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S1 Supplementary Information Membranes

S1.1 Partial Charges for Lipids

The partial charges developed for the PC, PE, and PS groups are presented in the schemata

below.
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Figure S1: PC. The charge the oxygens was decreased by -0.125 from -0.780 to -0.655. The
charges of this hydrogens were decreased by 0.02 from 0.25 to 0.23. The charges of this
hydrogens were decreased by 0.035 from 0.25 to 0.215. These changes resulted in a total
charge of +0.75 for the choline group and −0.75 for the phosphate group. The Lennard-
Jones parameters were not changed.
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Figure S2: PS. The charge the oxygens was decreased by -0.125 from -0.780 to -0.655 .
The charges of this hydrogens were decreased by 0.0825 from 0.33 to 0.2475. The charge
of the N was increased from -0.3 to -0.3025. The charge on the carbon was increased by
0.05 from 0.34 to 0.39. The charges of oxygens were decreased by -0.1 from -0.67 to -0.57.
These changes resulted in a total charge of +0.75 for the ammonium group, −0.75 for the
carboxyl group, and −0.75 for the phosphate group. The Lennard-Jones parameters were
not changed.
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Figure S3: PE. The charge the oxygens was decreased by -0.125 from -0.780 to -0.655 . The
charges of this hydrogens were decreased by 0.0825 from 0.33 to 0.2475. The charge of the
N was increased from -0.3 to -0.3025. These changes resulted in a total charge of +0.75 for
the ammonium group and −0.75 for the phosphate group. The Lennard-Jones parameters
were not changed.
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S1.2 Simulated Lipid Bilayer Systems

S1.2.1 POPC

Table S1: Simulated POPC bilayers in different ion concentrations using the pros-
ECCo75 force field All systems contain 200 lipids and 9000 waters and were simulated at
310K.

Salt
Total

salt conc.
[mM]

Bulk
salt conc.
[mM]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

Data
available

None 0 0 0 0 1370 0.627 S1

CaCl2 25 12 4 8 1000 0.627 S1

CaCl2 56 32 9 18 1000 0.621 S1

CaCl2 111 80 18 36 1000 0.621 S1

CaCl2 222 195 36 72 1000 0.615 S1

CaCl2 450 449 73 146 1461 0.607 S1

CaCl2 900 921 146 292 1000 0.595 S1

CaCl2 2972 2997 496 992 1000 0.569 S1

NaCl 56 44 9 9 432 0.623 S1

NaCl 111 87 18 18 1000 0.603 S2

NaCl 481 452 78 78 1000 0.627 S1

NaCl 900 902 146 146 432 0.604 S1

NaCl 968 985 157 157 174 0.595 S1

1 Standard error estimated using block averaging: ±0.001 nm−2
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Table S2: Simulated POPC bilayers in different ion concentrations using the
CHARMM36-NBFIX force field All systems contained 200 lipids and 9000 water
molecules and were simulated at 310 K.

Salt
Total

salt conc.
[mM]

Bulk
salt conc.
[mM]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

Data
available

CaCl2 56 35 9 18 595 0.648 S3

CaCl2 111 94 18 36 1000 0.646 S4

CaCl2 154 140 25 50 432 0.646 S3

CaCl2 450 518 73 146 594 0.636 S3

NaCl 56 42 9 9 667 0.650 S3

NaCl 111 85 18 18 1000 0.628 S5

NaCl 154 133 25 25 432 0.645 S3

NaCl 968 1049 157 157 376 0.631 S3

1 Standard error estimated using block averaging: ±0.001 nm−2

Table S3: Simulated POPC bilayers in different ion concentrations using the
CHARMM36 force field All systems contained 200 lipids and 9000 water molecules and
were simulated at 310 K.

Salt
Total

salt conc.
[mM]

Bulk
salt conc.
[mM]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

Data
available

None 0 0 0 0 383 0.651 S3

CaCl2 56 1 9 18 879 0.633 S3

CaCl2 111 0 18 36 1000 0.619 S6

CaCl2 450 56 73 146 897 0.582 S3

NaCl 56 32 9 9 239 0.647 S3

NaCl 111 70 18 18 1000 0.626 S7

NaCl 968 998 157 157 863 0.629 S3

1 Standard error estimated using block averaging: ±0.001 nm−2
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S1.2.2 DPPC

Table S4: Data for DPPC bilayers with and without salt, and at different tem-
peratures using the prosECCo75 and CHARMM36 force field

System Force Field
Total

salt conc.
[M]

Bulk
salt conc.

[M]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

Temp.
[K]

Available
at

Pure prosECCo75 0 0 0 0 730 0.591 3282 S8

CaCl2 prosECCo75 0.450 0.430 73 146 860 0.479 3282 S9

Tm2 prosECCo75 0 0 0 0 1000 Fig S8 319-3294 S10

Tm3 prosECCo75 0 0 0 0 1000 Fig S8 319-3294 S11

Tm2 CHARMM36 0 0 0 0 1000 Fig S8 319-3294 S12

Tm3 CHARMM36 0 0 0 0 1000 Fig S8 319-3294 S13

1 Standard error estimated using block averaging: ±0.001 nm−2

2 Melting temperature (Tm) starting from a fluid conformation
3 Melting temperature (Tm) starting from a gel conformation
4 Every 1 K
5 128 DPPC molecules, 6400 water molecules

Table S5: Data for DPPC bilayers with and without salt using the ECC-DPPC force
field. 128 lipid molecules were simulated in a box with 6400 water molecules. Run at 328K

System
Total

salt conc.
[M]

Bulk
salt conc.

[M]

Num.
of

cations

Num.
of

anions

Time
[ns]

Pure 0 0 0 0 300
CaCl2 0.160 0.120 19 38 570
CaCl2 0.380 0.290 39 78 1460
CaCl2 0.500 0.430 58 116 300
CaCl2 1.0000 0.860 116 232 300

S1.2.3 POPS and POPS/POPC Systems

The list of pure POPS and POPC:POPS 5:1 simulations that were performed for the struc-

tural validation (system with no ions), as well as the list of simulations concerning ion

binding, is presented in Table S6.
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Table S6: Simulated POPS and POPC/POPS bilayers in different ion concentra-
tions using the prosECCo75 force field All systems contains 144 lipids and 5760 waters
and were simulated at 298K.

Salt POPC POPS Contraions
Total

salt conc.
[mM]

Bulk
salt conc.
[mM]

Num.
of

cations1

Num.
of

anions

Time
[ns]

Area per
lipid2

[nm−2]

Available
at

None 0 144 Na+ 144 0 0 0 0 500 0.542 S14

None 120 24 K+ 24 0 0 0 0 1200 0.610 S15

CaCl2 120 24 K+ 24 96 24 10 20 1200 0.593 S15

CaCl2 120 24 K+ 24 299 174 31 62 1200 0.580 S15

CaCl2 120 24 K+ 24 1002 939 104 208 1200 0.565 S15

CaCl2 120 24 K+ 24 2997 3090 311 622 1200 0.538 S15

None 120 24 Na+ 24 0 0 0 0 500 0.561 S16

CaCl2 120 24 Na+ 24 96 31 10 20 500 0.548 S17

CaCl2 120 24 Na+ 24 299 212 31 62 500 0.539 S18

CaCl2 120 24 Na+ 24 1002 982 104 208 500 0.527 S19

CaCl2 120 24 Na+ 24 2997 3104 311 622 500 0.502 S20

1 In addition to counterions
2 Standard error estimated using block averaging: ±0.001 nm−2

Table S7: Simulated POPS and POPC/POPS bilayers in different ion concen-
trations using the CHARMM36 force field All systems contains 144 Lipids and 5760 water
molecules and were simulated at 298 K. Unless stated otherwise.

Salt POPC POPS Contraions
Total

salt conc.
[mM]

Bulk
salt conc.
[mM]

Num.
of

cations1

Num.
of

anions

Time
[ns]

Area per
lipid2

[nm−2]

Available
at

None 0 128 Na+ 128 0 0 0 0 1000 0.546 S21

None 24 120 Na+ 120 0 0 0 0 3000 0.575 S22

CaCl2 24 120 Na+ 120 96 0.1 10 20 3000 0.556 S23

CaCl2 24 120 Na+ 120 299 0.2 31 62 3000 0.529 S24

CaCl2 24 120 Na+ 120 1002 336 104 208 3000 0.523 S25

CaCl2 24 120 Na+ 120 2997 2566 311 622 3000 0.524 S26

1 In addition to counterions
2 Standard error estimated using block averaging: ±0.001 nm−2
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Table S8: Simulated POPS and POPC/POPS bilayers in different ion concen-
trations using the CHARMM36-NBFIX (Han) force field. All systems contain 5760 water
molecules and were simulated at 298K. Unless stated otherwise.

Salt POPC POPS Contraions
Total

salt conc.
[M]

Bulk
salt conc.

[M]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

Available
at

None 2502 50 Na+ 50 0 0 0 0 1200 0.649 S27

None 120 24 Na+ 50 0 0 0 0 1000 0.581 S28

CaCl2 120 24 Na+ 120 96 16 10 20 1000 0.576 S29

CaCl2 2503 50 Na+ 24 140 27 10 20 434 0.641 S27

CaCl2 120 24 Na+ 120 299 178 31 62 1000 0.572 S30

CaCl2 2504 50 Na+ 24 940 946 31 62 437 0.628 S27

CaCl2 120 24 Na+ 120 1002 1041 104 208 1000 0.556 S31

CaCl2 120 24 Na+ 120 2997 3365 311 622 1000 0.520 S32

1 Standard error estimated using block averaging: ±0.001 nm−2

2 11207 water molecules, 320K
3 11190 water molecules, 320K
4 11174 water molecules, 320K

S1.2.4 POPE Systems

Table S9: Simulated POPE systems using the prosECCo75 force field All the sys-
tems contain 144 lipids and 5760 water molecules and were simulated at 310K.

Salt POPE Contraions
Total

salt conc.
[M]

Bulk
salt conc.

[M]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

None 144 None 0 0 0 0 500 0.544
1 Standard error estimated using block averaging: ±0.001 nm−2
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S1.2.5 Systems with Cholesterol

Table S10: Simulated POPC systems with cholesterol using the prosECCo75 force
field All the systems contain 200 POPC lipids and 5760 water molecules and were simulated
at 310K.

Salt Cholesterol Contraions
Total

salt conc.
[M]

Bulk
salt conc.

[M]

Num.
of

cations

Num.
of

anions

Time
[ns]

Area per
lipid1

[nm−2]

Available
at

None 0 None 0 0 0 0 200 0.626 S33

None 22 None 0 0 0 0 200 0.578 S33

None 50 None 0 0 0 0 200 0.534 S33

None 86 None 0 0 0 0 200 0.494 S33

None 134 None 0 0 0 0 200 0.419 S33

None 200 None 0 0 0 0 200 0.422 S33

1 Standard error estimated using block averaging: ±0.001 nm−2

S1.3 Equilibration and Convergence of Lipid Bilayer Simulations

We checked the equilibration of the ion binding to POPC and POPC:POPS membranes.

For CHARMM36-NBFIX and prosECCo75, the convergence is achieved within the first 100/200

ns for both cations, and show constant binding and unbinding events. For CHARMM36 the

situation is dramatically different with no unbinding event and much longer equilibration

times, see Figures S4, S5, and S6.
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Figure S4: Binding of calcium ions to POPC membranes in CHARMM36 force field as a function
of time.
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considered to be bound to POPS when it is closer than 0.325 nm of any POPS oxygen atom.
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S1.4 Form Factor

To ensure that the structural properties of lipid membranes remain intact with prosECCo75

implementation, we also examine scattering form factor profiles, F (q), which offer informa-

tion on the overall packing density and shape of the membrane. These form factors are

calculated from simulations as Fourier transforms of electron density profiles, with the bulk

value subtracted, ρ(z) = ρall(z)− ρbulk, along the z-direction

∥ F (q) ∥=

√√√√( N∑
i=0

ρ(zi)(cos(qzi))∆z

)2

+

(
N∑
i=0

ρ(zi)(sin(qzi))∆z

)2

. (S1)

The form factors obtained from X-ray and neutron scattering experiments are directly

comparable with simulations. Additionally, scattering data can be analyzed using a model

to derive parameters such as area per lipid and membrane thickness. However, these derived

parameters are dependent on the chosen model, which may introduce uncertainties. Never-

theless, we provide a brief comparison between the simulation and experimental results in

Table S11.

S1.5 prosECCo75 Does Not Compromise the Original CHARMM

Lipid Force Field Quality

S1.5.1 POPC, POPE, POPS - Order Parameters, Form Factors, Area per Lipid

With the prosECCo75 approach, we aim to address a very specific overbinding issue by scaling

the charges of the well-established CHARMM36 force field. While this approach benefits

the extensive work done to fine-tune interactions in the original force field, our modifications

may potentially disrupt this balance, potentially affecting CHARMM36’s excellent agreement

with different experimental data.

To confirm that prosECCo75 reproduces the experimental structural characteristics of

lipid membranes with the same precision as CHARMM36, we calculated deuterium order pa-
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rameters for lipid headgroups and acyl chains, along with form factors for the whole bilay-

ers. These results were compared against experimental data, as shown in Figure S7. The

headgroup order parameters describe the conformational space sampled of the headgroups,

whereas the acyl chain order parameters describe the packing of lipid chains, and thus their

fluidity. Form factors also reflect on the packing of the lipid chains. However, their direct

interpretation is rather difficult, since they represent a Fourier transform of an electron den-

sity profile. Therefore we later compare also additional more intuitive structural parameters

between CHARMM36 and prosECCo75 and the experiment in Table S11.

As shown in the top left panel of Fig. S7, the scaling of charges in prosECCo75 leaves

the headgroup structure mainly unchanged. Slight improvements are observed for the β

and g1 carbons, whereas γ carbon is equally well presented by both models, and the α, g3,

and g2 carbons show a little worse agreement with experimental data with prosECCo75. It

is likely caused by the decreased charge in the phosphate group, which affects the dihedral

connecting the head group and the glycerol backbone. In the case of POPE and POPS lipids

(top middle and right panels), some carbons are better described by CHARMM36 and some by

prosECCo75.

This indicates that such subtle changes might fall within the error estimates for the

simulated and experimental data points and our prosECCo75 implementation does not com-

promise the structure of headgroups of PC, PE and PS phospholipids while compared to the

original CHARMM36 model.

Similarly, the acyl chain order parameters do not significantly differ between our prosECCo75

and CHARMM36, for none of the POPC, POPE and POPS lipid membranes, shown in the mid-

dle row of Fig. S7. Both prosECCo75 and CHARMM36 agree reasonably well with acyl chain

order parameter experimental data for POPC and POPE lipid membranes. This means that

the packing of the lipid bilayers is described reasonably in both models. This conclusion is

also supported by a good agreement of both models with x-ray scattering form-factor experi-

mental data. In the case of POPS membranes, both prosECCo75 and CHARMM36 models have
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Figure S7: Structural parameters from CHARMM36 and prosECCo75 models are com-
pared with experimental values. The top panels show headgroup and acyl chain order
parameters. Experimental data for POPC are from Ref. S34. Experimental data for POPE
headgroup order parameters are from Ref. S35. POPS experimental data for headgroup
order parameters are from Ref. S21, for acyl chains from Ref. S36. POPS membranes are
with sodium contraions. The bottom panel shows form factors. POPC CHARMM36 data
are from Ref. S37 and experimental POPC data from Ref. S38. Experimental data for POPS
are from Ref. S39 and experimental data for POPE from Ref. S40.

higher values of acyl chain order parameters than experimentally observed. This means that

the membranes are overcondensated in both of these models. Again, this is in agreement

with form-factor data where both simulation models have rather poor agreement with the

experiment.

Table S11 lists the areas per lipid (APL) and thicknesses of DOPC, DPPC, POPS,

and POPE membranes obtained from scattering experiments using a model and from MD

simulations with the CHARMM36-NBFIX and prosECCo75 force fields.
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Table S11: Area per lipid and membrane thickness Structural parameters remain close
to the experimental range after ECC scaling.

Lipid
APL

CHARMM36-NBFIX

[nm2]

APL
prosECCo75

[nm2]

APL
Experiment

[nm2]

Thickness
CHARMM36-NBFIX

[nm]

Thickness
prosECCo75

[nm]

Thickness
Experiment

[nm]

POPC
0.642 (303K)
0.650 (310K)

0.619 (303K)
0.627 (310K)

0.643 (303K)S38

0.659 (310K)S38

0.683 (303K)S41
3.88 (310K)

3.95 (303K)
3.90 (310K)

3.91 (303K)S38

DPPC 0.609 (325K)
0.571 (323K)
0.578 (324K)
0.574 (325K)

0.635 (325K)S38

0.628 (323K)S42
3.97 (325K) . 3.9 (323K)S38

POPS
0.55 (298K, Na+)S21

0.56 (298K, K+)S21
0.54 (298K, Na+)
0.60 (298K, K+)

0.627 (298K, Na+)S39
4.25 (298K, Na+)S21

4.25 (298K, K+)S21
4.25 (298K, Na+)
3.95 (298K, K+)

3.82 (298K, Na+)S39

POPE 0.535 (310K)S43 0.544 (310K) 0.580 308KS40 3.52 (310K)S43 3.47 (310K) 3.99 (308K)S40

The areas per lipid of POPC are slightly smaller with prosECCo75 than with CHARMM36,

with the latter showing excellent agreement with some experimental values.S38 In contrast,

another experiment reported somewhat larger values.S41 For DPPC, both CHARMM36 and

prosECCo75 underestimate the APL values, in line with the behavior observed in earlier

CHARMM36 simulations performed with GROMACS near the main transition temperature of

DPPC.S44,S45 prosECCo75 again predicts smaller APL values, likely due to the decreased

inter-lipid repulsion caused by the scaled-down charges. For POPC and DPPC, the mem-

brane thicknesses agree well between simulation models and experiments.

The APL values for POPS lipids are somewhat underestimated by both CHARMM36 and

prosECCo75. The fact that the latter shows improved agreement with the experiment when

K+ counter-ions are used instead of Na+ ones indicates that the too-small APL values result

from excessive condensation caused by the counter-ions. This hints that monovalent ions

might bind too much to the PS headgroup not only in CHARMM36 but also in prosECCo75

despite charge-scaling. The too-small APL values of CHARMM36 and prosECCo75 for POPC

go hand in hand with too-large membrane thickness values.
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S1.5.2 DPPC - Main Transition Temperature (Tm)

Phase behavior is a critical aspect of lipid bilayers. The main phase transition temperature

(Tm) is the temperature when a bilayer changes from the gel (i.e., solid) to the liquid-

disordered (i.e., liquid) phase. To characterize how the changes in interaction parameters

from CHARMM36 to prosECCo75 affect Tm, we evaluated its value for a phosphatidylcholine

lipid in CHARMM36 (identical to CHARMM36-NBFIX in the absence of ions) and prosECCo75,

and compared the obtained values to experiment. As POPC has a Tm (271 K) below the

water freezing point, we use DPPC with a Tm of 314 K instead. Using two sets of simulations

starting either from the liquid or the gel phase, respectively, we simulate a DPPC membrane

at temperatures close to the experimental one and monitor the change of phase during

the simulation. Clearly, both CHARMM36/CHARMM36-NBFIX (Tm between 319 and 325 K) and

prosECCo75 (Tm between 322 and 328 K) show very similar Tm values which are only slightly

above the experimental value (see section S1.5.2 in the SI).

S1.5.3 Cholesterol - Order Parameters

In addition to PC, PE, and PS that form the majority of the phospholipids in the plasma

membrane and other cellular membranes,S46 cholesterol is also present in concentrations be-

tween 10% and 50% in these membranes.S46 Therefore, the accurate modeling of phospholipid–

cholesterol interactions is also crucial for a lipid force field. We evaluated the effect of choles-

terol on the order parameters of POPC headgroups and acyl chains in both CHARMM36

and prosECCo75 force fields and compared them to the experiment. As demonstrated pre-

viously,S34,S47 cholesterol has little effect on the headgroup conformations in experiments,

and this behavior is relatively well reproduced by the CHARMM36 force field.S48 The data,

shown in Fig. S9, demonstrates that the scaling of the PC headgroup charges based on the

ECC approach has little effect on the headgroup order parameters in a POPC/cholesterol

50/50 mixture. The order parameters for the g3 carbon deviate slightly between the two

models. Yet, this behavior is likely independent of cholesterol, as it was already observed for
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Figure S8: Simulations of DPPC at different temperatures using prosECCo75 and CHARMM36

stating from the liquid phase and the gel phase to determine the main phase transition
temperature. Running average over 10 ns is shown.

pure POPC bilayers (see Fig. S7). These results highlight that the scaling of the headgroup

charges does not compromise the lipid–cholesterol interactions in the prosECCo75 force field,

and it can thus be safely used to model lipid bilayers containing cholesterol.

Overall, the prosECCo75 and CHARMM36/CHARMM36-NBFIX force fields reproduce the ex-

perimental properties of all studied lipid bilayers with comparable accuracy without salt.

However, as demonstrated in the main text, prosECCo75 also reproduces experimental be-

havior in their presence, thus rendering it a better choice to model biomembranes in their

native conditions.
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Figure S9: Order Parameters of POPC molecule in POPC/cholesterol 1:1 mix-
ture. Both the original CHARMM36 and its scaled version prosECCo75 reproduce the
experimental data with similar accuracy except for the g3 carbon–hydrogen bond order pa-
rameter. Here, CHARMM36 performs better.

S1.5.4 Preferred Calcium Ion Binding Pattern and Lipid Complexation

The complexation number of an ion is calculated as the number of lipid phosphate atoms

located within a distance of 0.5 nm from the specified ion. The cut-off value was previously

validated.S49

Although the response of the headgroup order parameters to calcium ions is similar

in both the CHARMM36-NBFIX and prosECCo75 force fields, there are clear differences be-

tween these force fields in terms of coordination numbers and residency times. In the

prosECCo75 force field, the mean coordination number is ≈ 1.7, which is higher than that

of CHARMM36-NBFIX with a mean coordination number of 1.3. Both values are somewhat

lower than 2, which was obtained from fitting binding models to experiments.S50 In contrast,

CHARMM36 has an average coordination number of 3.5, significantly exceeding the experimen-

tal estimate.

The interaction of Ca2+ with different oxygen atoms also varies significantly among the
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Figure S10: Complexation of POPC lipids to calcium ions. The coordination number
of calcium ions with POPC molecules was determined as the number of lipids in which
phosphate or carbonyl oxygen atoms are within the cut-off of 0.5 nm of a given ion. Reported
systems have 450mM calcium system concentration.

models, as illustrated in Table S12. In CHARMM36, Ca2+ primarily interacts with phosphate

oxygens without penetrating deeper into the carbonyl region. In CHARMM36-NBFIX,

cations exhibit less tight binding to phosphates, allowing them to transiently sample the

carbonyl region deeper within the membrane. In prosECCo75, Ca2+ samples the carbonyl

region even more effectively.
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Table S12: Ion binding to oxygen atoms of phosphate and carbonyl group of POPC
lipids. Top: Sodium ions binding to POPC membrane with 968 mM system concentration of
NaCl. Bottom: Calcium ion binding to POPC membrane with 450mM system concentration
of CaCl2. The cutoff used is 0.325 nm.S49

Na+ Phosphate Carbonyl
oxygens oxygens

CHARMM36 81% 52%
CHARMM36-NBFIX 61% 62%

prosECCo75 81% 63%

Ca2+ Phosphate Carbonyl
oxygens oxygens

CHARMM36 100% 3%
CHARM36-NBFIX 88% 24%
prosECCo75 90% 52%

S1.5.5 Calcium/Sodium Density Profiles
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Figure S11: Density profiles of calcium and sodium ion binding to POPC membranes at
different concentrations run with prosECCo75 force field.

S-22



0 1 2 3 4
0.0

0.2

0.4

0.6

Io
n 

nu
m

be
r d

en
sit

y

56 mM

0 1 2 3 4
0.0

0.2

0.4

0.6

113 mM

0 1 2 3 4
0.0

0.2

0.4

0.6

900 mM

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

Cu
m

ul
at

iv
e 

io
n 

nu
m

be
r d

en
sit

y

0 1 2 3 4
Distance from the Membrane Center [nm]

0.0

0.5

1.0

1.5

0 1 2 3 4
0

5

10
Calcium ions
Sodium ions

prosECCo75

Figure S12: Density profiles of calcium and sodium ion binding to POPC membranes at
different concentrations run with prosECCo75 force field. Top panels: Number density pro-
files of ions along the membrane normal. The membrane center is at 0 nm. Bottom panels:
Integrated ion number density along the membrane normal. Concentrations reported refer
to the system concentration.
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Figure S14: POPS Headgroup order parameter change with ions bound to the membrane is
not trivial in CHARMM36 model of POPC:POPS membranes.
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Figure S15: POPS Headgroup order parameter change with ions bound to the membrane is
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Figure S16: POPS Headgroup order parameter change with ions bound to the membrane is
not trivial in prosECCo75 model of POPC:POPS membranes.

S1.5.6 POPC in prosECCo75 is Structurally Better than ECC-CHARMM36

Our previous model of POPC using ECC, named ECC-CHARMM36,S51 followed the recipe opti-

mized for amber14 POPC force field.S51 Because it scaled every partial charge and Lennard-

Jones parameters, several dihedrals were affected, see Figure S17. prosECCo75 behaves

better as we purposely do not touch so many dihedrals, especially critical ones.

Figure S17
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S1.5.7 Experimentally Measured Differences in Order Parameter Response to

Calcium Ions between DPPC and POPC Membranes are not Repro-

duced by Force Fields

Interestingly, the effect of calcium ions concentration on the experimental NMR α-CH bond

order parameter differs slightly between DPPCS52 and POPCS50 membranes with DPPC

headgroups being more sensitive to calcium ions. This difference between the response of

α order parameter to calcium ions in DPPC (see Table S4 and POPC membranes is not

reproduced by the prosECCo75 model nor by ECC-POPC amber-based force-field,S51 see

Figure S18.
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Figure S18: α-CH and β-CH response to calcium ions in POPC and DPPC membranes.
No difference in the behavior is observed between POPC and DPPC membranes in sim-
ulations. Both CHARMM36-based prosECCo75 force field and Amber-based ECC-POPC,
ECC-DPPC force field were examined. Experimental data for DPPC was measured at 323K
and taken from DPPC.S52 Experimental data for POPC was measured at 313K and taken
from.S50 DPPC simulations were run at 328K. POPC simulations were run at 310K.

While both POPC and DPPC simulations with prosECCo75 force field follow the POPC

experimental line, in the case of ECC-POPC forcefield, both POPC and DPPC simulations

follow the DPPC experimental line.

In both force fields, prosECCo75 and ECC-POPC, β-CH order parameter response to

calcium ions is the same for POPC and DPPC membranes and follows the DPPC exper-
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imental line. Since no experimental data exist for the β-CH order parameter response to

calcium ions for POPC membranes, it remains unclear if an experimental difference between

the DPPC and POPC response to calcium ions exists also for β-CH order parameter.

S1.5.8 Sodium Ions Overbind to POPS Membranes Even in prosECCo75 Force

Field - Potassium Comparison

In prosECCo75, sodium counterions bind to pure POPS membranes significantly more than

potassium counterions as can be seen in Figure S19 b). At the same time, the membranes

simulated with potassium counterions have significantly better agreement of scattering form

factors with experimental data, as in Figure S19 a). This indicates that sodium binding to

pure POPS membrane is still overestimated in the prosECCo75 force field.

Figure S19: POPS membrane with K+ and Na+ contraions simulated with
prosECCo75 force field a) Form factor of POPS membrane with different contraions. b)
Binding of different counterions to POPS membrane in time. Simulations are at 298K.
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S2 Supplementary Information Amino Acids and Pro-

teins

S2.1 Osmotic Coefficient Calculations for Amino Acids and Small

Peptides

Osmotic coefficient calculations were employed to evaluate the performance of prosECCo75

force field in modeling small organic molecules. We carried out simulations of twenty natural

L-amino acids. Three concentrations were simulated for amino acid solutions [0.5 M; 1 M;

2M], similar to the previous study.S53 We also adopted the same experimental reference data.

In the case of charged species, the system was charge-neutralized by counter ions (sodium

or chloride).

To calculate the osmotic coefficients, we adopted the methodology developed by Luo

and Roux S54 and further applied to amino acids and saccharides.S53,S55 The solutes were

randomly placed in a cubic box of 4.8 nm. Then, the simulation box was extended by 2.4

nm in each direction along the z-axis and filled with pure water. The solutes were restrained

to the central 4.8 nm cube by a flat-bottom harmonic potential of k = 1000 kJ/mol−1nm−2.

These virtual walls were acting only on solute atoms, while water molecules were free to

move. Simulations were performed in NPT ensemble with the pressure coupling applied

only to z-axis. The applied forces were extracted from the production MD part using the

following equation:

F =
N∑
i

1/2× k × |zi − zwall| (S2)

where zi is the instantaneous coordinate of atom i and zwall is the position of the correspond-

ing harmonic restraint. The summation runs over all the atoms N that crossed the walls.

The resulting osmotic pressure averaged over two walls was calculated as:

Π = 1/2× ⟨F ⟩/A (S3)
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where ⟨F ⟩ is the mean force over all analyzed frames, and A is the cross-sectional area of

the system.

Finally, molal osmotic coefficients were calculated using the ideal osmotic pressure (Πid)

according to the equation

ϕ =
Π

Πid

=
Π

RT mν Mw

Vw

, (S4)

where Vw is the molar volume of water (0.018 L·mol−1), R is the universal gas constant, T

is the absolute temperature, m is the molality of the solute in the restrained part of the

box, ν is the Van’t Hoff coefficient (1 for neutral species and 2 for charged ones), and Mw

is the molar mass of water, 0.018 kg·mol−1. Solute molality was calculated from the known

number of solute molecules and by counting water oxygen atoms in the restrained region.

Standard error was estimated using block averaging.
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S2.2 prosECCo75 does not Compromise the Original CHARMM

Protein Force Field Quality

S2.2.1 Additional Data Osmotic Coefficients, Amino Acids, Dipeptides, and

Tripeptides

Table S13: Amino acids osmotic coefficients. c36 corresponds to CHARMM36m, p75 corre-
sponds to prosECCo75, exp corresponds to experiments.S53,S56

Concentration 0.5 M 1.0 M 2.0 M

Amino Acid c36 p75 exp c36 p75 exp c36 p75 exp

Ala (A) 0.837 1.023 1.004 0.748 1.057 1.009 0.578 1.124 1.016
Asn (N) 0.874 1.014 0.748 1.054 0.543 1.002
Cys (C) 0.817 0.994 0.886 0.706 0.981 0.736 0.518 0.964
Gln (Q) 0.928 1.143 0.751 1.057 0.673 1.092
Gly (G) 0.780 1.047 0.957 0.624 1.032 0.929 0.450 1.025 0.904
His (H) 0.951 1.179 0.891 1.050 0.794 1.123
Ile (I) 0.881 1.091 0.830 1.066 0.578 1.075
Met (M) 0.859 1.031 0.655 0.959 0.270 0.807
Leu (L) 0.890 1.078 0.842 1.058 0.500 0.988
Phe (F) 0.912 1.117 0.713 0.936 0.418 0.765
Pro (P) 1.101 1.107 1.023 1.140 1.182 1.046 1.232 1.332 1.095
Ser (S) 0.852 1.044 0.950 0.691 1.018 0.907 0.456 0.994
Thr (T) 0.918 1.063 0.988 0.781 1.011 0.982 0.586 1.060 0.979
Trp (W) 0.783 0.792 0.496 0.608 0.314 0.442
Tyr (Y) 0.852 0.912 0.653 0.780 0.454 0.703
Val (V) 0.980 1.100 1.036 0.869 1.089 1.073 0.735 1.159 1.146
Arg (R) 0.759 1.015 0.913 0.573 0.949 0.867 0.539 0.955
Glu (E) 0.840 0.955 0.907 0.793 0.912 0.920 0.786 0.858 0.992
Lys (K) 0.790 1.046 0.917 0.746 1.104 0.980 0.784 1.275 1.130
Asp (D) 0.847 0.938 0.701 0.886 0.692 0.780
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Table S14: Dipeptide osmotic coefficients. c36 corresponds to CHARMM36-NBFIX, p75 corre-
sponds to prosECCo75, exp corresponds to experiments.S53,S56

Concentration 1 M

dipeptide c36 p75 exp

AA 0.6662 1.1265 1.04
GG 0.2854 0.9283 0.882
AG 0.5665 1.035 0.956
GA 0.4173 1.0456 0.951

Table S15: Tripeptide osmotic coefficients. c36 corresponds to CHARMM36-NBFIX, p75 corre-
sponds to prosECCo75, exp corresponds to experiments.S53,S56

Concentration 0.3 M

tripeptide c36 p75 exp

GGG 0.6815 1.0663 0.905
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S2.2.2 Dipeptides - Ramachandran plot
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Figure S20: Ramachandran plot for four dipeptides: RR (a), KK(b), DD (c), and EE (d). The
Ramachandran plot was calculated for the original FF (CHARMM36-NBFIX, red) and the scaled one
(prosECCo75, green).
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S2.2.3 IDPs - Radius of Gyration and Coil Propensity
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Figure S21: Gyration Radii for 5 IDPs: Abeta1-40, Abeta1-42, drkN, hIAPP and Histadin-5.
The gyration radius was calculated with the original FF (CHARMM36-NBFIX, blue) and with
the scaled one (prosECCo75, red).
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Figure S22: Percentage of random coiled structure for 5 IDPs: Abeta1-40, Abeta1-42,
drkN, hIAPP, and Histadin-5. The coiled percentage was calculated with the original FF
(CHARMM36-NBFIX, blue) and with the scaled one (prosECCo75, red).
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S3 Supplementary Information Saccharides

S3.1 Simulated Saccharides

Table S16: Simulated carbohydrate solutions for osmotic coefficient predictions
The temperature in all simulations was 310 K.

Carbohydrate
Designed

molarity [M]
Num. of
α-isomers1

Num. of
β-isomers1

Num. of
Na+ ions

Num. of
waters

Time2

[ns]
Zenodo
link

d-GalA 0.10 3 4 7 7197 >200 10.5281/zenodo.10151774
d-GalA 0.25 6 10 16 7103 >200 10.5281/zenodo.10151774
d-GalA 0.50 13 20 33 6936 >200 10.5281/zenodo.10151774
d-GalA 0.75 19 31 50 6778 >200 10.5281/zenodo.10151774
d-GalA 1.00 26 41 67 6614 >200 10.5281/zenodo.10151774
d-GlcA 0.10 3 4 7 7192 >200 10.5281/zenodo.10698129
d-GlcA 0.25 6 10 16 7102 >200 10.5281/zenodo.10698129
d-GlcA 0.50 13 20 33 6927 >200 10.5281/zenodo.10698129
d-GlcA 0.75 19 31 50 6767 >200 10.5281/zenodo.10698129
d-GlcA 1.00 26 41 67 6609 >200 10.5281/zenodo.10698129

1 Equilibrium anomeric ratios were modeled according to Ref. S57
2 CHARMM36 and prosECCo75 – 220 ns, CHARMM36-NBFIX – 210 ns. The last 200 ns were used for the analysis.

Table S17: Carbohydrate systems used for the calculation of the free energy of
puckering The temperature in all simulations was 310.15 K.

Carbohydrate Force field
Num. of
cations

Time
[ns]

Zenodo
link

d-GlcA CHARMM36 1 Na+ 200 10.5281/zenodo.10700652
d-GlcA CHARMM36-NBFIX 1 Na+ 200 10.5281/zenodo.10700652
d-GlcA prosECCo75 1 Na+ 200 10.5281/zenodo.10700652
d-GalA CHARMM36 1 Na+ 200 10.5281/zenodo.10700652
d-GalA CHARMM36-NBFIX 1 Na+ 200 10.5281/zenodo.10700652
d-GalA prosECCo75 1 Na+ 200 10.5281/zenodo.10700652

S3.2 Osmotic Coefficient Calculations and Experimental Results

for Acidic Saccharides

Osmotic coefficient calculations were employed to evaluate the performance of prosECCo75

force field in modeling small organic molecules. We carried out simulations of twenty natural
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Table S18: Carbohydrate systems used for the calculation of the free energy of
rotation around the glycosidic bond The temperature in all simulations was 310.15 K.

Carbohydrate Force field
Num. of
cations

Time
[ns]

Zenodo
link

β(1,4)-d-GlcA-β-d-GlcNAc CHARMM36 1 Na+ 300 10.5281/zenodo.12759642
β(1,4)-d-GlcA-β-d-GlcNAc CHARMM36-NBFIX 1 Na+ 300 10.5281/zenodo.12759642
β(1,4)-d-GlcA-β-d-GlcNAc prosECCo75 1 Na+ 300 10.5281/zenodo.12759642
α(1,4)-d-GalA-α-d-GalA CHARMM36 2 Na+ 300 10.5281/zenodo.12759642
α(1,4)-d-GalA-α-d-GalA CHARMM36-NBFIX 2 Na+ 300 10.5281/zenodo.12759642
α(1,4)-d-GalA-α-d-GalA prosECCo75 2 Na+ 300 10.5281/zenodo.12759642

L-amino acids and two monosaccharides, d-glucuronic and d-galacturonic acids. Three con-

centrations were simulated for amino acid solutions [0.5 M; 1 M; 2M], similar to the previous

study.S53 We also adopted the same experimental reference data. For monosaccharides, we

carried out our own experimental measurements described in the Methods section. Five

concentrations [0.1 M; 0.25 M; 0.5 M; 0.75 M; 1 M] were modeled to cover an experimentally

measured concentration range up to 1 M. The monosaccharides were simulated in ∼2:3 ratio

of α/β monomers in accord with the experimentally measured anomeric equilibrium.S57 In

the case of charged species, the system was charge-neutralized by counter ions (sodium or

chloride). For computational details, see section S2.1.

S3.3 Experimental Determination Osmotic Coefficient for Acidic

Saccharides

For saccharides, the determined experimental osmolalities were fitted to a three-parameter

equation:

Osm = 2 ·mX−Na + A · (mX−Na)
3
2 +B · (mX−Na)

2 + C · (mX−Na)
3 (S5)
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where mX−Na is molality of saccharide–sodium salt and A, B, and C are adjustable param-

eters. Note that 2 ·mX−Na term is the osmolality of the ideal solution.

The osmotic coefficients were calculated from osmolality:

ϕ =
Osm

2 ·mX−Na

(S6)

Combining the two previous equations, the osmotic coefficient can be calculated as:

ϕ = 1 +
A

2
· (mX−Na)

1
2 +

B

2
·mX−Na +

C

2
· (mX−Na)

2 (S7)

Parameters A, B, and C used for the fitting are given in Table S19, while tabulated

values of both osmolalities and osmotic coefficients are given in Table S21.

Table S19: Fitting parameters in calculating experimental osmotic coefficients of saccharide
solutions.

Saccharide A [kg1/2/mol1/2] B [kg/mol] C [kg2/mol2]

βd-GalA –0.307 –0.508 0.326
βd-GlcA –0.378 0.00822 0

S3.4 prosECCo75 does not Compromise the Original CHARMM

Saccharide Force Field Quality

The free energy of puckering of glucuronic acid (GlcA) and galacturonic acid (GalA) was

calculated for the three studied force fields, prosECCo75, CHARMM36, and CHARMM36-NBFIX to

evaluate the force field effects in the carbohydrate internal conformation. The composition of

the systems can be found in Table S17. The free energy was calculated using well-tempered

metadynamicsS58 in gromacs version 2020.4 modified with plumed.S59,S60 The three cartesian

coordinates of the Cremer-Pople saccharide pseudorotation angles were used as a collective

variableS61,S62 and biased by adding hills with a width of 0.01 nm and an initial height of
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2kJ/mol every 250 steps. The bias factor was set to 10. The resulting free energy was

converted to polar coordinates following the methodology outlined in Ref. S63.

Figure S23: Puckering free energy profiles for d-GlcA and d-GalA using CHARMM36,
CHARMM36-NBFIX, and prosECCo75. Note that the color bar was capped at 100 kJ/mol,
and every zone with a free energy over that value is colored in dark red.

Additionally, we also calculated the free energy of rotation around the glycosidic bonds for

the [α(1,4)-d-GalA-α-d-GalA] and [β(1,4)-d-GlcA-β-d-GlcNAc] disaccharides. These two

disaccharides were selected as they are constituents of pectin and heparin polysaccharides.

The simulation setups can be seen in Table S18. Similarly to the case of puckering, the

free energy of rotation was calculated with well-tempered metadynamics.S58 The Φ and

Ψ dihedral angles were used as collective variables, and defined as Φ =O5-C1-O1-C4’ and

Ψ =C1-O1-C4’-C3’.
S64 The apostrophe in the subindices indicates an atom of the second

(reducing) monosaccharide. The simulations were biased by adding hills with a width of

0.35 nm and an initial height of 2kJ/mol every 250 steps. The bias factor was set to 10.

There are negligible structural differences between saccharides when using CHARMM36,

CHARMM36-NBFIX, and prosECCo75 force fields, see Figures S23, S24.
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Figure S24: Free energy profiles of rotation around the glycosidic bond for the
[α(1,4)-d-GalA-α-d-GalA] and [β(1,4)-d-GlcA-β-d-GlcNAc] disaccharides using CHARMM36,
CHARMM36-NBFIX, and prosECCo75.

S3.5 Data Osmotic Coefficient Calculation and Experiments Sac-

charides

Table S20: Tabulated osmotic coefficients from simulations of saccharide solutions

CHARMM36 CHARMM36-NBFIX prosECCo75

Solution Molality [m]
Osmotic

Coefficient
Molality [m]

Osmotic
Coefficient

Molality [m]
Osmotic

Coefficient

d-GalA–Na 0.106 0.820 ± 0.026 0.106 0.935 ± 0.027 0.107 0.955 ± 0.026
d-GalA–Na 0.246 0.791 ± 0.028 0.246 0.967 ± 0.019 0.247 0.905 ± 0.020
d-GalA–Na 0.522 0.561 ± 0.030 0.520 0.915 ± 0.014 0.524 0.863 ± 0.016
d-GalA–Na 0.814 0.440 ± 0.026 0.807 0.893 ± 0.013 0.817 0.806 ± 0.011
d-GalA–Na 1.125 0.361 ± 0.010 1.111 0.870 ± 0.010 1.130 0.732 ± 0.013
d-GlcA–Na 0.106 0.899 ± 0.033 0.106 0.952 ± 0.029 0.107 0.932 ± 0.027
d-GlcA–Na 0.246 0.845 ± 0.019 0.246 0.962 ± 0.022 0.247 0.949 ± 0.018
d-GlcA–Na 0.521 0.737 ± 0.014 0.520 0.919 ± 0.016 0.524 0.883 ± 0.015
d-GlcA–Na 0.813 0.531 ± 0.016 0.807 0.916 ± 0.014 0.818 0.861 ± 0.010
d-GlcA–Na 1.123 0.447 ± 0.014 1.110 0.918 ± 0.012 1.130 0.829 ± 0.010
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Table S21: Experimental measurements of osmotic coefficients of saccharide solu-
tions The temperature in all experiments was 310.15 K.

Solution Molality [m] Osmolality [m]
Osmotic

Coefficient
Solution Molality [m] Osmolality [m]

Osmotic
Coefficient

d-GalA–Na 0.0495 0.095 ± 0.004 0.9626 ± 0.041 d-GlcA–Na 0.0496 0.096 ± 0.006 0.9668 ± 0.061
d-GalA–Na 0.0996 0.189 ± 0.002 0.9484 ± 0.011 d-GlcA–Na 0.0761 0.143 ± 0.007 0.9401 ± 0.047
d-GalA–Na 0.1243 0.229 ± 0.004 0.9222 ± 0.017 d-GlcA–Na 0.0917 0.170 ± 0.005 0.9269 ± 0.030
d-GalA–Na 0.1537 0.279 ± 0.011 0.9076 ± 0.036 d-GlcA–Na 0.1460 0.274 ± 0.009 0.9386 ± 0.031
d-GalA–Na 0.2003 0.360 ± 0.003 0.8985 ± 0.008 d-GlcA–Na 0.1982 0.365 ± 0.005 0.9205 ± 0.013
d-GalA–Na 0.2192 0.383 ± 0.005 0.8738 ± 0.011 d-GlcA–Na 0.2494 0.457 ± 0.006 0.9163 ± 0.013
d-GalA–Na 0.2472 0.428 ± 0.007 0.8659 ± 0.015 d-GlcA–Na 0.2991 0.537 ± 0.011 0.8976 ± 0.019
d-GalA–Na 0.2883 0.490 ± 0.004 0.8496 ± 0.007 d-GlcA–Na 0.3884 0.692 ± 0.009 0.8909 ± 0.012
d-GalA–Na 0.3982 0.661 ± 0.010 0.8300 ± 0.013 d-GlcA–Na 0.4974 0.865 ± 0.011 0.8696 ± 0.012
d-GalA–Na 0.4986 0.809 ± 0.010 0.8113 ± 0.011 d-GlcA–Na 0.5890 1.002 ± 0.015 0.8506 ± 0.013
d-GalA–Na 0.5754 0.903 ± 0.012 0.7847 ± 0.011 d-GlcA–Na 0.7372 1.237 ± 0.023 0.8390 ± 0.016
d-GalA–Na 0.7680 1.182 ± 0.011 0.7696 ± 0.007 d-GlcA–Na 0.9104 1.503 ± 0.021 0.8255 ± 0.012
d-GalA–Na 0.8805 1.334 ± 0.012 0.7575 ± 0.007

S4 Supplementary Information Ions

S4.1 Partial Charges for Ions

prosECCo75 force fields development includes 3 new ions to cover the two missing halides,

Br− (2 variants: Br s and Br 2s), and I− (I s). Both sets we designed to align reasonably

well with the other ions in the series, see Figure S25.

(a) Anions” s” (b) Anions” 2s”

Figure S25: Relation between α and ϵ parameters for ions in prosECCo75: (a) monovalent halo-
gens” s” and (b) monovalent halogens” 2s”. I− has only a variant compatible with both ” s” and
2s” variants.
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For the parameter optimization process, we use SPC/E S65 water since the default

TIP3PS66 model has a wrong density at biological conditions and cannot be compared with

experiments.

S4.2 Simulated Ions

The molecular details of the simulated ion systems can be found in Table S22. The ion opti-

mization was done using the Noosé-Hoover thermostat and the Parrinello-Rahman barostat

with relaxation times of 1.0 ps and 3.0 ps, respectively. Temperature was fixed at 298 K

and pressure to 1 bar. Additionally, the barostat used a compressibility of 5E-5 bar−1. The

cut-off schemes used were PME schemes (both Coulomb and Lennard-Jones) to take into

account non-bonding interactions after the cut-off radius of 1.2 nm. The simulation time

was 21 ns, where the first nanosecond was used as equilibration and a time step of 2 fs. The

sampling frequency of saving snapshots was 10 ps, analyzing a total of 2000 configurations

per hydration shell and density value.

Table S22: Salt systems used for the optimization of the monovalent salts (K+X−),
where X− may be Cl−, Br−, I−.

Salt
Number of

salt molecules
Number of

water molecules
Concentration

[m]
Time
[ns]

Temp
[K]

K+X− 25 2776 0.5 21 298.
K+X− 100 2776 2.0 21 298.
K+X− 200 2776 4.0 21 298.

S4.3 Comparison Neutron Scattering Data and Simulation for Ion

Solutions

In water solutions, the main contributions of the scattering pattern are the hydrogen and

oxygen atoms of the water molecule. The hydrogen contribution can be removed if the
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experiments take place in null water, which is water with a ratio of 1.784:1 of light and

heavy water (H2O:D2O) because the nuclei have an opposite contribution to the neutron

scattering experiment. For the liquids measured in this study, the constitution of the total

scattering patterns (S) is:

waterS(Q) = 37.4Spure
OO (Q)− 37.4

KClS(Q) = 34.1SOO(Q) + 8.1SOCl(Q) + 3.1SOK(Q)+

+ 0.5SClCl(Q) + 0.4SKCl(Q) + 0.1SKK(Q)− 46.3

KBrS(Q) = 34.1SOO(Q) + 5.7SOBr(Q) + 3.1SOK(Q)+

+ 0.2SBrBr(Q) + 0.3SKBr(Q) + 0.1SKK(Q)− 43.6

KIS(Q) = 34.1SOO(Q) + 4.4SOI(Q) + 3.1SOK(Q)+

+ 0.2SII(Q) + 0.2SKI(Q) + 0.1SKK(Q)− 42.1

(S8)

where the prefactors (in millibarns) are calculated from products of the atom concentrations

of the two nuclei in question and the coherent neutron scattering length of the two nuclei in

question, see explanation in Reference S67. These may be Fourier transformed to yield radial

distribution functions (G)that can be directly compared to molecular dynamics simulations:

waterG(Q) = 37.5Gpure
OO (Q)− 37.5

KClG(Q) = 34.1GOO(Q) + 8.1GOCl(Q) + 3.1GOK(Q)+

+ 0.5GClCl(Q) + 0.4GKCl(Q) + 0.1GKK(Q)− 46.3

KBrG(Q) = 34.1GOO(Q) + 5.7GOBr(Q) + 3.1GOK(Q)+

+ 0.2GBrBr(Q) + 0.3GKBr(Q) + 0.1GKK(Q)− 43.6

KIG(Q) = 34.1GOO(Q) + 4.4GOI(Q) + 3.1GOK(Q)+

+ 0.2GII(Q) + 0.2GKI(Q) + 0.1GKK(Q)− 42.1

(S9)

Noting there are some differences between Spure
OO (Q) for pure water and the halide so-
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lutions, subtracting 0.910 waterG(r) from the structure factor of the halide solution largely

cancels the Oxygen-Oxygen (OO) term and highlights the remaining structure of the so-

lution, which is principally constituted of the O-Halide, and O-K terms with a smaller

contribution from the ion-ion terms. This exact function can be calculated from MD

simulations and compared with the experiment. In each case the function compared is

KCl∆G = KClG(r) − 0.910 ·water G(r), KBr∆G = KBrG(r) − 0.910 · waterG(r) and KI∆G =

KIG(r)− 0.910 · waterG(r).

To compare the simulation details with the experimental neutron scattering parameters,

the individual simulation pair RDFs were scaled using the prefactors provided in Table S9.

S4.4 Characterization “ s” Anion Series and K s Cation

The parameterization of the Br− and I− anions was done to improve the density against

the K+ (K s). To this end, the SPC/E water modelS65 was used as it provides better pure

density than the CHARMM36 default mTIP3P water model.S66 Radial distributions for The

s anion series can be found in Figure S26. The performance of the ” s” and ” 2s” models

with respect to the experimental density can be found in Table S23.
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Figure S26: Characterization solvation shell ” s” series. a) Solvation shell of 4m potassium
chloride (KCl), 4m potassium bromide (KBr), and 4m potassium iodide (KI). The solid
lines are the experimental neutron scattering results, and the dashed lines are the simulation
results using K s, Cl s, Br s, and I s parameters. Right: Scaled contribution by the prefactor
for each atomic pair (Equation S9) and shifted to zero in Br s–K s solution.
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Table S23: Density values for KCl, KBr, and KI using the K s, Cl s, Cl 2s, Br s, Br 2s,
and I s models with SPC/E at different concentrations at 298 K and 1 bar. Experimental
valuesS68 and their differences are provided.

Density/[ kg/m3]
conc/[M] experimental Simulation Difference
K s Cl s

0.5 1019.73 1019.03 -0.70
2.0 1081.77 1072.90 -8.87
4.0 1152.25 1135.16 -17.09

K s Cl 2s
0.5 1019.73 1013.57 -6.16
2.0 1081.77 1052.76 -29.01
4.0 1152.25 1098.24 -54.01

K s Br s
0.5 1038.16 1034.30 -3.86
2.0 1151.08 1130.20 -20.88
4.0 1280.94 1241.56 -39.38

K s Br 2s
0.5 1038.156 1032.47 -5.69
2.0 1151.081 1124.42 -26.66
4.0 1280.935 1230.16 -50.78

K s I s
0.5 1055.50 1052.66 -2.84
2.0 1213.56 1197.38 -16.18
4.0 1391.38 1361.84 -29.54
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