

acids) and is close to the experimental value of 0.436 nm

based on the fibre diffraction experiments by Atkins et al.

[159–161] and Sikorski et al. [57]. This value is, however,

lower than the value of 0.459 nm used in our previous article

[5]. Initial coordinates for this chain configuration were

generated using the program Insight II [162], assuming ideal
4C1 ring geometries and using the reference f and c

glycosidic dihedral angle values (fref ¼ 275:8+ and

cref ¼ 84:7+) reported by Braccini et al. [105]. The initial

cubic box dimension L was set to 12 href . The computational

boxes corresponding to the different systems were brought

to overall neutrality by inclusion of counter-ions at random

positions (see below) and filled to a water density of about

1 g cm23. After energy minimisation, equilibration was

carried out by performing 0.2 ns MD simulation, increasing

the temperature from 50 to 300 K in six successive steps

followed by 0.8 ns at 300 K. The resulting configurations

were then used for the production simulations.

The 14 simulations involved different solution

environments in the form of overall neutralising sets

of the different ions considered (Naþ, Kþ, Mg2þ, Ca2þ

and Cl2) dissolved in about 4000 water molecules.

The different combinations investigated (along with the

resulting average box edges L, solution ionic strengths I

and associated Debye screening lengths k21) are

summarised in Table 1. For the ease of reference, each

simulation is labelled with a unique code referring to the

solution environment it involves.

2.2 Analysis of the trajectories

The analysis of the trajectories was performed in terms of:

(1) local helical conformation and intramolecular hydro-

gen bonding; (2) ion distribution and binding; (3) effective

chain charge (charge of a cylindrical volume of given

radius centred on the helix axis); and (4) chain (rotational,

longitudinal and transverse) and ionic (three-dimensional,

longitudinal and transverse) diffusion. The detailed

procedures for these analyses are described elsewhere

[5] and only the most important points are summarised

below.

The local helical conformation at a glycosidic linkage

was assessed by monitoring the corresponding turn angle.

This angle is calculated as the dihedral angle between the

‘reference vectors’ of two successive residues, this vector

being defined here as the projection of the vector

connecting the midpoint of the C2ZC3 bond to the

midpoint of the C5ZO5 bond onto the xy-plane

(perpendicular to the helix axis). Values within ranges of

^308 around 120, 180 or 2408 were associated with local

31-, 21- or 32-helical conformations, respectively.

The intramolecular hydrogen bonding was only

analysed in terms of the occurrences of the inter-residue

H2 ! O6
0 and O5 ˆ H3

0 hydrogen bonds at the successive

glycosidic linkages (where the primed residue is next to

the unprimed residue towards the reducing end of the

chain), since these two types of hydrogen bonds were the

only ones found to be populated in regular polyuronate

chains [5]. The presence of a hydrogen bond was defined

by a maximal hydrogen–oxygen distance of 0.25 nm

and a minimal oxygen–hydrogen–oxygen angle of 1358.

A hydrogen bond between a hydroxyl and a carboxylate

group was assumed to be present if the hydroxyl group

formed a hydrogen bond with either (or both) of the

carboxylate oxygen atoms.

The counter-ion distribution was analysed (for each

ion type separately) in terms of the two-dimensional radial

distribution function g2DðrÞ corresponding to the (mini-

mum-image) distance r (in the xy-plane) between the helix

axis and the ions of the given type. This function is defined

in such a way that the integral of L222prg2DðrÞ over the
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entire distance range is equal to 1. The counter-ion

distribution was also analysed in terms of the (three-

dimensional) radial distribution function g3DðrÞ corre-

sponding to the smallest (minimum-image) distance r

between any of the two carboxylate oxygen atoms and the

closest counter-ion. This function is defined in such a way

that the integral of L234pr2g3DðrÞ over the entire distance

range is equal to 1. All radial distribution functions were

computed with a bin width of 0.01 nm. In addition, cation-

binding events were monitored for the 12 residues, by

assigning two cut-off values rt and rl (with rt , rl) to the

distance r. The condition r # rt was associated with a

tight-binding event (TB; contact ion pair), the condition

rt , r # rl to a loose-binding event (LB; solvent-

separated ion pair), while r . rl corresponded to the

absence of ion binding. The values of rt and rl were

chosen as the locations of the first and the second minima

in g3DðrÞ for a given type of ion, i.e. the values of rt were

set to 0.30 (Naþ), 0.36 (Kþ), 0.32 (Mg2þ) or 0.33 (Ca2þ)

nm, while the corresponding values of rl were set to 0.54

(Naþ), 0.61 (Kþ), 0.52 (Mg2þ) or 0.57 (Ca2þ) nm. The

binding (LB or TB) of the carboxylate group of a given

residue to a cation that is simultaneously bound (LB or

TB) to the carboxylate group of a different residue was

referred to as a double-binding (DB; ion bridging) event.

Two different types of DB events were further distin-

guished depending on whether they involved the

carboxylate groups of two neighbour residues (DBn) or

of two second-neighbour residues (DBs; i.e. separated by

single residue along the chain). Finally, the counter-ion

distributions were also visualised by superimposing

successive trajectory frames (chain and counter-ions)

onto the initial (equilibrated) chain configuration

(rotational and translational fit based on the C2, C3, C5

and O5 atoms), and displaying the positions of all ions at

successive 20 ps intervals.

The effective chain charge Q(r) is defined as the net

charge of a cylindrical volume of radius r centred on the

helix axis (and of length corresponding to the simulated

dodecameric unit). This quantity was evaluated as a

function of r by summation of the charges contributed by

all counter-ions (calculated via integration of the

corresponding g2DðrÞ functions) with the boundary

condition Qð0Þ ¼ 212 e (chain charge).

Diffusion coefficients were calculated by monitoring

the mean-square displacements QqðtÞ of various time-

dependent quantities qðtÞ, with averaging over all possible

time origins. The corresponding diffusion coefficients Dq

were calculated based on the Einstein relation, taking into

account the dimensionality n (1, 2 or 3) of the quantity q.

In practice, Dq was estimated from the slope of a

regression line fitting QqðtÞ over the interval from 0 to 3 ns

where these functions were found to be approximately

linear. The quantities q considered and the corresponding

diffusion coefficients Dq were: (1) the chain orientation

angle Q (mean of the ‘reference angles’ of all residues, this

angle being defined by the deviation of the above-defined

reference vector relative to its orientation in the initial

configuration; with n ¼ 1), to evaluate the chain rotational

diffusion constant DQ; (2) the z-coordinate of the chain

centre (centre of geometry of the ‘reference points’ of all

residues, this point being defined here as the centre of

geometry of the ring atoms C2, C3, C5 and O5; with n ¼ 1),

to evaluate the chain longitudinal diffusion constant Dz;

Table 1. Summary of the simulated systems.

System Naþ Kþ Mg2þ Ca2þ Cl2 H2O L (nm) I (mol kg21) Itot (mol kg21) k 21 (nm) k21
tot (nm)

Na 12 – – – – 4147 5.05 0.08 0.16 1.08 0.76
K – 12 – – – 4147 5.06 0.08 0.16 1.08 0.76
NaCl 24 – – – 12 4123 5.04 0.24 0.32 0.62 0.54
KCl – 24 – – 12 4123 5.05 0.24 0.32 0.62 0.54
NaKCl 12 12 – – 12 4123 5.05 0.24 0.32 0.62 0.54
Mg – – 6 – – 4153 5.05 0.16 0.24 0.76 0.62
Ca – – – 6 – 4153 5.05 0.16 0.24 0.76 0.62
MgCl – – 12 – 12 4135 5.04 0.40 0.48 0.48 0.44
CaCl – – – 12 12 4135 5.04 0.40 0.48 0.48 0.44
MgCaCl – – 6 6 12 4135 5.05 0.40 0.48 0.48 0.44
MgNaCl 12 – 6 – 12 4129 5.04 0.32 0.40 0.54 0.48
MgKCl – 12 6 – 12 4129 5.05 0.32 0.40 0.54 0.48
CaNaCl 12 – – 6 12 4129 5.05 0.32 0.40 0.54 0.48
CaKCl – 12 – 6 12 4129 5.05 0.32 0.40 0.54 0.48

Notes: The reported entries for the 14 simulations are the simulation code, the types and numbers of counter-ions in the simulation box, the number of water molecules
in the computational box, the average (cubic) box edge length (L) during the 10 ns simulations, the ionic strength (I, counter-ions only; Itot, including the saccharide chain)
and the Debye screening length (k 21, counter-ions only; k21

tot , including the saccharide chain). The (root-mean-square) fluctuations of L are between 0.004 and 0.006 nm for all
simulations. The ionic strength is calculated as I ¼ 1=2

P
biz

2
i , where bi is the solution molality of species i (mol solute per kg solvent) and zi is the integer charge of the species

(values including the saccharide consider individual monomeric units with an integer charge of 21). The Debye screening length is calculated as k21 ¼ CI 21=2 with
C ¼ ½ð2NAe

2rsÞ
21eoe skBT�

1=2, where NA is Avogadro’s number, e is the electron charge, rs is the solvent density, eo is the permittivity of vacuum, es is the relative dielectric
permittivity of the solvent, kB is Boltzmann’s constant and T is the absolute temperature. Using the experimental values [174], rs ¼ 997:048 kg m23 and e s ¼ 78:36 at
T ¼ 300 K, one has C ¼ 0:305 nm mol1=2 kg21=2 (used for this table). Note that the use of appropriate values for the SPC water model, namely [151,175] rs ¼ 994 kg m23 and
es ¼ 61, would lead to a slightly different value C ¼ 0.270 nm mol1/2 kg21/2. All simulations were carried out for 10 ns duration (after 1 ns equilibration) at 300 K and 1 bar.
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(3) the coordinate vector of the chain centre in the xy-plane

(with n ¼ 2), to evaluate the chain transverse diffusion

constant Dxy; (4) the coordinate vector of a given counter-

ion (with n ¼ 3), to evaluate the three-dimensional

diffusion constant Di;r for all counter-ions; (5) the z-

coordinate of a given counter-ion (with n ¼ 1), to evaluate

longitudinal diffusion constants Di;z for all counter-ions;

and (6) the coordinate vector of a given counter-ion in the

xy-plane (with n ¼ 2), to evaluate the transverse diffusion

constants Di;xy for all counter-ions. While evaluating the

corresponding time series q(t), care was taken to follow

periodic coordinates as they diffused across different

periods, without ‘refolding’ to the reference interval.

3. Results

3.1 Chain conformation and hydrogen bonding

The time evolution of the local helical conformation and

inter-residue hydrogen bonding at the level of the 12

glycosidic linkages was found to be qualitatively very

similar for all linkages and in all simulations. The results

for simulation Na are displayed in Figure 2 as an

illustrative example. The corresponding average occur-

rences are reported in Table 2 for the 14 simulations. In all

cases, the number of full turns per dodecameric unit (sum

of the turn angles of the 12 glycosidic linkages divided by

3608) remained exactly 6 throughout the entire simulation

time (as appropriate for a chain conformation close to a 21-

helix). The average rise per residue (average box edge

Table 2. Occurrences of local helical conformations and inter-
residue hydrogen bonds for all simulations (Table 1).

System
21

(%)
31

(%)
32

(%)
H2 ! O6

0

(%)
O5 ˆ H3

0

(%)

Na 76.2 12.4 11.3 67.2 0.0
K 76.7 12.3 11.0 67.6 0.0
NaCl 76.6 12.2 11.0 67.0 0.0
KCl 76.3 12.4 11.1 66.7 0.0
NaKCl 78.1 11.3 10.5 68.0 0.0
Mg 76.4 12.0 11.4 67.3 0.0
Ca 75.2 12.9 11.9 66.9 0.0
MgCl 75.3 12.8 11.8 67.8 0.0
CaCl 77.3 11.8 10.7 68.9 0.0
MgCaCl 75.8 12.5 11.6 67.0 0.0
MgNaCl 76.2 12.6 11.1 66.7 0.0
MgKCl 76.9 12.3 10.7 68.2 0.0
CaNaCl 74.9 13.2 11.9 68.5 0.0
CaKCl 74.0 13.6 12.4 67.0 0.0

Notes: The occurrences are averaged over the 12 linkages and over the entire
simulation time (10 ns). The indicated properties are the formation of a local 21-, 31-
or 32-helical conformation and of H2 ! O6

0 or O5 ˆ H3
0 inter-residue hydrogen

bonds.
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Figure 2. Time evolution of the local helical conformation, inter-residue hydrogen bonds and ion-binding events for the 12 glycosidic
linkages in simulation Na (Table 1). The indicated events are the formation of a local 21-, 31- or 32-helical conformation, of H2 ! O6

0 or
O5 ˆ H3

0 hydrogen bonds, of a solvent-separated (loose-binding, LB) ion pair, of a contact (tight-binding, TB) ion pair or of an ion pair
(LB or TB) involving an ion also bound (LB or TB) to the carboxylate group of another residue (double binding, DB; smaller bars for the
two involved carboxylate groups). The sampling period (individual bars) is 20 ps.
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length L divided by 12; Table 1) of about 0.420–0.422 nm

is also the one appropriate for an ideal pGulU 21-helix

(Section 2.1). Locally, the 21-helical conformation is also

found to be predominant (74.0 – 78.1%), although

alternative 31- (11.3–13.6%) and 32- (10.5–12.4%)

conformations are also transiently observed. The H2 !

O6
0 hydrogen bond is the only one found in the simulations

(66.7–68.9%), while the O5 ˆ H3
0 hydrogen bond is never

observed. The occurences of local helical conformations

and intramolecular hydrogen bonds found in the present

simulations differ slightly (about 10% at most) from those

reported in previous article [5] for pGulU. This is probably

due to the consideration of dodecamers (rather than

octamers) and to the slightly smaller value chosen here for

the rise per residue (Section 2.1).

3.2 Distribution of the ions around the chain

The two-dimensional radial distribution functions g2DðrÞ

of the different ions around the helix axis are displayed in

Figures 3–5 for the 14 simulations. For the ease of

comparison, a summary of the main features of these

curves is also provided as Supporting Information (Table

S.II).

The following general observations apply to all systems

considered: (1) in the absence of Cl2 anions (simulations

Na, K, Mg and Ca), the cation radial distributions are

relatively narrow (narrow vs. broad referring here to the

distance range spanned by the distribution) and tight

(tight vs. loose referring here to the mean distance from

the helix axis), presenting a single maximum at about

0.5–0.6 nm with a magnitude of about 6 (Naþ, Kþ) or 8

(Mg2þ, Ca2þ), and essentially reaching zero (,0.25)

beyond about 1.7 (Naþ, Kþ) or 1.4 (Mg2þ, Ca2þ) nm; (2) in

the presence of Cl2 anions along with a single cation type

(simulations NaCl, KCl, MgCl and CaCl) or isovalent

cation types (simulations NaKCl and MgCaCl), the cation

distributions tend to be somewhat broader and looser

(peak location usually shifted to a slightly higher distance,

peak height decreased by a factor of about 1.8, appearance

of a long-range tail in the distribution), compared to the

corresponding simulations involving a single cation type in

the absence of Cl2 (simulations Na, K, Mg and Ca); (3) in

the presence of Cl2 ions along with cation types of

different valences (simulations MgNaCl, MgKCl, CaNaCl

and CaKCl), the distribution of the monovalent cation is

significantly broadened and loosened (peak location

shifted to about 0.8–0.9 nm, peak height decreased by a

factor of about 2.2 in the presence of Mg2þ or 2.9 in the

presence of Ca2þ, pronounced long-range tail in the

distribution) compared to the corresponding simulation
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Figure 3. Two-dimensional radial distribution function g2DðrÞ for the coordinates of the counter-ions in the xy-plane relative to the helix
axis for simulations Na, K, NaCl, KCl and NaKCl (Table 1). The functions are averaged over all ions of a given type in the system and
calculated over the entire simulation time (10 ns) using a bin size of 0.01 nm. The cumulative integral of L222prg2DðrÞ is also displayed
(amplified by a factor of eight for readability), as well as the corresponding distribution of all chain atoms (black dotted line; average over
all simulations; scaled by a factor of five for readability).
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involving the monovalent ion alone (simulations Na and

K), while the corresponding change in the distribution of

the divalent cation (relative to simulations Mg and Ca)

is much more limited; and (4) the distributions of the Cl2

anion (whenever present) are very broad and loose,

presenting a single maximum at about 1.4–1.7 nm with a

magnitude of about 1.4–1.7, and essentially vanishing

(,0.25) below about 0.2–0.8 nm.

Qualitatively, these observations can be summarised as

follows. When the chain charge is exactly neutralised by a

single type of cation, divalent cations form a denser

(narrower distribution) and tighter counter-ion atmosphere

around the chain compared to monovalent cations. Upon

addition of one equivalent of the chloride salt of the same

ion or of an isovalent ion, the counter-ion atmosphere

becomes slightly more diffuse (broader distribution) and

less tight, as a result of the increased ionic strength

(electrostatic screening) and of the competition between

the chain and the chloride ions (predominantly distributed

in the bulk region far away from the chain) for interactions

with the cations. However, when one equivalent of the

chloride salt of a monovalent cation is added to the chain

neutralised by divalent cations (or, equivalently, the

inverse process), the divalent cations preferentially

interact with the chain (distribution similar to that

observed for a chain neutralised by these sole cations)

while the monovalent cations preferentially interact with

the chloride ions (distribution significantly expanded

compared to that observed for a chain neutralised by these

sole cations). In other words, single pGulU chains in

aqueous solution evidence a clear preferential affinity for

divalent over monovalent cations when both types of ions

are present in solution.

In addition to these general considerations, the detailed

comparison of the different systems reveals the following

differences between corresponding simulations involving

a different type of monovalent (Naþ or Kþ) or divalent

(Mg2þ or Ca2þ) cation. In the absence of divalent cations,

the systems involving Naþ or Kþ (simulations Na, K,

NaCl, KCl and NaKCl) present very similar distributions

for all types of ions (excepting a slightly tighter

distribution for Kþ in simulation K compared to Naþ

in simulation Na in the immediate vicinity of the chain).

The same applies to the systems involving Mg2þ or Ca2þ

separately in the absence of monovalent cations

(simulations Mg, Ca, MgCl and CaCl). However, when

the two types of divalent cations are included simul-

taneously (simulation MgCaCl), the Ca2þ distribution is

seen to be noticeably tighter compared to that of Mg2þ

(simultaneously, the Cl2 distribution extends closer to the

helix axis compared to all other systems). Finally, in the

simulations involving cations of different valences
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Figure 4. Two-dimensional radial distribution function g2DðrÞ for the coordinates of the counter-ions in the xy-plane relative to the helix
axis for simulations Mg, Ca, MgCl, CaCl and MgCaCl (Table 1). The functions are averaged over all ions of a given type in the system and
calculated over the entire simulation time (10 ns) using a bin size of 0.01 nm. The cumulative integral of L222prg2DðrÞ is also displayed
(amplified by a factor of eight for readability), as well as the corresponding distribution of all chain atoms (black dotted line; average over
all simulations; scaled by a factor of five for readability).
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(simulations MgNaCl, MgKCl, CaNaCl and CaKCl), a

systematic difference is also seen between the systems

involving the two different types of divalent cations.

Irrespective of the monovalent cation considered, the

Mg2þ distribution reaches closer to the helix axis (distance

range 0.0–0.3 nm) compared to the Ca2þ distribution.

However, in spite of this close-range difference, the Ca2þ

distribution appears overall somewhat tighter (in contrast

to Mg2þ, no long-distance tail is observed for Ca2þ) and

the preferential exclusion of the monovalent cations is

noticeably stronger for this divalent cation.

In summary, the density and tightness of the counter-

ion atmosphere (in terms of an ion of a given type) appears

to be correlated with the ion charge and size, resulting in

the approximate ranking Ca2þ . Mg2þ . Kþ , Naþ.

Illustrative counter-ion distributions corresponding to

simulations Na, NaCl, Ca, CaCl, NaKCl, MgCaCl,

MgNaCl and CaNaCl are displayed graphically in Figure 6.

3.3 Ion binding to the chain

The statistics concerning the binding of the different

cations to the carboxylate groups of the pGulU chain are

reported in Table 3 for the 14 simulations.

The following general considerations apply to all

systems considered: (1) the occurrence of ion-binding

events (B), i.e. the average fraction of the simulation time

where a carboxylate group binds a cation either tightly

(TB; contact ion pair) or loosely (LB; solvent-separated

ion pair), is significant (8.5–46.3%); (2) for the systems

with one single cation type or two isovalent cation types

(simulations Na, K, NaCl, KCl, NaKCl, Mg, Ca, MgCl,

CaCl and MgCaCl), the binding events involving a

monovalent cation are more frequent (27.4–46.3%) than

those involving a divalent cation (23.1–27.4%); (3) for the

systems involving cation types of different valences

(simulations MgNaCl, MgKCl, CaNaCl and CaKCl),

binding events involving a monovalent cation may be

more frequent (Mg2þ) or less frequent (Ca2þ) than those

involving a divalent cation; (4) the occurrence of tight-

binding events (TB) is low (0.0–4.0%) and these events

are noticeably less frequent for divalent (0.0–0.3%)

compared to monovalent (0.3–4.0%) ions; (5) the

occurrences of double-binding events (DB; ion bridging)

are also low (0.6–11.9%), and these events are noticeably

less frequent for divalent (0.6–3.9%) compared to

monovalent (1.4–11.9%) ions; (6) the dominant contri-

bution to DB events involves the simultaneous binding of

an ion to two second-neighbour residues (DBs) rather than
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Figure 5. Two-dimensional radial distribution function g2DðrÞ for the coordinates of the counter-ions in the xy-plane relative to the helix
axis for simulations MgNaCl, MgKCl, CaNaCl and CaKCl (Table 1). The functions are averaged over all ions of a given type in the
system and calculated over the entire simulation time (10 ns) using a bin size of 0.01 nm. The cumulative integral of L222prg2DðrÞ is also
displayed (amplified by a factor of eight for readability), as well as the corresponding distribution of all chain atoms (black dotted line;
average over all simulations; scaled by a factor of five for readability).
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two nearest-neighbour (DBn) residues; and (7) the

inclusion of Cl2 ions does not significantly affect the

statistics of binding events (compared to the corresponding

simulations without Cl2 ions). Note that triple-binding

events were sometimes observed (their occurrence never

exceeding 0.2%), while chloride-binding events were

never observed.

Qualitatively, these observations can be summarised as

follows (in the light of the corresponding general

observations made in Section 3.2). The electrostatic

attraction between the carboxylate groups and the cations

is strong enough to promote the formation of a dense

counter-ion atmosphere around the chain, along with a

significant extent of non-specific solvent-separated coun-

ter-ion binding. However, this interaction is insufficient to

induce the tight binding (contact ion pair) of the cations at

specific sites, which would involve the partial desolvation

of these ions. Furthermore, as discussed in previous work

[5] (see figure 11 therein), due to the geometry of the chain

(in the 21-helical conformation), the coordination of an ion

by two carboxylate groups implies either a significant local

distortion of the chain (DBn event) or relatively long

carboxylate-ion distances (DBs event), so that such

double-binding events are scarce (and only involve

solvent-separated cation binding by the two carboxylate

groups involved). These findings are in line with recent

implicit-solvent modelling studies, suggesting that coun-

ter-ion binding to polyuronate single chains is (predomi-

nantly) a (non-specific) counter-ion condensation process

[36,119–121]. The somewhat higher propensity of

monovalent cations to be involved in LB, TB or DB

events in the absence of divalent cations can be explained

by their weaker solvation. In the presence of divalent ions,

the inversion of this trend observed for Ca2þ probably

results from the stronger preferential exclusion of the

monovalent cations in this case (Section 3.2).

In addition to these general considerations, the detailed

comparison of the different systems reveals the following

differences between corresponding simulations involving

a different monovalent (Naþ or Kþ) or divalent (Mg2þ or

Ca2þ) cation. In the absence of divalent cations, the

systems involving Naþ or Kþ (simulations Na, K, NaCl,

KCl and NaKCl) reveal a systematically higher occurrence

of binding events of all types (B, LB, TB, DBn, DBs) for

Kþ compared to Naþ (e.g. increase by about 35–50%

for B). Note that this systematic trend is not clearly

correlated with a difference in the corresponding two-

dimensional radial distribution functions (Section 3.2; with

the possible exception of simulations Na vs. K). In

contrast, the systems involving Mg2þ or Ca2þ separately in

the absence of monovalent cations (simulations Mg, Ca,

MgCl and CaCl) do not reveal a striking difference in

terms of ion-binding properties. No differences are

observed either in the corresponding radial distribution

functions. However, when the two types of divalent cations

are included simultaneously (simulation MgCaCl), a

higher occurrence of binding events of all types is

observed for Ca2þ compared to Mg2þ (e.g. occurrence

higher by a factor of about 2 for B). In this case, the

difference is clearly reflected in the corresponding radial

Na NaCI Ca CaCI

NaKCI MgCaCI MgNaCI CaNaCI

Figure 6. Positions of the counter-ions around the pGulU chain (top views), as sampled during eight simulations (Table 1). The ion
coordinates correspond to successive configurations superimposed onto the initial one (rotational and translational fit based on the C2, C3,
C5 and O5 atoms) over the entire (10 ns) simulations. The latter reference configuration is also displayed. Atom colouring: Naþ (red), Kþ

(magenta), Mg2þ (dark blue), Ca2þ (cyan) and Cl2 (green). The sampling period (interval between the ion positions displayed) is 20 ps.
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distribution functions, where the Ca2þ distribution was

found to be tighter than the Mg2þ distribution. Finally, in

the simulations involving simultaneously ions with

different valences (MgCaCl, MgKCl, CaNaCl and

CaKCl), a systematic difference is also seen in terms of

ion binding between the monovalent and the divalent

cations. First, irrespective of the monovalent cation

considered (Naþ or Kþ), the occurrences of binding

events of all types are higher for Ca2þ compared to Mg2þ.

Second, irrespective of the divalent cation considered, the

corresponding occurrences are higher for Kþ compared to

Naþ. Third, the binding of Mg2þ is enhanced by the

presence of Kþ compared to Naþ, while the opposite is

true for Ca2þ. Fourth, the binding of both Naþ and Kþ are

enhanced by the presence of Mg2þ compared to Ca2þ.

Only the last trend could have been anticipated based on

the observation of the corresponding radial distribution

functions. In contrast, the first trend is somewhat

unexpected considering that the close-range (0–3 nm)

distribution of Mg2þ is higher than that of Ca2þ.

In summary, there appears to be no entirely systematic

correlation between the trends observed in the distribution

of the ions around the chain (Section 3.2) and the occurrence

of ion-binding events (present section). Unless preferential

affinity effects are involved (simulations involving ions

of different valences simultaneously), the occurrence

of binding events appears to be correlated with the ion

charge and size, resulting in the approximate ranking

Kþ . Naþ . Ca2þ . Mg2þ. This ranking is also the one

qualitatively expected in terms of increasing hydration

strength of the cation. For example, the Naþ cation is small,

well hydrated, and usually classified as ‘kosmotrope’

[163–165] (meaning that Naþ tends to promote water

structuring around itself [166–169]). In contrast, the Kþ

cation is larger, less well hydrated, and usually classified as

‘chaotrope’ [163,165] (meaning that Kþ exerts a moderate

perturbation on water–water interactions in its vicinity

[164,168,169]). In the context of the divalent cations,

quantum-mechanical calculations [59,170–172] suggest

that cation–carboxylate binding affinities are stronger in

vacuum for Mg2þ compared to Ca2þ. However, this trend is

inverted in aqueous solution [59] owing to the much higher

salvation free energy of Mg2þ compared to Ca2þ.

3.4 Chain and ion diffusion

The chain rotational (DQ), longitudinal (Dz) and transverse

(Dxy) diffusion constants as well as the ion three-

dimensional (Di,r), longitudinal (Di,z) and transverse

(Di,xy) diffusion constants (the latter averaged over all

ions of a given type) are reported in Table 4 for the 14

simulations.

Considering the chain, the rotational and longitudinal

diffusion constants are found to be the highest in

simulations Na, K, MgCl, CaCl and CaMgCl (the

corresponding lateral diffusion constants do not evidence

clear systematic trends). A more rapid chain diffusion

suggests that these systems present either weaker cohesive

forces between the chain and its counter-ion atmosphere or

a weaker extent of hydration of the chain–atmosphere

system (leading to a smaller ‘effective’ radius of the chain in

solution). However, the observation of faster diffusion for

these five specific systems does not obviously correlate with

the trends observed previously in the two-dimensional

radial distribution functions (Section 3.2) or ion-binding

events (Section 3.3).

Considering the ions, the three-dimensional dif-

fusion coefficients typically (but not entirely system-

atically) decrease in the order Cl2 . Kþ . Naþ .

Ca2þ . Mg2þ, which is also the trend observed

experimentally for the free ions in solution (2.03, 1.96,

1.33, 0.79 and 0.71 nm2 ns21, respectively, as calculated

from limiting molar conductivities of single ions [173]

at 298.15 K; see eq. 6.7.23 in the quoted reference), a

faster diffusion correlating with a weaker hydration

Table 3. Occurrence of cation-binding events of different types
for all simulations (Table 1).

System I
B

(%)
LB
(%)

TB
(%)

DB
(%)

DBn

(%)
DBs

(%)

Na Naþ 27.4 26.8 0.6 3.9 0.5 3.4
K Kþ 41.7 38.2 3.5 11.9 2.4 9.6
NaCl Naþ 33.2 32.7 0.5 6.3 0.4 5.9
KCl Kþ 46.3 42.4 4.0 10.9 2.8 8.1
NaKCl Naþ 18.2 17.9 0.3 3.4 0.2 3.1

Kþ 24.5 22.8 1.7 7.0 1.3 5.7
Cat 38.9 37.1 2.0 10.1 1.6 8.7

Mg Mg2þ 27.4 27.4 0.0 2.1 0.2 1.9
Ca Ca2þ 25.8 25.8 0.0 3.9 0.4 3.5
MgCl Mg2þ 23.1 23.1 0.0 1.1 0.2 1.0

CaCl Ca2þ 24.8 24.8 0.0 3.6 0.2 3.4
CaMgCl Mg2þ 8.5 8.4 0.1 0.6 0.0 0.6

Ca2þ 16.8 16.6 0.2 2.6 0.2 2.4
Cat 24.7 24.5 0.3 3.2 0.2 3.0

MgNaCl Mg2þ 13.1 13.1 0.0 2.7 0.3 2.4
Naþ 15.1 14.6 0.4 3.0 0.6 2.5
Cat 26.6 26.2 0.4 5.5 0.9 4.8

MgKCl Mg2þ 15.0 15.0 0.0 1.2 0.0 1.2
Kþ 19.6 18.3 1.3 4.5 1.3 3.3
Cat 33.0 31.7 1.3 5.7 1.3 4.5

CaNaCl Ca2þ 19.4 19.1 0.3 2.1 0.4 1.7
Naþ 10.8 10.4 0.3 1.4 0.2 1.1
Cat 28.9 28.3 0.6 3.5 0.7 2.8

CaKCl Ca2þ 18.0 18.0 0.0 2.6 0.1 2.4
Kþ 15.4 14.3 1.1 4.1 1.0 3.1
Cat 31.5 30.6 1.1 6.6 1.1 5.5

Notes: The occurrences are averaged over the 12 carboxylate groups and over the
entire simulation time (10 ns). The indicated properties are B (binding), solvent-
separated (loose-binding, LB) ion pair, contact (tight-binding, TB) ion pair, double
binding (DB, carboxylate group bound to an ion that is simultaneously bound to
another carboxylate group), nearest-neighbour double binding (DBn, DB event
involving two nearest-neighbour residues), second-neighbour double binding (DBs;
DB event involving two second-neighbour residues). The notation ‘Cat’ represents
any cation in the system irrespective of its identity.
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strength. The main exception to this sequence is an

inversion between Ca2þ and Mg2þ for the systems

involving the two ions simultaneously or involving

ions of different valences (simulations CaMgCl,

MgNaCl, MgKCl, CaNaCl and CaKCl). This inversion

can be related to the stronger interaction of Ca2þ with

the chain in this case (Sections 3.2 and 3.3). Note also

the other inversion between Naþ and Kþ in the

simulations involving the corresponding monovalent

ion along with Cl2 anions (simulations NaCl and KCl).

Since the comparison also reveals a significantly

decreased mobility of Cl2 ions in the presence of Kþ

(compared to Naþ), this inversion might result from a

stronger interaction of Kþ with Cl2 (compared to Naþ

with Cl2). Note finally that the longitudinal ionic

diffusion coefficients tend to be higher than the

transverse ones, although this trend is by no means

systematic.

Table 4. Diffusion constants evaluated for different sets of degrees of freedom of the chain and of the counter-ions based on the 14
simulations (Table 1).

System Chain/ion DQ (deg2 ns21) Di;r (nm2 ns21) DzðDi;zÞ (nm2 ns21) DxyðDi;xyÞ (nm2 ns21)

Na Chain 8.93 1.22 0.08
Naþ 1.54 (0.08) 1.63 (0.16) 1.49 (0.34)

K Chain 12.27 0.89 0.12
Kþ 1.65 (0.04) 2.32 (0.17) 1.32 (0.19)

NaCl Chain 1.53 0.22 0.24
Naþ 2.69 (0.08) 3.42 (0.34) 2.33 (0.27)
Cl2 3.98 (0.14) 3.49 (0.30) 4.22 (0.81)

KCl Chain 0.53 0.22 0.09
Kþ 1.98 (0.04) 2.44 (0.15) 1.75 (0.15)
Cl2 2.55 (0.05) 2.47 (0.26) 2.59 (0.29)

NaKCl Chain 0.42 0.12 0.26
Naþ 1.47 (0.03) 1.49 (0.10) 1.46 (0.16)
Kþ 2.08 (0.07) 1.89 (0.33) 2.18 (0.32)
Cl2 2.39 (0.07) 1.91 (0.18) 2.63 (0.39)

Mg Chain 0.59 0.17 0.09
Mg2þ 0.22 (0.01) 0.36 (0.04) 0.15 (0.02)

Ca Chain 1.23 0.12 0.14
Ca2þ 0.79 (0.07) 0.33 (0.04) 1.02 (0.38)

MgCl Chain 2.28 0.32 0.04
Mg2þ 1.36 (0.06) 0.89 (0.10) 1.59 (0.32)
Cl2 3.42 (0.16) 2.33 (0.19) 3.97 (0.96)

CaCl Chain 5.42 0.36 0.06
Ca2þ 2.47 (0.40) 0.84 (0.10) 3.29 (2.42)
Cl2 2.44 (0.08) 2.39 (0.23) 2.47 (0.41)

MgCaCl Chain 3.60 1.06 0.19
Mg2þ 2.01 (0.12) 1.89 (0.27) 2.06 (0.55)
Ca2þ 1.08 (0.11) 0.67 (0.06) 1.28 (0.68)
Cl2 3.72 (0.15) 3.83 (0.53) 3.67 (0.52)

MgNaCl Chain 0.61 0.36 0.19
Mg2þ 0.51 (0.02) 0.81 (0.05) 0.36 (0.12)
Naþ 1.36 (0.03) 1.46 (0.13) 1.31 (0.21)
Cl2 2.30 (0.05) 2.68 (0.20) 2.11 (0.30)

MgKCl Chain 0.42 0.34 0.11
Mg2þ 0.71 (0.03) 0.90 (0.19) 0.61 (0.19)
Kþ 2.49 (0.09) 3.17 (0.38) 2.15 (0.24)
Cl2 2.50 (0.06) 2.81 (0.23) 2.34 (0.32)

CaNaCl Chain 1.16 0.13 0.21
Ca2þ 0.49 (0.03) 0.66 (0.08) 0.40 (0.17)
Naþ 1.82 (0.04) 1.53 (0.15) 1.97 (0.34)
Cl2 2.41 (0.07) 2.93 (0.24) 2.14 (0.29)

CaKCl Chain 1.45 0.17 0.11
Ca2þ 0.65 (0.03) 0.86 (0.08) 0.55 (0.19)
Kþ 2.61 (0.07) 1.80 (0.19) 3.02 (0.39)
Cl2 2.19 (0.04) 2.15 (0.18) 2.22 (0.21)

Notes: The diffusion coefficients Dq are calculated from a linear least-squares fit of the corresponding mean-square displacements Qq(t) over the time period from 0 to 3 ns,
themselves calculated based on the entire simulation time (10 ns) considering all possible time origins. The chain diffusion is described in terms of the rotational (DQ),
longitudinal (Dz) and transverse (Dxy) diffusion constants. The ionic diffusion is described in terms of the ionic three-dimensional (Di;r), longitudinal (Di;z) and transverse (Di;xy)
diffusion constants, averaged over all the counter-ions of a given type (the corresponding standard deviation divided by the square root of the number of ions is indicated between
the parentheses as an error estimate).
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3.5 Effective chain charge

The effective chain charge Q(r) is displayed as a function of

the cylinder radius r in Figure 7 for all simulations.

The corresponding values at r ¼ 1.48 and 2.33 nm

(approximate locations of local maxima and minima,

respectively, in the curves for systems involving more than

one ion type) are provided as Supporting Information (Table

S.III; along with the contributions of the different ions to the

corresponding values). For the systems involving the chain

neutralised by a single ion type in the absence of chloride

ions (simulations Na, K, Mg and Ca), the effective charge

increases monotonically from 212 (bare chain) to 0 e

(neutralised chain) over the entire distance range. The

increase is steeper for the two simulations involving divalent

cations compared to monovalent cations. In the former case,

the quasi-complete (.99%) neutralisation of the chain

charge is reached at about 1.2 nm, while it is only reached at

about 2.5 nm in the later case. This difference is expected on

the basis of Debye–Hückel theory, the Debye screening

lengths k 21 corresponding to the two types of systems being

0.76 and 1.08 nm, respectively (Table 1). For the systems

involving chloride ions, the effective charge curves are no

longer monotonic and present a maximum at about 1.48 nm,

followed by a minimum at about 2.33 nm, before reaching

zero at longer distances. The effective charge at the

maximum of the curve is positive (except for simulation

NaCl), and particularly large for systems involving divalent

cations (simulations MgCl, CaCl and MgCaCl; effective

charge of about 2.9–3.5 e) and, to a lesser extent, for the

systems involving cations of different valences (simulations

MgNaCl, MgKCl, CaNaCl and CaKCl; effective charge of

about 1.3–2.3 e). Furthermore, considering these systems,

the simulations involving Ca2þ ions systematically present a

higher positive charge at the maximum compared to the

simulations involving Mg2þ (a similar difference is also

observed in simulation MgCaCl, where Ca2þ provides the

dominant positive contribution to this effective charge).

In summary, it appears that the charge screening

afforded by the counter-ion atmosphere leads to a

complete charge screening of the chain within about

1.0–2.5 nm of the chain axis (1.0–1.2 nm excluding

simulations Na and K). Furthermore, in the presence

of negative charges other than the sole chain charges

(here, Cl2 anions), a charge reversal is actually observed

close to 1.5 nm. This charge reversal is particularly strong

in the presence of divalent (and especially Ca2þ) cations,

where the magnitude of the (positive) effective chain

charge at the maximum may be as high as about a quarter

of that of the (negative) bare chain charge.
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Figure 7. Effective chain charge Q(r) as a function of the cylinder radius r for the 14 simulations (Table 1). This quantity represents the
net charge of a cylindrical volume of radius r centred on the helix axis (and of length corresponding to the simulated dodecameric unit),
and was calculated based on the two-dimensional radial distribution function g2DðrÞ of Figures 3–5. Vertical dashed lines indicate the
approximate location of the nearest box wall and box corner.
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4. Conclusions

The goal of the present article was to investigate and

compare the interaction of a set of monovalent (Naþ, Kþ)

and divalent (Mg2þ, Ca2þ) cations with single-chain

pGulU (21-helical conformation) using explicit-solvent

MD simulations, considering (overall neutral) systems

involving one or two cation types, possibly along with

chloride (Cl2) anions. The main observations can be

summarised as follows:

(1) The chain conformation, flexibility and intramole-

cular hydrogen bonding are insensitive to the ionic

content of the surrounding solution.

(2) The binding of counter-ions to the chain appears to be

largely non-specific, irrespective of the ionic content

of the surrounding solution. The counter-ion atmos-

phere is almost entirely confined within a cylinder of

high ionic density around the chain axis, with no

well-defined binding sites. The carboxylate groups

frequently (25–45%) bind cations, but nearly always

remain in their second-solvation shells. Events of

tight binding, as well as of multiple coordination, are

scarce and of short durations [5].

(3) The density (spanned distance range) and tightness

(closeness to the helix axis) of the distributions of

specific cations within the counter-ion atmosphere

follow the approximate order Ca2þ . Mg2þ . Kþ ,
Naþ. In particular, when both monovalent and

divalent ions are present in solution, a clear

preferential affinity for the latter ones is observed.

Preferential affinity for Ca2þ over Mg2þ is also

apparent, while Kþ and Naþ behave very similarly.

(4) The frequency of ion-binding events for a specific

cation (predominantly solvent-separated binding to a

single carboxylate group) is not systematically related

to the density and tightness of the corresponding

ionic distribution within the counter-ion atmosphere,

and follows the approximate order Kþ . Naþ .

Ca2þ . Mg2þ.

(5) The chain diffusion properties are not immediately

correlated with the above properties (a faster

diffusion is observed for simulations involving

neutralising monovalent ions alone, or divalent ions

in the presence of chloride ions). The ionic diffusion

properties essentially follow the trends expected from

bulk diffusion (Cl2 . Kþ . Naþ . Ca2þ . Mg2þ;

correlated with the hydration strength), and reveal a

(non-systematic) trend towards faster longitudinal

(as opposed to transverse) diffusion.

(6) The analysis of the effective chain charge reveals a

nearly complete screening of the chain charge within

1.0–1.2 nm (excluding the simulations with a

neutralising amount of monovalent cations alone)

and a charge reversal close to 1.5 nm (excluding the

simulations with a neutralising amount of cations

alone; the effective chain charge at this distance being

up to one-quarter of the magnitude of the bare chain

charge).

The second observation is in line with the recent

theoretical models suggesting that counter-ion binding

to polyuronate single chains is (predominantly) a (non-

specific) counter-ion condensation process [5,36,119–

121]. The third observation is also qualitatively consistent

with experimental results on the relative affinities of alkali

and alkaline-earth cations for alginates (Section 1), with

the possible exception of the close similarity between Naþ

and Kþ in the present simulations. Note, however, that

experimentally observed differences [93,94] could be

(at least in part) due to egg-box-like inter-chain

interactions. Such interactions, if present, are obviously

not accounted for in the present (single-chain) simulations.

The preferential affinity for divalent over monovalent

cations can easily be understood on the basis of simple

arguments from Debye–Hückel or counter-ion conden-

sation theory [36,119–121] (as previously discussed in the

context of nucleic acids [122–124]). The difference

between Mg2þ and Ca2þ is probably connected with more

complex effects related to the hydration strength of the

bare cation (as well as, possibly, cation–cation and

cation–chloride interactions). The fourth observation

suggests that (solvent-separated) cation binding to

single-chain alginates is predominantly correlated with

the hydration strength of the cation (in line with

suggestions from previous theoretical work [59,170–

172]). Finally, the sixth observation may have implications

in the context of the kinetics of gel formation. Charge

reversal effects [36,119–121] (also previously observed in

the context of nucleic acids [122–124]) may significantly

accelerate the speed of dimer formation by inducing a

(temporary) Coulombic attraction between chain seg-

ments, i.e. permitting the approach of a less screened

segment (negative apparent charge) with another more

efficiently screened segment (positive apparent charge).

Taken together, the results of the present simulations

provide a detailed (atomistic) picture of the interaction of

ions with single-chain (pGulU segments in) alginates that

is not directly accessible to experimental methods and is

certainly more accurate than the description provided by

simplified analytical theories. However, it should be

stressed that a complete characterisation of the nature of

alginate–cation interactions will require an analogous

investigation in the context of associated chains

(e.g. junction zones in gels). Such a study will be the

scope of forthcoming articles.
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[43] K.I. Draget, G. Skjåk-Braek, and B.T. Stokke, Similarities and
differences between alginic acid gels and ionically crosslinked
alginate gels, Food Hydrocolloid 20 (2006), pp. 170–175.

[44] T.E. Jørgensen, M. Sletmoen, K.I. Draget, and B.T. Stokke,
Influence of oligoguluronates on alginate gelation, kinetics, and
polymer organization, Biomacromolecules 8 (2007),
pp. 2388–2397.

[45] I. Donati, S. Holtan, Y.A. Morch, M. Borgogna, M. Dentini, and
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W.F. van Gunsteren, The GROMOS biomolecular simulation
program package, J. Phys. Chem. A 103 (1999), pp. 3596–3607.

[134] L.D. Schuler and W.F. van Gunsteren, On the choice of dihedral
angle potential energy functions for n-alkanes, Mol. Simul. 25
(2000), pp. 301–319.

[135] L.D. Schuler, X. Daura, and W.F. van Gunsteren, An improved
GROMOS96 force field for aliphatic hydrocarbons in the
condensed phase, J. Comput. Chem. 22 (2001), pp. 1205–1218.
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T. Lenz, R.D. Lins, C. Oostenbrink, and W.F. van Gunsteren, An
improved nucleic-acid parameter set for the GROMOS force field,
J. Comput. Chem. 26 (2005), pp. 725–737.

[138] U. Börjesson and P.H. Hünenberger, pH-Dependent stability of a
decalysine alpha-helix studied by explicit-solvent molecular
dynamics simulations at constant pH, J. Phys. Chem. B 108
(2004), pp. 13551–13559.

[139] R.D. Lins and P.H. Hünenberger, A new GROMOS force field for
hexopyranose-based carbohydrates, J. Comput. Chem. 26 (2005),
pp. 1400–1412.

[140] C.S. Pereira, D. Kony, R. Baron, M. Müller, W.F. van Gunsteren,
and P.H. Hünenberger, Conformational and dynamical properties
of disaccharides in water: A molecular dynamics study, Biophys. J.
90 (2006), pp. 4337–4344.
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