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EXAFS analysis of the Fe?*-polyGalA hydrogel
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Figure S1. Fe K-edge EXAFS analysis of the Fe?*-polyGalA hydrogel via the GNXAS program. Upper panel: Fe-O, Fe-
H, Fe-C y(2) two-body signals, and the O-Fe-O y(3) three-body signal included in the fit, the total signal (red line)
superimposed to the experimental one (black line). Lower panel: the fit in the Fourier transformed space.
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XANES spectra of Fe?* in aqueous solution and in the Fe**-polyGalA

hydrogel
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Figure S2. Fe K-edge XANES experimental spectra of a 0.1 M Fe?* water solution (blue curve) and of the Fe**-polyGalA

hydrogel (red curve).

Fe?™-O distance from the literature

Table S1. Fe-O distance for Fe** aqueous solutions determined from various experimental - EXAFS (Extended X-Ray
Absorption Fine Structure), XRD (X-ray diffraction), ND (Neutron diffraction) - and numerical - MC (Monte Carlo),
MD (Molecular dynamics), QMCF-MD (Quantum mechanical charge field molecular dynamics), QM/MM (Quantum
mechanical/molecular mechanical) - studies from the literature.

Method R(Fe-0) (A)
2.095',2.10 £0.012,
EXAFS 2.10%,2.10 (Ry=2.12)*,
2.11 +0.01 (this work)
XRD 2.125,2.24/2.28°,

ND 2.137
MC 2.108

MD 2.075 £ 0.025°, 2.08°,

2.091L12 5 111314 2 11315,
2.12%6,2.13 £ 0.04'7, 2.151819

QMCF-MD 2.1520
QM/MM 2.102!
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Molecular dynamics simulations
Fe?* empirical potentials

Many efforts have been performed to develop reliable, non-polarizable empirical models of Fe*" and
various strategies have been followed.!®!*"17-?2 Both bonded*, non-bonded point charge!®!*!4 and
cationic dummy atom models'>!” were designed. Bonded models are not suitable for the purpose of our
study, since they do not allow ligand exchanges. In this work, we considered three non-bonded point
charge models and two dummy models from the literature : (1) the 12-6 Lennard-Jones nonbonded
model of Babu and Lim'?, (2) the 12-6-4 nonbonded model of Li and Merz'4, (3) the empirical potential
developped by Curtiss et al.'?, (4) the dummy model of Duarte et al.'” and (5) the dummy model of Jiang
etal.”.

Nonbonded interactions between atoms i and j separated by a distance r;; are described by a sum of
electrostatic and van der Waals interaction potentials:

Uij(1i;) = Uetec,ij(1ij) + Upaw,ij(1i})
The electrostatic potential is :

1 qi.q;
4mey 1y;

Uetec,ij(1i) =
where q; and q; are the charges on atoms i and j, respectively, and & is the vacuum permittivity.
van der Waals interactions, Uyqy,;j, are represented by various potentials, as described below :

e 12-6 Lennard-Jones potential for the 12-6 and Dummy Jiang models:

12 6
<Rmin,i j> _y <Rmin,i j>
rij rij

where rj; is the distance separating atoms i and j, €;; is the energy well depth, and Ruinjj is the distance at
the energy minimum for atoms i and j.

Upaw,ij(1ij) = €

e 12-6 Lennard-Jones potential for the Dummy model :

vaw,j (1i) = r12 56
tj tJ

where Aj; and B;j are the geometric Lennard-Jones parameters for the interaction between atoms i and j.
Ajj and Bjj parameters are defined per atom type as A; and B; and are combined using the geometric rule:
Aij = AiAj and Bjj = BiBj, where A; = A;i'? and B; = B;”2. Note that this form is equivalent to the standard
one:

aj 12 oy 6
Uvdw,ij (ri]') = 4. €ij [(E) B (E) ]’

with: Aij=4sij6ij12 and Bij:481j(51j6, that is, Gij:(Aij/Bij)l/(’ and Sij:Bijz/(4Aij). Nevertheless, &jj and ojj cannot
be determined from Aj; and B;jj for dummy atoms, D, in the model of Duarte et al., because B is 0.
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e 12-6-4 Lennard-Jones potential for the 12-6-4 model:

12 6 ij
<Rmin,ij> _y <Rmin,ij> Gy
) 4

rij rij rij

where the C4V/ri* term accounts for ion-induced dipole interactions.

Upaw,ij(1ij) = €

e  Curtiss dispersion potential:

D E F
Uvdw,Fe—o(TFe—o) = A.exp(—B.Tpe_0) — 5 8 12
Tre—0 Tre—0 Tre—0

where A, B, D, E, and F are potential parameters. The model of Curtiss et al. represents Fe*"-water
interactions with a non-standard dispersion potential, so that Lorentz-Berthelot or geometric mixing
rules cannot be used to determine parameters for Fe-GalA interactions. To overcome this problem, Fe-
GalA interactions were calculated with other Fe** models (either 12-6 or 12-6-4).

The non-bonded parameters of all investigated Fe*" potentials are summarized in Table S2. Further
details may be found in the corresponding references.

Table S2. Simulation parameters for the various Fe?* models considered in this study.

Model Fe?* Atom Mass Charge Non-bonded parameters™
type model (g.mol ") (e)
12-61° Fe 55.845 +2.0 Ruin/2 = 1.3488 A; £ = 0.0264 kcal.mol!
Point 12-6-414 Fe 55.845 +2.0 Ruin/2 = 1.457 A; £ =0.02710805 kcal.mol™!
charge C4=163.0 A*kcal.mol”
Curtiss'? Fe 55.845 +2.0 A=24.33 Ha; B=1.735 Bohr!; D=21.73
Ha.Bohr® E=43.25 Ha.Bohr®; F=-878.14 Ha.Bohr!?
Dummy | Duarte!’ Fe 37.85 -1.0 A=70.0 kcal'?>.mol"2. A"
B=10.0 kcal2.mol'"2.A-3
D 3.0 +0.5 A=0.05 kcal2.mol2.A-6
B=0.00 kcal2.mol""2.A-3
Jiang! Fe 37.85 -1.0 Ruin/2 = 0.6857 A; € = 9.6775 kcal.mol!
D 3.0 +0.5 Ruin/2 = 1.3882 A; & = 107 kcal.mol"!

*] Ha = 627.509 kcal.mol'!; 1 Bohr = 0.529 A

Figure S3 shows the Fe*-TIP3P H>O interaction potential for the various models of Fe** considered as
a function of the Fe?*-water oxygen distance, r. The distance, rmin, and interaction energy of the
minimum, Enin, as well as the associated effective spring constant, ke, are given in Table S3. Significant
differences are observed among the interaction potentials, particularly between the Curtiss model and
the other ones. Differences as large as 0.2 A are obtained for rmis between the Curtiss and the Dummy
model. Similarly, Emin ranges between -278.0 and -232.3 kJ.mol! and kesr is more than 5 times smaller
for the Curtiss model than for the Dummy Jiang one.
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Figure S3. Fe**-TIP3P water interaction potential as a function of the Fe**-water oxygen distance, r, for the various Fe**
models considered in this study. The inset shows a zoom on the minimum region of these potentials to better visualize
differences in the minimum position and in the curvatures of these potentials.

Table S3. Fe**-water oxygen distance, I'min, and value, Emin, of the minimum of the Fe**-TIP3P H:O interaction potential
for the various Fe** models considered in this study. The corresponding effective spring constant, Ker, is also provided.
Ketr Was obtained by fitting the interaction potentials, Ein(r), against 1/2*Kes*(r-rmin)*+Emin on the [rmin- 8:rmin+d]
interval (3 was set to 0.05 A) .

Fe? model | rumin (A) | Emin (kJ.mol™) | ke (kJ.mol!.A?)
12-6 2.02 -252.1 1431
12-6-4 2.09 -242.3 1338
Curtiss 1.90 -232.3 463
Dummy | 2.10 2266.4 2394
Dummy Jiang | 2.09 2278.0 2651

Comparison of Fe’* models

Three geometrical parameters were determined to compare the various Fe** models : (1) the ion-oxygen
distance (IOD), dre.0, and the average ion-oxygen distance, dr.o, (2) the coordination number of iron,
CN, and (3) the average octahedral order parameter, Goo***. dre.0 Was determined by fitting the first
peak of the Fe-O radial distribution function, g(r), with a gaussian function. dr..o was calculated for all
oxygen atoms located at a distance below the position of the first minimum of the Fe-O g(r), rm. CN was
determined from the integral of g(r) up to rm:

m
CN=f am.r%. g(r).p.dr
0

where p is the average density.
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ot Was determined as follows:

Np
1 1,6, —m\?
Qoce = 55 X ) 3:H(O = Oypr)-exp |- (2T

J=k 40
Nn 1/6 /2\*
— T
+ Z H(ethr - ek) . H(ethr - em)' cos? (2([)) -€Xp [_E< mAez ) ]
m#j,k

where H(x) denotes the Heaviside function, which is 1 for x > 0 and is 0 otherwise. 0y is the polar angle
formed between the bonds of neighboring atoms j and k with their mutually bonded atom i, ¢ is the
azimuth angle between bond i-m with the plane spanned by atoms i, j, and k, and A®; (i=1,2) are
parameters controlling the reward loss for increasingly non-ideal positions. g is a threshold angle to
distinguish second neighbors that are considered to be either in a « South pole » configuration or in a
« prime meridian » position. O, A8, and AB, were set to 8/97, m/15 and /18, respectively. Only the
six nearest oxygen atoms from Fe?" were considered (N,=6). Further details on the calculation of qoct
may be found in ref. [>4%°].

Influence of water models

Because the investigated structural parameters (dre.0, dre.0o, CN, and Goc) may depend both on the Fe*
and on the water models, several water potentials other than TIP3P? were combined with the five Fe?"
models considered in this study: SPC,?”” SPC/E,* TIP4P-Ew.?’ For each pair of Fe’" and water models,
two systems were simulated to assess the quality of the considered empirical potentials: (i) a Fe*" cation
in the presence of two chloride anions (for electroneutrality of the simulation box) solvated by 1000
water molecules, and (ii) two octameric chains of polyGalA bridged by 4 Fe*" in the presence of 8
sodium cations (for electroneutrality of the simulation box) solvated by 3600 water molecules. This
second system corresponds to an association of polyGalA in the egg-box model configuration and was
previously simulated to compare Ca** and Zn** (see Fig. 4 of ref. [*°]). The results for all simulated
systems are summarized in Table S4. They show that the influence of the water model on the structure
of the first coordination shell of Fe?* is rather limited. Thus, only the TIP3P water potential®! modified
for the CHARMM force field*® was used in this work, since the CHARMM36 force field**>* that
represents GalA was parameterized with this water model.
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Table S4. Comparison of geometrical parameters (iron-oxygen distance: (i) peak position of Fe-O g(r), dre-o (A), and
(ii) average value, dre-0, coordination number of iron, CN, and average octahedral order parameter, qoc) for iron in
water and for iron complexed with two polyGalA octamers obtained with different iron and water force fields. For the
12-6 and Dummy Jiang models of Fe?**, the Fe-O g(r) for Fe** complexed with polyGalA exhibits two peaks, so that two
values are provided for dre-o.

Force field Simulated system

Fe?! in aqueous solution Fe?* complexed to GalA chains
Iron Water dreo (A) | dpeo(A) | CN | Goot | dreo (A) dreo(A) | CN | Gou
12-6 TIP3P 2.08 2.10+0.06 | 6.00 | 0.81 | 1.95/2.10™ | 2.09+0.12 | 6.00 | 0.76
SPC/E 2.09 2.11+0.06 | 6.00 | 0.82 | 1.96/2.10™ | 2.09+0.11 | 6.00 | 0.77
TIP3P 2.10 2.11+0.05 | 6.02 | 0.78 2.12 2.13+0.08 | 6.70 | 0.49
12-6-4 SPC/E 2.10 2.11+0.05 | 6.00 | 0.82 2.10 2.11+0.09 | 6.29 | 0.64
TIP4P-Ew 2.10 2.11+0.05 | 6.00 | 0.81 2.11 2.12+0.08 | 6.75 | 045
Dummy TIP3P 2.12 2.13+0.04 | 6.00 | 0.82 2.12 2.13+0.05 | 6.00 | 0.77
SPC 2.13 2.14+0.04 | 6.00 | 0.83 2.13 2.14+0.06 | 6.00 | 0.74
TIP3P 2.11 2.12+0.04 | 6.00 | 0.83 | 2.03/2.11™ | 2.10+ 0.07 | 6.01 | 0.74
Dummy Jiang | SPC/E 211 [2.11+0.04 | 6.00 [ 0.84 | 2.02/2.11" | 2.10+0.08 | 6.00 | 0.77
TIP4P-Ew 2.11 2.11+0.04 | 6.00 | 0.83 | 2.00/2.12" | 2.09 + 0.08 | 6.00 | 0.78
TIP3P 2.08 2.11+0.10 | 6.00 | 0.78 2.10 2.18+0.11 | 6.97 | 0.27
Curtiss/12-6-4 SPC 2.09 2.12+0.10 | 6.00 | 0.79 2.10 2.17+0.11 | 6.97 | 0.28
SPC/E 2.08 2.11+0.10 | 6.00 | 0.80 2.10 2.17+0.11 | 6.98 | 0.27
TIP4P-Ew 2.10 2.13+0.10 | 6.00 | 0.78 2.08 2.18+0.14 | 6.93 | 0.27
Curtiss/12-6 TIP3P - - - - 2.07 2.14+0.14 | 6.81 | 0.33
SPC - - - - 2.06 2.13+0.15] 647 | 0.21

** Positions of the two peaks of the bimodal distribution.
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Comparison between experimental EXAFS spectra and theoretical signals

determined from MD simulations
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Figure S4. Comparison between the EXAFS experimental spectra (black lines) and the theoretical signals determined
from Fe-O and Fe-H g(r) (red lines): Fe?* in water with the (a) 12-6-4, (b) Curtiss, and (¢) Dummy models; Fe?*
complexed with polyGalA with the Dummy model (d). EXAFS theoretical signals for Fe?* complexed with polyGalA
obtained with the 12-6-4, Curtiss/12-6, and Curtiss/12-6-4 models are not shown, given that they strongly overestimate

the CN of Fe?* (see Table 2).
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Fourier Transform

Figure S5. Comparison between the Fourier transform of the EXAFS experimental spectrum of Fe?* in water solution
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(black lines) and of the theoretical signals determined from MD simulations (red lines).
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Decomposition of Fe?™-O g(r)

T T T T T T M T T T T T T T T T T T T T T T
— Total ——— Total
20l —— Ocarb 1 —Ocarb ]
= Onon carb Onon carb
) —— Owater —— Owater
>
> 12-6-4
t t t }
—— Total — Total
op[ —Oca — Ocarb
[ —— Onon carb T ——Onon carb ]
— —— Owater —— Owater
=
4
&
o 10+ ]
0 } t
— Total / \ —— Total
—— Ocarb / \ —— Ocarb
= 20 Onon carb / \ T —— Onon carb ]
) —— Owater \ —— Owater /
o .
o Dummy Jiang
10} + 1
0 L 1 1 ! 1

1.9

1.9 2.0 2.1 2.2 2.3 2.4 2.5
r(A)

Figure S6. Fe-O g(r) for Fe** complexed with two polyGalA chains and decomposition into contributions from
carboxylate (Ocarb), non-carboxylate (Onon carb), and water oxygen atoms (Owater) for the various Fe** force fields

considered in this study.
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Distributions of coordination modes sampled with the various Fe?* models
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Figure S7. Percentage probability distribution of the local coordination geometries of Fe** sampled in the simulations
of two octameric GalA chains in the antiparallel arrangement in the presence of four Fe?* cations represented with the
different Fe?* force fields considered in this study. Configurations with a CN of 7 were also considered, while those with
a CN of S or 8 were neglected, since they contribute respectively to at most 0.1 % and 0.02 % of the total of sampled
configurations for a given force field. Configurations with a CN of 6 not described by the model coordination geometries
considered in this study are referred to as “Others”. Note that no SSIP or monocomplexation coordination was sampled.
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Comparison between the Fourier transform of the experimental EXAFS
spectrum of Fe?* in the polyGalA hydrogel and the theoretical signals
determined from the restrained MD simulations of model coordination

modes
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Figure S8. Comparison between the Fourier transform of the EXAFS experimental spectra of Fe?* in the polyGalA
hydrogel (black lines) and the theoretical signals determined from MD simulations of model coordination modes using
the 12-6 model (red lines).
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EXAFS analysis of the Fe**-polyGalA complex in an egg-box configuration
with the modified 12-6 model
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Figure S9. Fe K-edge EXAFS analysis of the Fe**-polyGalA hydrogel in an "egg-box" configuration using the modified
12-6 model. Upper panel: Fe-O from carboxylate (Ocarb), water, non-carboxylate (no carb) oxygen atoms, and Fe-H
two-body signals included in the fit, the total signal (red line) superimposed to the experimental one (black line). Lower
panel: the fit in the Fourier transformed space.
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Conformations of polyGalA chains with the model coordination modes
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Figure S10. Time-averaged configurations formed by two octameric GalA chains in the antiparallel arrangement in the
presence of four Fe?* cations with the model coordination geometries considered in this study: (a) side view and (b) top
view. Iron, oxygen, and carbon atoms are shown in green, red, and grey, respectively. For clarity, only heavy and ring
atoms of GalA units are shown in (a) and (b), respectively.
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