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ABSTRACT

We present a combination fafrce field andab initio molecular dynamics simulatiotsgether witimeutron scattering
experimentsvith isotopic substitutiothataim at characterizing ion hydration and pairing in aqueous calcium chloride

and formate/acetate solutions. Benchmarking against neutron scattering data on concentrated solutions together with
ion pairing free energy profiles froab initio molecular dynamics allows us to develop an accurate calcium force

field which accounts in a medield way for electronic polarization effects via charge rescaling. This refined calcium
parameterization is directly usable for standard molecular dynanmmtgasons of processes involving this key

biological signaling ion.



I INTRODUCTION

The @lciumion is a key signaling species involved imany biological processes includimdjosteric
enzyme activation, neurotransmitter release, muscle contractiompthed biological processéd. Consequently,
numerougecent computemodeling studiefiaveaimedat elucidating the molecular mechanisms of the biological
actions of calciun§.?® In geneal, a molecular simulation can orie as accurate as the underlying force field. With
the commonly employed nepolarizable force fieldgproblems may aris® accurately descritgqueous ions of high
charge density, such atkali earth dicationsdue toimportant, but neglecteelectronic polarization effectd.As a
consequencesuch simulationsnay not accurately descrilvthout additional parameterizatighe ion pairingof
theseions in agueoussolutions and their binding to negatively charged groups pmoteins, nucleic acids, or

phospholipidg? 16

Recently, a simple but physically well justifieday of accounting in a medfield way for electronic
polarization (missing in nepolarizable force fields) via rescaling ionic charges has been sugg&$tétle scaling
factor of ~0.75 is the inverse square root of the electronic (figduency) part of the dielectric constant of water.
This scaling factor is dirély applicable to atomic ions with integer charge. For atoms with partial charges, including
those forming water molecules, the situation is more complicated, not least because varying extent of charge scaling
has already been applied implicitly when fitithe force field against experimental observabiiés.our previous
studies, we have applied thippoach to develop a charge scaled model of calcium benchmarked against structural
neutron scattering dafet® and successfully applied it to quantify its affinity to a commowigat-binding protein

calmodulirt® and to phospholipids in model membrafes.

Here, we introduce an additional benchmarking approach, nahehjtio molecular dynamic§AIMD) ,
which allows (albeit at a significant computational cost) to generate accurate free energy’pfofilesiring of
calcium with its counteion in waterWe gply this approach to aqueous calcium chloride and formate solutiens,
latter serving as a model foreinteractionof calcium with the carboxylic side chain groups of glutamate or aspartate
and theprotein C-terminus.Together with neutrons scattering experiments on analogous systéalows us to
refine the calcium force field, such that it is now applicable for accurate simulations of biological processes involving

this crucial signaling ionAs a bonus, we obtaia faithful description of these important calcium salt solutions with



guantitative molecular details concerning the hydration structure of the ions, as well as their tendency to form contact

and solvenshared ion pairs.

I METHODS

A. Experimental details — neutron scattering

Four solutions of calcium acetate were prepared with different isotopic constitutions, which are summarized
in TABLE 1. All these solutions were mpared using a common procedasefollows. Calcium oxide (anhydrous
99.99%, SigmeAldrich) was dissolved in the stoichiometric amount of acetic acid to yielttimeaacetate solution,
which consists after neutralization of a ratio water to acetate 2:56.55. For convenience, this is referredrno as a 1

calcium acetate solution in this study. The solution contamsagetate and th calcium concentrations.

TABLE 1. Isotopic composition of calcium acetate solutions used in neutron scattering measurements

Sample name Acid used for preparation Solvent
HsCCOOCa in HO HsCCOOH H20
D3;CCOOCa in HO DsCCOOH H-0
HsCCOOCa in BO HsCCOOD D20
D3;CCOOCa in RO DsCCOOD D20

Total neutron scattering patterns were measured for the four calcium acetate soliaiBhg () on the DAC
diffractometef? at the ILL in Grenoble, France, with neutromgh a wavelengthof &= 0.5A. Dat&® were recorded
for 3 h for each O sample anébr 6 h for each HO sample. The raw scattering data were then corrected for multiple
scattering and absorptighbefore being normalized versus a standard vanadium rod. This provided for each sample
the total scattering patter8(Q) First order differencedy S (, @drethen obtained by subtractitige total scattering

patterns ofCD;COO (Ds-acetatg and CHsCOO (Hs-acetatg solutions. These first order differences were obtained



both in HO and BO. Each of the can be expressed as a sum of-page structure factors, which contains only

structural data from the substituted mrx ¢ h a n g e a b IHsuldh yt dor oagneyn ofit h e rXo withallm i n s ol
the other termsanceing out. The expressions for the first order differencesi®s Qace ar e prHexyi ded be
referring to the exchangeable hydrogen atoms on water and the prefactors (expresiédinsinbeing calculated

from the concentrations and coherent scattering length of each nticldwsoffset is sutbactedso that the scattering

patternsoscillate around zerat long Q.
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which can bd-ouriertransformed to yield the corresponding seconder difference in-space:
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B. Computational details
1. Force field molecular dynamics

A set ofaqueousolutionswassimulated to investigate the association of the calcium cation with its most common
counteriond chloride anion as an example of the simpggsterical counterigrand formate or acetaéc) anions
to mimic the association with carboxylicogips d biological molecules. ¥stems containing one ion pair (a calcium
cation with a single chloride, formate or acetate ¢etion) in explicit watewere simulated to obtain the free energy
profiles for the corresponding ion associations and comparkeahavior of different force fieldgith ab initio (DFT)
simulations. In addition, force field simulations of concentrated solutions of,@a@lCaAg were performed to

directly compare theesultscomputed with different force fields with experimentalutron scattering datiABLE



IT summarizes the compositioaf the different simulated systems and provides in each case additional details about

the simulation setup.

TABLE II. Overview of simulatd systems with relevant details. For simulations in th& Bhsemble, the cell size is
the average value obtained from simulation runs, which slightly depends on the employed force field.

System Composition Ensemble Cell size cutoffs
Ca'Ci“mpgTr'o”ddon 1Cd", 1 Ct, 64 HO NVT 12.5A 6A
4 m CaC4 solution 52 C&*, 104 Ci, 719 HO NpT ~29.3A 12A
Ca'Ci“mp:;mate fon 1 C&*, HCOO, 107 HO NVT 14.73A 6 A
1 m CaAe solution 81 C&*, 162 CHCOO, 4581 HO NpT ~53A 12A

All force field moleculardynamicssimulations were performed with the Gromacs soft#arsing the leap frog

propagator with a 1s time step at constant temperature360K maintained by th&anonical Sampling through

Velocity RescalingCSVR) thermostat with a time constant @2 ps?’ Water molecules were described using the

SPC/E force field® their geometry being kept rigid by the Settle algorifirReriodic baindary conditions were

employedand longrange electrostatic interactions were treated by the particle mesh Ewald $&tHuoeh a barostat

was employed, the pressure coupling constant was sepgo Bach concentrated solution (Ca@t CaAg) was

equilibrated for at least 20s before a production run of at least 2§ long, which was used to evaluate the radial

distribution functions required to compute the neuscatteringsignal.

In this study, we employeskveralforce fields for calcium andhtoride ions. Firstwe used a common full

charge force field for both Gaand Ci1.3%%2We hereafter denote this force field FULL. We compare this standard

force field to the scaled charges calcium force field recently developed in our group, whichsatimpkbgctronic

continuumcorrectionwith ionic size refinementECCR).!! Here,the ionic chargearescaled by the factor 0.75 to

account for electronic polarization in a mean fieldy.'” The ionicLennardJones parameter

S

correspondi

reduced to recover the proper?CaH.0 interaction, as estimateidom neutron scattering data. In this work, we

proposea refinedCa* scaled charge force field, denoted as ECORich provides better agreement with ailr

initio simulationdata,leading to a slightly enlarged calciuradius compared to the ECCR modal.combination

with both ECCR and ECCR2 scaled charges calcium force fields, we used a scaled cbarfigdddor the chloride



anion the parameters of which were refined compared to our previous'$twtlich wasparametrized in our group

using reference neutron scattering data of lithium chloridé*aktails of the force fields used for €and Ci are

providedin TABLE III.

TABLE I11. Force fields for the calcium and chloride ions.

Ca* Crl
a 0 Charge a V] charge
A) (kJ/mol) © A) (kd/mol) ©
FULL 2.8196 0.5072 +2.00 4.4499 0.4184 -1.00
ECCR 2.5376 0.5072 +1.50 4.1000 0.4928 -0.75
ECCR2 2.66558 0.5072 +1.50 4.1000 0.4928 -0.75

In addition, we designed a force field for the acesaig formateaniors based on th&mberff99 force field3* the
charges being obtained from a RESP fit of the electrostatic potential on an optimized gedhesteyalculations
were performedisingthe Gaussian 09 softwaPevith the Hartree=ock method with the-81G* basis sét employed
both for the geometry optimization and the electrostatic potential calcul@tierresultingRESP charges are listed
in TABLE S landTABLE S Il in SI. The corresponding scaled charges force field was obtained by scaling the RESP

charges by the factor 0.75 without modification of the van der Waals potentials.

2. Abinitio molecular dynamics

Born-Oppenheimerb initio molecular dynamics simulations were performed using the &ipkmodule
of the CP2K packadéimplementing théwybrid Gaussiafunctionsand plane waves (GPWjethod® All simulations
were performed with a time step of @s5in the NVT ensemble, using tl@SVRthermostat with a time constant of
50fs. Periodic boundary conditions were used. The electronic structure of the system was tridsteldraity
functional level of theory with the BLYP functiod&f®with the Grimme correction schemBRT-D2)* to account
for dispersion interactions. The core electrons were described byammservingGTH pseudopotentiafé Kohn-
Sham orbitals were egpded in a Gaussian basis set: TZV2P MOLOPT for O, H, C, and BZYPOPT-SR-GTH-

910 for Ca in the aqueous €&HCOO system and in a DZ\MRIOLOPT-SR-GTH Gaussian basis set for the aqueous



Ca* CI systenm?® Previous studies demonstrated that the DZVP basigedes similar results to TZVP, while being

significantlyless computationally demandifiyA cutoff of 400Ry was used for the auxiliary plane wave basis set.

Free energy profiles for the ion pairing were obtaifega single CaCl ion paiand asingle calciurformate
ion pairat theab initio MD level, and comparetb results oforce field simulationson the same systentSonverging
suchab initiofree-energy profiles is extremely challenging and computationally expensive, so that only a few attempts
in this directioncan be found in the literatuffé" including studes of the Ca-Cl ion pair*>#¢ The free energy profile
along the CeCl distance was obtained at the initio level using two (in principle equivalent) methods: (i) integration
of mean force and (ii) umbrella sampling. This allowedto check the convergence of @mamputationallyery
demanding calculationsid estimate the associated ertarmethod (i), the average force between the studied ions is
evaluated at different fixed interionic distances and consequently integratedtlaéo CaCl distance to obtaithe
potentialof mean forc PMF). In contrast the umbrella sampling method uses a set of biasing harmonic potentials
along CaCl distance to enhance the sampling of rare ionic configurations. The initial configuratieastiovindow
of the ab initio simulations were taken from classical MD simulations of the same system. The umbrella sampling
windows were then combined and unbiased to obtain theefremyy profile using the WHAM algorithf The

standardsolumeentropy correctioff (+¢ QY& & ) was applied to all the obtained free energy profiles.

A total of 38 simulations with fixed G@&l interionic distances ranging from 282to 6.0A were performed
to obtain the average mean force altimgyCaCl distance, while thembrella sampling simulations used a total of 10
windows with distances ranging from 2 tdd6 Eachumbrellasampling window was duplicatestarting with two
different initial ggometries to ensure proper samplingsbévant calciurwater coordination numbef$Each window
was equilibrated for 1ps before a 5@s production run. The error bars were evaluatethestandard deviatian

obtained from 10 freenergy profiles generated fronpS cuts of te simulation production run.

Unlike the case of Ca&ClI, ab initio MD simulations are too expensive to alléav satisfactorilyconverged
samplingof all degrees of freedom of the structurally more compleX-8&€00 ion pair. It is thus beyond our reach
to fully characterize thab initio free energy landscager the iorion interaction.Neverthelesswe were able to
obtainthe freeenergy profile along the G@ distance in a monodentaerangement of the ion paisingumbrella
sampling simulations (13 windowsjith restraining the COCa angle around 188fhga harmonic force constant of

100 kJ mot rad? To further ivestigatethe interplay between the monand bidentate interaction mode, we



generatedhe free-energy profile along the @& distance (22 windows), restraining®Cto the OCO planasing a
harmonic restrainon the OCOCa dihedral angle with a force constant of 100 k3 mo. Due to the higher
complexity of thephase spacend applied restraints, the standaadlial volume entropy correction cannot be
employed here. The procedure used to correct the free energy profiles for the sampled volume is itedetitiiaul

Sl.

3. Comparison between ab initio and force field free energy profiles

The variousab initio free energy profiles were compared with the corresponding profiles obtained with
different force fields, for which full convergence could be reached using longer simulation times and additional
umbrella sampling windows. We further characterigath the different force fieldsthe detailedinteraction of a
calcium cation with the carbghc group of he formate anion. In particulave computed the full 2D free energy
profile in the OCOCa planalong the CaC distance and-C&miq angle where Qiq is the niddle point between the
two carboxylate oxygen atomighe distanceoordinate was binned from 2d6.1A and the angular coordinate was

binned from0 to 110°. The sampling was restrained to foemateplane using the same restraintslagve.

M. RESULTS AND DISCUSSION

A. Refining the Ca?* force field using ab initio simulations

First, wedescribehe Ca2*- ClI ion pairing usingAIMD simulations of single ion pain water. We obtain thab
initio free energy profilalong theCa?*-Cl- distanceFIG. 1 compaestwo independent free energyethods umbrella
sampling and integration of the mean for€ae free energy profiobtained bythe twoapproachesre consistent
with each othewithin the estimated error baBoth predicta C&* - CI- distanceof 2.75° 0.05 Aat the contact ion
pair (CIP) as well aghe samepositionof 3.75° 0.05 Aof thebarrierbetweerthe CIP and th&olvent Shared lon
Pair (SShIP)andanalmostsymmetricabarrierof 10° 1 kJ/molbetween the two minim& he estimateof the SShiP
position islessaccurate because aicreasingstatistical uncertaintieat larger distanceseverthelesst can be

estimatedo bearound 5.0 AThe freeenergieof the CIP and SShIP apeactically identicalithin the error bars



Thegoodagreemenbetweerthe umbrella sampling and mean force integration metpoitgs to a satisfactory
convergence ofhe obtainedCa* - CI- free energy profile. This is further supported by comparison of the present
results to afree energy profileobtained for an analogous system using a similar method reéeith this
reassuranceve usebelowthe free energy profil@btained using thambrella samplingechnique (with the slightly

smaller statistical errorasthe reference for comparisomith force field simulationsand for further force field

refinement.

Free Energy (kJ.mol'!)

0 1 1 1 1 1 1
2.5 3 3.5 4 4.5 5 5.5 6

Ca-Cl distance (A)

FIG. 1. Free energy profile along the €a CI distance obtained by mean force integratioed) andumbrella

sampling (black).

We compared an Al results with three empirical force field simulatibhnefirst oneis a standard full charges
forcefelddenot ed here as AFULLO) wi (Ths ful ahbarges forofiele govidesac har ge s
free energy profile significantly different from the AIMD refereE&G. 1). In particularthis force fieldsignificantly
undeestmates the stability of the CIR is foundhigherin free energy by abo@& kJ/mol compared to the SShIP
with the barrier between SShIP and ®¥ing19 kJ/mol,.e.,8 kJ/mol higher thamsingAIMD . The Ca Cl distance

at theCIP isonly slightly shiftedcompared to AIMDand the tansition barrier isound at 36 A, which is close to the

AIMD value of3.7A.
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The second force fie]J&ECCR,previously! designedy us employsthe electronicontinuum correction to
account for water polarizatiprwith the size of the calciunon (i.e., theLennard] o n epsrameter fitted to
experimentalneutron scattering dat&Vhile this force field reproduceguantitativelythe neutron scattering data
available in thditeraturé® (FIG. 3), it does notompareaswell with the presentab initio free energy profileRIG.
2). Nanely, the Ca- Cl distance at the CIB dightly shorterthan that found in thab initio simulations,2.72 vs

2.80A. In addition, the barrigneightis found significantlylargerthanfor theab initio reference 20vs 11 kJ/mol

25 ¢

n
o

—_
[4)]

(8]

Free Energy (kJ mol™)
=

25 3 3.5 4 45 5 5.5 6

Ca-Cl distance (A)

FIG. 2. Freeenergy profile along the &a- CI- distance obtained by umbrella sampling (black) compared with force
field simulations performed using the full charges force field (blue), the ECCR (green) and the ECCR?2 force field
(red).

Analysis of the simulations shows that th&tively smalldiscrepancy between thd initioand ECCRorce
field profilesstemamainly from different Ca O(water) distances. Naiyetheaverage CaO distance obtainefdom
the AIMD simulation is 2.43A, in contrast with2.35 Awith the ECCR force fieldwhich was fitted to reproduce the
first peakof the neuron scatteringrattern(2.38A) corresponding téhe Ca- O and Ca Cl correlatiors. To ersure
that our DFT setuprovides reliable Ca O optimal distancesyve optimized the geometry of a perfecdymmetic
Ca*(H20)s cluster adifferent levels of theory, employifgFT methods (BLYP anB3LYP) as well asHF, full MP2,
and CCSD \ith basis sets of various sizes36G*, 6-:31+G*, 6:311++g**, ccpVDZ, andcc-pVTZ). TheCa- O
distancestthe optimized geometries are providadsl, showng thatthe CaO distance igpracticallyinsensitive to

the level of theorywhich meanshat theBLYP-D2 level ofdescriptiorusedin our AIMD simulationsdoes not suffer
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from any significant systematicediation in comparison to higher levels of theory or larger basisidetgover, a
very similar AIMD setup was already shown to correctly reproduce the structure of pur® wadkx very recent
study*® showed, that the EXAFS spectrum of Cagllutions was extremely well reproduced using the same AIMD

setp asin the present study

Hence, we suggebkrea refined parametrization for Gabased on the previol8CCRone pence we call
it ECCR2) with acalcium cationi-parameteenlargedby 5 % toreach etter agreement withe AIMD free energy
profile.® As seen irFIG. 2, the psition of CIPat 2.80A, is now fully consistent witlthe AIMD result The free
energy othe CIP and SShIP afeundvery similarto each othemwith the CIP being onl{t.8kJ/mol higher in energy
(compared td®.9 kJ/mol with AIMD, well within the AIMD error bars The SShIPandCIP are separated tey11.4
kJ/mol hightransitionbarrier, which isin much betteagreement witlthe AIMD result ofl1 kJ/molthan the original
ECCR force fieldFinally, we show §l, FIG $4) that the free energy profile obtained with the ECCR2 scaled charges
force field is in quantitative agreement with that obtaingidgthefully polarizable force fiel(AMOEBA itsdf within
the error bars of the AIMD calculatioithe price is thathe ECCR2description does not compare wasll as te
original ECCR withthe neutron scadting data. Mverthelesghe comparison is still good apdesents aignificantly
improvementomparedo the full charges force fiel&*IG. 3). Thenew ECCRZalcium parametrizatiothusappears
to bethe besttompromise between agreement viitle available neutrogcattering datan the one handnd with

EXAFS experiments anadvanced AIMD simulationsn the other hand
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FIG. 3. First order difference (on calcium) in€pace (left hand side) and ispace (right hand side) for a concentrated

4 m CaC} solution, as obtained from the neutron scattering experiment (black) and from simulations with different
force field, full charges (top), ECCR (middle) and ECCR2 (bottom). Since the experimentahvggnabtained by
subtracting the neutron scattering patterns obtained with different calcium isotopes, the signal only reports on
correlations involving the Ca atori8ee more details in réf°,

B. Ca?interaction with the carboxylate group

Having in hand aefinedcalcium force field that providessatisfactoryagreement with both AIMD and
neutron data, & now aim attesing the transferabilitytoward a description ofthe interaction of calcium with
negatively charged protein residues. While the calcium ion is also expected to intghathevpolar protein
backbong® the interaction with theegatively chargedarboxylates ofispartate and glutamaseexpected to be the

strongestWe thus focus here dhe carboxylate groupsingthe acetate anioas a simple proxy
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Thetotal neutron scattering patter&§Q) (FIG. 4a) were obtained for fout m calcium acetate solutions
with different isotopic compositions (see Metho@i8,BLE I). These patterns exhibit a large background slope, due
to the Placzek effecf This effect is more pronouncdar H,O solutions than for D, as expected from the higher
incoherent scattering cross sectiorttéfversus’H. The totalS(Q)is largely dominated by contributions from water
water interactiosand the calcium acetate intetiaa is thus mostly hiddenrhe use of H/D isotopic substitutions,
both on water and on the nemchange hydrogen of the acetdtejsallows us to focus othe acetate hydration

properties and indirectly on the ion pairing with calcium ion, since ion pairing displaces water molecules from the

hydration shell.
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FIG. 4. a) Total neutron scattering patterns famlsolutions of calciunh3-acetate (dark blue) in#, calcium d3
acetate (light blue) in ¥D, calcium h3acetate (red) in D, calcium d3acetate (orange) inZD. b) First order

differences in HO, 1Y, , ,& (blue), and in BO, WY, , (Q) (red), together with the second order difference,
wwY (green).

The first order differences inJ® and DO w Y, , (Q) and33,,  , (Q), areobtained by direct difference
between pairs of solutions with different isotopes on the ac€&letgonly contain the correlation between the
substituted acetate hydrogetsuband any other atom in the systeX(Eq. 1-2). This sulractionthuscancels most
of the background slope and removes the large wedégr correlations from the signaHowever, the first order
differences still contain strong intramolecular correlatiddsupC andHsubO from the same acetate molecule),
which dominate the signblutare of little interest in this work.his problem is solved byking the difference between

the two first order differenceg&q. 3) yieldingthe second order differenteA S ((RQG. 4). Thishas no residual slope

andreportsexclusively on the part of the system we directly interested inj.e., the acetate hydration shell, since it
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containsonly correlations between ¢hsubstituted hydrogemfsubon acetate and the exchangeable water hydrogens
Hex (see Eqg23). In all that follows, the constant offsetdabtractedrom the double differerecso that it oscillates

around zerpconsistently with the way we definedw Y in Eq. 3.

Comparison of the experimental neutsetond ordedifference with that computed with different force
fields constitutes a stringent test of the quality of a force field and of its ability to capture the hydration andhign pairi
properties of acetate in concentrated calcium acetate soluibis5a shows thatvhile a standard full charges force
field correctly captures thstrucure at large values of,@ exhibits aspurioussharp peak at low Q (below 18
which is not present in the experimental signal. Such low Q fedtymeslly point toclustering in the solution, which
is confirmed by visual examination of the MD simulatioREY. 6a). Indeedwhen a full charges description is used,
all the ionsform contaction pairswith no free ion left in solutianThis behavior results ian unrealisticepletion at
short distance of themulatedr-space signalRIG. 5), sincethe clustering of ion pairs effectively reduces the number

of water molecules (and thi#eX) in the vicinity of each acetate molecule.

Scaling only the charge of tlvalcium ion redaes marginally this spurious peak at lova the structure
of the solution remains very much the samdor the full charge model (s8¢ FIG S5for comparison of the ECCR
and ECCR2 parameterizations yielding essentially the same résgjtod agreenmd with experiment is obtained
only uponscaling bothcalcium and acetate ionBIG. 5¢c shows that in this case the experimentedpg@ce signakb
almost perfectly reproducedsiith the proper lowQ limit. The rspacesignal is no longer depleted at short distances,
and the agrementwith experiment becomesry good A snapshot of the simulatiqRIG. 6¢) shows that ion pairing
is much weakethan in the previous two simulatignrsowwith manyfree ions in solution. As a result, the solution is
much more homogeneous with no sign of stramgclustering. This study thudlustrates an important point for
biological simulations when using the scaled chamescription, one should scale not only the chawd¢he ionsin

the solution but also thseof chargedproteinresidue, asalready suggested the literaturet’
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FIG. 5. Comparison between the experimental neutron double difference (black) in Qwpad¥, (left), and inr
spacew w O (right), and the signal calculated from molecular dynamics simulations (red) using a) a full charges
force field, b) the ECCR2 force field for €aand full charges for the acetate and c) the ECCR?2 force field for Ca
and a ECC description for the acetanion.
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FIG. 6. Snapshots from fn calcium acetate MD simulations performed using a) a full charges force field, b) the
ECCR2 force field for Cd and full charges for the acetate and c) the ECCR2 force field foraba a ECC
description for the acetate anion.

While theneutron scattering data allays to assess the quality of the employed force fibakdy represent
only an indirect probe of ion pairing. Namelhe amount of ion pairinganbe assesseda depletion of the number
of hydrathg water molecules antthrough thepresence or absence of low Q signal dusttong ion pairingand
clustering. We thus complemetite neutron scattering experiment wiahmolecular level study of the calcium
carboxylateinteraction usingab initio MD simulations. Since such simulations are extrenedynputationally
expensive, wepted forthe smallest carboxylate group containgmgciesthe formate anion, which allows us to use

a ©mewhatsmallersimulationbox.

An interesting property of the carboxylate group is that it can pair withetaer in a monodentate fashion
(i.e., interactingwith only one of the twocarboxylate oxygens) or in a bidentate fashione(, interacting
simultaneouslywith both oxygens). We ifst focus on the monodentate interaction mode and obtain the free energy
profile along the Ca O(formate) distance usingb initio MD umbrella sampling simulation¥¥G. 7a). We then
comparehe AIMD free energy profilavith thoseobtained witha full chargédorce field for both calcium anidrmate
moieties vs. a scaled chardesce field {.e., ECCR2 for C&" and simple charge scaling for formate (see Methods)).
At the ab initio level, he contact monodentate ion patraCa- O distanceof 2.3 A is foundto be6 kJ/mol more
stable than the SShIP. Theight of thetransitionbarrierfrom SShIP to CIRs aroundl1.5kJmol. The stability of
the contact ion pair is significantly overestimated1BkJ/mol, with the full chargéorce field. This is iraccordwith

the abovesimulations of concentrated calcium acetate, wiield astrong pairing in solitns described with a full
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charge force fiel. In contrast, the use of aaded charge force field both for calcium and acgtadeidesa quantitative

agreement with AIMDbothfor the relative stability of the contact ion pair and the height of thedoéFiiG. 7a).

a : : : : : : : b

Free energy (kJ/mol)
Free energy (kJ/mol)

| | 4
25 3 35 4 45 5 55 3 35 4 45 5 55 6

2

O-Ca distance (A) C-Ca distance (A)

FIG. 7. a) Free energy profile along the -Cformate) distance in a linear monodentate fashion and bgfremy
profile along the &Ca distance in the formate plane using AIMD (black), the full charges force field (blue) or a scaled
charges force field both for calcium and formate (red).

Sincethe neutron scattering measurements cammovide full informationabout the mode afalciumi
carboxylateinteraction (monodentate vs bidentate), we explore it in more details computing the free energy profile
along the Ca C(formaté distance in the COO plane wi#b initio MD (FIG. 7b). We see that upon prolonging this
distance lte system is progressively driven from a bidentate geometry (Cdistance®f 2.9 A) to a monodentate
interaction (Ca C distance o8.5A). We find the bidentate geometry more stable than the monodentate abeuty
7 kd/mol. The full chargdorce field againoverestimates the stability of the bidentate arrangeettie bidentate
well being foundL1 kJ/mol lower in free mergy ttan the monodentate arrangemasnivell as the height of the barrier
toward the SShIP. Inontrastthe scaled charderce field is in quantitative agreement with the AIMD profile, both

for the relative position of the two wells and for the barnieight

Finally, we usedhis scaled chargéorce field to fully characterize the calciumn pairing in the formate
plane by generatinthe 2D free energy landscaffdG. 8). Note that ach a2D free energy landscape requires too
much sampling to beurrentlyobtained at the AIMD leveFIG. 8 demonstrates thaté global minimum is & Ca-

C distancgust below3 A with a nearly collinear Ca C - Omig arrangementthuscorresponding to ion pairing in a

bidentate fashion. Following the low energy areas (blue)seethat the dissociation from the bidentate ion pair
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proceedwia arearrangement into a monodentate conformatioogd minimum wittCai C - Omig angle aroun&0°
and a Ca- C distance ofibout3.5A), with a very small barrierof 6 kJ/mol From this pointon, solvent shared
configurations are accessible witi4 kJ/mol barrier. Th&SHP local minimum is found atraurd 4.8- 5.4 A CaC

with a weak preference for a collinear C& - Onig arrangement.

monodentate Free energy (kJ/mol)

T
100
90 15
g 80
L 70 10
2
g 60
©
OE 50 5
O 40
©
30
© 0
20
10
| | -5

0
/30 35 40 45 50 55
bidentate C-Ca distance (A)

FIG. 8. 2D Free energy landscape along the C(form@tejistance and the @&Onmig angle in the formate plane.

V. CONCLUSIONS

We have employedb initio molecular dynamics simulations together with neutron scattering experiments
to quantify ion hydration and pairing in aqueous calcium chloride and formate/acetate solutions and to refine a calcium
force field applicable for simulations involving this keiplogical ion. By inclusion of electronic polarization effects

in a mearfield way via charge rescalingf both calcium and the countéon (be it a free anion in the solution or a
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negatively charged side chain group on a proteia)are able to accately describe calciuipnsin aqueousolutions

On the one hand, we quantitatively reprodlstuctural features of concentrated aqueous solytaneevealed by
neutron scattering with isotopic substitution. On the other hand, the refined foraeé@l@ed within the statistical
error ionpairing free energy profiles froab initio molecular dynamics. We are thus making available to the scientific
community a physically well justifiettansferablealcium parameterizatioawhich, thanks to its stadard formatcan

be directly used within common molecular dynamics programs and at the same time @osicagate description

including electronic polarization effeat$ this ionin aqueous biological environments.

SUPPLEMENTARY MATERIAL

Seesupplementary material for the acetate and formate force fields, the procedure used to perform volume
correction on the free energy profiles, QM calculations on a £k cluster, and comparison of our results with

additional free energy profiles, inding that obtained with the AMOEBA force field.
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