
 1 

Carboxylate Ion-Pairing with Alkali-Metal Ions for 

-Lactoglobulin and its Role on Aggregation and 

Interfacial Adsorption 

Frank R. Beierleina,b and Timothy Clark*,a,b,d 

Björn Braunschweigb,c Kathrin Engelhardt,c Lena Glasc and Wolfgang Peukertb,c 

a Computer-Chemie-Centrum and Interdisciplinary Center for Molecular Materials, Friedrich-

Alexander-Universität Erlangen-Nürnberg, Nägelsbachstr. 25, 91052 Erlangen, Germany 

b Cluster of Excellence Engineering of Advanced Materials, Friedrich-Alexander-Universität 

Erlangen-Nürnberg, Nägelsbachstr. 49b, 91052 Erlangen, Germany 

c Institute of Particle Technology (LFG), Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Cauerstraße 4, 91058 Erlangen, Germany 

d Centre for Molecular Design, University of Portsmouth, King Henry Building, King Henry I 

Street, Portsmouth PO1 2DY, United Kingdom 

 

ABSTRACT: We report a combined experimental and computational study of the whey protein 

-lactoglobulin (BLG) in different electrolyte solutions. Vibrational sum-frequency generation 

(SFG) and ellipsometry were used to investigate the molecular structure of BLG modified air-



 2 

water interfaces as a function of LiCl, NaCl and KCl concentrations. Molecular dynamics (MD) 

simulations and thermodynamic integration provided details of the ion pairing of protein surface 

residues with alkali-metal cations. Our results at pH 6.2 indicate that BLG at the air-water interface 

forms mono- and bilayers preferably at low and high ionic strength, respectively. Results from 

SFG spectroscopy and ellipsometry are consistent with intimate ion pairing of alkali-metal cations 

with aspartate and glutamate carboxylates, which is shown to be more effective for smaller cations 

(Li+ and Na+). MD simulations show not only carboxylate-alkali-metal ion pairs, but also ion 

multiplets with the alkali-metal ion in a bridging position between two or more carboxylates. 

Consequently, alkali-metal cations can bridge carboxylates not only within a monomer but also 

between monomers, thus providing an important dimerization mechanism between hydrophilic 

surface patches.  

KEYWORDS: Sum-frequency generation, ellipsometry, molecular dynamics, thermodynamic 

integration, Hofmeister series, specific ion effects, protein aggregation, ion pairing 

 

Introduction 

Medium effects such as solvation and ion-pairing are instrumental in determining the structure,1,2 

function and reactivity3 of proteins and peptides. They therefore play an important role in processes 

such as protein crystallization,4,5 purification of pharmaceuticals by foam fractionation6,7 or the 

formulation of protein foams in food products.8 Counterions interact primarily with charged 

protein side chains, but also directly with the protein backbone. Pairing of ions with functional 

groups can affect the interaction of not only protein but also colloidal particles in two main ways: 

in a first, rather simplistic view, attractive or repulsive Coulombic interactions between charged 
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particles based on their net charges are considered, ignoring specific interaction between functional 

groups and ions. In this model, changing the apparent/net charge of the protein,2 e.g. by (de-

)protonation or by complexation with different counterions, affects the intermolecular interactions 

and is used e.g. to explain effects such as aggregation of proteins at interfaces. It is evident that 

protein-protein interactions result from local interactions of molecular groups predominantly 

located on the protein surface or from hydrophobic effects. For this reason, it is of great importance 

to understand the driving forces and mechanisms of protein-protein interactions on an atomic level. 

Despite its importance, the latter information is not available for many systems. We now present 

a detailed study of such factors for -lactoglobulin (BLG) as a role model for other proteins.  

One area in which inter-protein interactions are technically important is that of protein foams. 

As hierarchical materials, the macroscopic properties of foams are determined by the structure and 

intermolecular interaction within the ubiquitous air-water interfaces.9,10 Milk foams, which contain 

significant amounts of BLG, serve as an example. 

The isoelectric point (IEP) of a mixture of BLG variants A (BLGA) and B (BLGB) in water, 

directly at the electrolyte-air interface, has been determined to be approximately 5.1.9 Previous 

studies of surface-adsorbed layers of bovine serum albumin (BSA),10 and BLG9 near the IEP, 

concluded that interfacial protein layers are uncharged, which results in attractive intermolecular 

interactions and the formation of thick agglomerated protein multilayers at the air-water interface. 

It has been argued based on a simple electrostatic approach that considers the net charge of the 

proteins that the interactions between charged protein molecules become repulsive at higher or 

lower pH values with respect to the IEP, leading to the formation of BLG monolayers and to polar 

ordered and highly polarized water molecules.9,10 However, simple net-charge-based models are 

not necessarily accurate. For instance, deprotonated polycarboxylate micelles with nominal 
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charges of 100 or larger have been found to attract each other in the presence of sodium 

counterions more strongly than the neutral species, which can form bridging hydrogen-bonds.11 

Ion and salt effects on the solubility and aggregation properties of proteins have been known 

since the early work of Hofmeister.12 Many attempts to rationalize Hofmeister’s observations have 

been reported in the succeeding 126 years,13,14 but no single interpretation exists that can explain 

all known salt effects.15-18 However, it has become clear that it is essential to study specific ion-

biomolecule interactions, e.g. the pairing of ions from solution with charged and highly polar groups 

at the biomolecular surface.15,16 The surface chemistry of proteins is complex and represents an 

active field of research because of the importance of protein dimerization in biological signaling 

and misfolding diseases.19 Although hydrophobic residues are generally more prevalent than polar 

ones in dimerization surface patches, the latter are well represented, so that hydrogen bonding and 

salt bridges are also thought to be important.20 This combination has been suggested to lead to a 

compromise between strong dimerization and solubility of the monomeric proteins.  

However, much remains unclear about the oligomerization state and surface-adsorption process 

of proteins. We have therefore now used a combination of experiment and molecular-dynamics 

(MD) simulations to investigate the aggregation and surface adsorption of BLG in aqueous 

electrolyte solutions. The combination of experiment and MD simulations has proven extremely 

powerful as the latter are in some cases the only tool that can help to understand complex 

macroscopic phenomena on the atomistic level.21 Furthermore, MD simulations allow direct 

insight into molecular structures that are sometimes inaccessible to experiment.21-23 In order to 

gain more insight into the behavior of -lactoglobulin in different electrolytes, we have performed 

extensive molecular-dynamics simulations both at the atomistic and coarse-grained levels. To 

investigate the influence of sodium and potassium ions on the dimerization of BLG monomers, we 
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also performed a thermodynamic-integration (TI)24 study that in principle allows relative binding 

or complexation free energies to be calculated exactly.25-29 From a computational point of view, 

BLG poses a major challenge despite its stable, calyx-like structure: several studies report pH-

dependent aggregation/oligo-/dimerization processes, and the actual association states remain 

controversial.30-32 Furthermore, it has been shown that BLG can form fibrillar or particulate gels 

that consist of larger aggregates such as amyloid fibrils or spherulites.33-35 

Also, it is unclear whether aggregation occurs in the bulk or at the interface. X-ray structural 

studies have revealed three possible protein-protein interfaces, called “dimer“, “lock-and-key” and 

“loop interface“,36 and pH-dependent transitions in chemical, physical and spectroscopic 

properties that occur at around pH 7 (Tanford transitions).36,37 These transitions probably 

correspond to two possible loop conformations (loop EF, residues 85-90, see Figure S1 in the 

Supporting Information for a superimposition of structures), which themselves may be caused by 

two possible protonation states of Glu89 (anomalous pKa = 7.3, H-bond with Ser116 if 

protonated).30,31,36-38 Figure 1 shows the positions of the three dimerization interfaces in the 

monomeric protein. Illustrations of the different dimers and the positions of the interfaces are 

provided in Supporting Information Figure S2. 
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Figure 1. BLGA monomer (cartoon representation) viewed from two different directions, with 

residues involved in the formation of different dimers as colored sticks (blue: “lock-and-key”, 

green: “dimer”, red: “loop interface”), based on PDB structure 3BLG.36 Residues involved in 

contacts are: “lock-and-key”: Lys8, Tyr20-Ser21, Val41-Glu44, Leu156-Glu158, His161; 

“loop”: Trp61-Ala67, Asp85-Asn90, Ser110-Gln115; “dimer interface”: Ile29-Gln35, Ile147-

Phe151. Images were created using Swiss-PDB-Viewer39 and Pov-Ray.40 

 

 

Materials, Methods and Computational Details 

Sum-Frequency Generation. Vibrational sum-frequency generation (SFG) is a powerful 

technique that can provide molecular-level information about molecular orientation and 

composition of electrified interfaces such as the protein-modified interfaces.1,41-43 In our 

broadband SFG spectrometer, a tunable (2 to 10 µm) femtosecond IR pulse with a bandwidth of > 
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200 cm1 is mixed with a picosecond pulse with a wavelength of 800 nm and a bandwidth of < 

6 cm1. At the interface, a third wave with the sum-frequency of the two impinging light waves is 

generated which is then transferred to a spectrograph (Andor Shamrock 303i) and an ICCD camera 

(Andor iStar). All spectra were recorded with s-polarized visible, s-polarized sum frequency, and 

p-polarized IR-beams. In order to account for changes in pulse energy as a function of IR 

frequency, all spectra were normalized against the against the non-resonant SFG signal of an air 

plasma treated polycrystalline Au film. The SFG intensity can be written in the following form  

𝐼(𝜔𝑆𝐹) ∝ |𝑃𝜔𝑆𝐹

(2)
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 with   𝐴𝑞 = 𝑁 ∫ 𝑓(Ω) 𝛽𝑞(Ω) 𝑑Ω           (1) 

Here the electric susceptibility is split into a non-resonant 
𝑁𝑅
(2) contribution and one that is in 

resonance when the tunable IR pulse excites molecular vibrations at the interface. Since the 

oscillator strength 𝐴𝑞 is an orientational average of the molecular hyperpolarizability, 𝛽 with an 

angular distribution 𝑓(Ω), only molecules in non-centrosymmetric environments can contribute to 

the SFG intensity while the phase of each vibrational mode q is determined by the net orientation 

of molecules. The latter leads to either constructive or destructive interferences between different 

vibrational modes or the non-resonant contribution. This can be used to determine molecular 

orientation or, in the simplest case if the absolute phase of a band is unknown, relative changes in 

molecule orientations. For air-water interfaces SFG is inherently surface-specific as molecules in 

the bulk are in a centrosymmetric environment and thus do not contribute to the SFG signal. At 

the interface, however, the prevailing bulk symmetry is broken and surface-adsorbed proteins and 

interfacial water molecules become SFG active. 

Ellipsometry. The layer thickness of BLG layers was determined with a phase-modulated 

ellipsometer operating at a wavelength of 632.8 nm (Picometer Ellipsometer; Beaglehole 
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Instruments; New Zealand). For each experiment, the sample solution was poured into a 10 cm 

diameter Petri dish and allowed to equilibrate for 30 minutes. Angle scans between 51° and 55° to 

the surface normal were performed with a step width of 0.5°. In order to ensure reproducibility, at 

least three measurements were recorded and averaged. Angle-resolved data from ellipsometry 

were fitted assuming a three-layer model with refractive indices of nwater = 1.33, nBLG = 1.40 and 

nair = 1.00 for the bulk solution, BLG layers and air, respectively.  

Sample Preparation. Details of the preparation of the 15 µM BLG solutions with a pH of 6.7 

used in the SFG and ellipsometry experiments are provided in the Supporting Information. This 

concentration corresponds to one BLG monomer in an approximately 4453 Å3 box.  

 

Computer Simulations 

Monomer Simulations. As most computational approaches require fixed protein protonation 

states, we first used the H++,44-46 PROPKA,47-50 and Whatif51 pKa-prediction tools to decide on 

the protonation states of BLGA. Several pH values of experimental interest were assessed. We 

focused on pH 6.2 for the monomer MD simulations to be consistent with initial experimental 

measurements. A consensus of the above tools, the literature and initial experimental results 

showed that for pH 6.2 a BLG monomer, based on PDB52,53 code 3BLG,36 with loop EF (residues 

85-90) closed (Glu44, Glu89, His146 and His161 protonated and designated “Glh44, Glh89, 

Hip146, Hip161” in the AMBER notation) is a reasonable starting structure for the MD simulations 

(total protein charge: -5 e). Furthermore, disulfide bridges between cysteines Cys66-Cys160 and 

Cys106-Cys119 were defined (“Cyx66-Cyx160, Cyx106-Cyx119”).  

In order to study the distribution of the electrolyte ions around the protein in detail, atomistic 

MD simulations of a BLG monomer (PDB52,53 code 3BLG,36 protonated as explained above for 
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pH 6.2, represented by the Amber ff12SB force field)54 in an octahedral box of 13,435 SPCE55 

water molecules were performed. Although the protein concentrations in our simulation cells are 

formally higher than in the experiment, the simulation methodology ensures that proteins in 

neighboring periodic cells do not interact, and thus our simulations resemble diluted protein 

solutions. All atomistic MD simulations and many of the analyses were performed using Amber 

12 and AmberTools 13.54 Three independent sets of simulations were performed, each with an 

approximately 100 mM LiCl/NaCl/KCl electrolyte (5 M+ counterions plus 19 MCl, 99.5 mM 

Li+/Na+/K+). Ion concentrations of 100 – 150 mM correspond to physiological conditions, for 

which the biomolecular force field used was parameterized and validated. We therefore did not 

attempt to use higher salt concentrations in the MD simulations. Joung/Cheatham parameters were 

used for the ions.56 In the simulations, the positions of the ions were randomized using Amber 12 

ptraj57 before starting the geometry optimizations (i.e., the positions of solvent and ions were 

swapped randomly). Langevin-dynamics simulations at 298 K and 1 bar were propagated over 

600.5 ns for the systems containing Na+ and the K+, and over 100.5 ns for the Li+ system. Detailed 

analyses of the ion distributions were performed in the 80.5-100.5 ns interval. More detailed 

information on the atomistic MD simulations and the analyses performed are provided in the 

Supporting Information. 

Dimer Simulations. In order to investigate the possible influence of alkali-metal ions on the 

structure and stability of BLG dimers, we constructed three different dimers from the protein-

protein contacts present in the X-ray structure 2BLG36 (loop EF open), using the crystallographic 

information in the PDB structure file. These dimers are linked by the “dimer”, “loop”, and “lock-

and-key” interfaces,36 and we will name them accordingly. Views of these dimers and their contact 

surfaces are shown in Figures S2 and S4-S9 in the Supporting Information. Additionally, a dimer 
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connected by the “loop” interface, based on 3BLG36 (loop EF closed, Glh89 protonated) was 

simulated. This dimer is especially sensitive to the carboxylate-counterion-carboxylate bridging 

found previously for structurally persistent micelles.11,58,59 In the “dimer” and “lock-and-key 

interface” simulations, a simulation time of 61.5 ns was chosen and detailed analyses were carried 

out from 41.5 – 61.5 ns. In the case of the “loop interface” structure based on 2BLG (loop open), 

simulations were propagated until 209.5 ns and detailed analyses were performed for 101.5-209.5 

ns.  The simulation time was extended to 413.5 ns (analysis interval 101.5-413.5 ns) for the “loop 

interface” structure based on 3BLG (loop closed). More detailed information is provided in the 

Supporting Information.  

Thermodynamic Integration. To obtain more robust information about the energetics of BLG 

dimerization, we calculated relative complexation free energies of sodium and potassium ions for 

the solvated protein (“bound”) and in water alone (“free”) according to the thermodynamic cycle 

shown in Figure 2. Perturbation free energies for the mutation of K+ into Na+ were computed using 

thermodynamic integration (TI) as implemented in Amber 12.54,60,61 Relative complexation free 

energies of a 100 mM K+ and a 100 mM Na+ electrolyte were calculated using Equation (3). It is 

important to note that the system is in a dynamic equilibrium, where only a fraction of the M+ ions 

is coordinated to the protein while the rest is in solution, and not all potential complexation sites 

on the protein surface are occupied.  Applying Equation (3) yields the difference of the 

complexation free energies of a 100 mM Na+ and K+ electrolyte (with Cl- counterions). The relative 

complexation free energy thus obtained reflects the difference between the system with protein 

and water present and the one with water only, but not the relative binding free energies of 

individual ions bonded to the protein. The calculations were performed both for a BLG monomer 
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and for a dimer connected by the “loop interface”. More detailed information on the 

thermodynamic integration calculations is provided in the Supporting Information.  

 

 

Figure 2. Thermodynamic cycle used in the free energy study. 

 

(2) 

(3) 

 

Coarse-Grained MD Simulations. In addition to the atomistic MD simulations in bulk solution, 

we performed a test simulation of a system consisting of a BLG monomer in a water slab in vacuum 

(vapor), which showed that the protein does not move much within the simulation time (71.5 ns) 

and that no surface adsorption is observed on this time scale. We therefore decided to use a coarse-

graining (CG) approach,62-64 where on average four atoms are combined to form larger interaction 

sites. This approach not only reduces particle numbers in the simulation, but also allows larger 

integration time steps (e.g., 30 fs) due to a smoother potential-energy surface. Thus, microsecond 

or even millisecond time scales are accessible for relatively large systems. To study the 
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aggregation and surface-adsorption behavior of BLG, we performed three sets of CG simulations. 

First, a bulk system with evenly distributed BLG monomers was simulated. Additionally, two 

surface systems were set up. In one case, the protein monomers were distributed evenly in the 

aqueous phase in the starting structure, and in the other, they were initially placed near the surface. 

Each simulation was equilibrated for 333 ns and data were subsequently collected during 5.1 s 

simulation.  

In all three simulations, aggregates were formed quickly, and no clear surface preference was 

observed. As they did not lead to new insight into the system, these coarse-grained MD simulations 

will only be discussed in the Supporting Information. 

 

Results 

SFG Spectroscopy and Ellipsometry. In order to address the influence of LiCl, NaCl and KCl 

salts on the adsorption of BLG and the interfacial water structure, we have studied different BLG 

adlayers with SFG and ellipsometry. Figure 3 shows vibrational SFG spectra in the region of C-H 

and O-H vibrational bands as a function of molar salt concentrations (the concentrations in the 

Figure were selected to show the spectral changes in the frequency region of C-H stretching modes 

from aromatic residues (~3060 cm-1) in the best possible way). Very broad vibrational bands due 

to O-H stretching vibrations of tetrahedrally coordinated interfacial water molecules and molecules 

with lower coordination, respectively,65-67 can be inferred at 3200 and 3450 cm1. However, the 

very broad O-H feature indicates considerable dispersion of H-bonds, which causes 

inhomogeneous broadening of OH stretching frequencies.  
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Figure 3. Vibrational SFG spectra of -lactoglobulin (BLG) modified air-water interfaces in the 

region of C-H and O-H vibrational bands. Spectra were recorded for 15 µM BLG and different 

bulk concentrations of (a) LiCl, (b) NaCl and (c) KCl. Concentrations were as indicated and 

were selected to show the spectral changes in the frequency region of C-H stretching modes 

from aromatic residues (~3060 cm-1) in the best possible way. (d) – (f) corresponding spectra 

where the ~3060 cm-1 band is shown in greater detail. Red lines guide the eye.  
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The depression in intensity around 3300 cm1, which has been suggested to originate from a 

coupling of the water bending overtone (𝜈 = 0 → 𝜈 = 2; ~ 3300 cm-1) with the O-H stretching 

mode,42,68 is just discernible. Additional strong vibrational bands are centered at 2877 and 

2936 cm1 and a much weaker band at ~3060 cm1 (Figure 3). These bands originate from 

symmetric methyl (R-CH3) stretching vibrations, a R-CH3 Fermi resonance and C-H stretching 

vibrations of aromatic residues of BLG at the air-water interface,1,41,69 respectively.  

Figure 3 shows the change in overall intensity of the O-H bands as a function of LiCl, NaCl and 

KCl concentrations. Increasing the salt concentration leads to a substantial decrease in O-H 

intensity and to a change in spectral shape of the 3060 cm-1 band. In Figure 3d-f, we show the 

spectral region of the aromatic C-H stretching band in greater detail for concentrations at which 

the spectral changes occur. For LiCl, NaCl and KCl salts and low ionic strengths, the C-H band 

overlaps with the O-H bands to generate a local minimum around 3070 cm-1 that is followed by a 

less pronounced local maximum at ~ 3090 cm-1. For concentrations > 0.2 M, the apparent 

maximum is shifted to 3050 cm-1 (Figure 3d-f). Although the change occurs for LiCl solutions at 

lower concentrations, the general trend of spectral changes is very similar for LiCl, NaCl and KCl. 

For a further analysis of the SFG spectra we recall the strong dependence of SFG vibrational bands 

on the molecular orientation of interfacial molecules, which comes from the coherent nature of the 

SFG process. Here, the amplitude of a SFG active vibrational band is not only a function of the 

number density of contributing molecules but also a function of the average molecular orientation 

at the interface (see Eqn. (1)). Since the intensity of C-H and O-H bands in Figures 3d-f does not 

change significantly for concentrations between 0.1 and 0.5 M, the observed changes in spectral 

shape probably indicate a change in the phase of either O-H or C-H bands. At low salt 
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concentrations the relative phases of O-H and aromatic C-H stretching bands cause destructive 

interference and result in a dip-like feature of the 3060 cm-1 band while at high salt concentrations 

interference leads to a local maximum at ~3060 cm-1. In addition to the latter changes, the 

interference of O-H bands with the C-H bands (<3000 cm-1) does also change which can be best 

seen by a close inspection of the low frequency end (2800 cm-1) of the SFG spectra in Figures 3a-

c. Here, the SFG intensity decrease to nearly zero values at low salt concentrations while at high 

concentrations (>0.3 M) the SFG intensities at 2800 cm-1 are considerably higher. By fitting the 

spectra with model functions according to Eqn. (1) we can show that the best description of the 

observed changes can be made by a change in C-H/O-H relative phase by /2 that corresponds to 

a change in molecular orientation of 90°. A detailed discussion of possible molecular structure 

changes which are consistent with these observations, can be found below and in the Supporting 

Information. At salt concentrations of 2 M the intensities of O-H bands decrease to negligible 

values for NaCl and KCl solutions, while there is a weak but noticeable increase in O-H intensity 

when the LiCl concentration is increased from 1.5 to 2 M. 

In order to corroborate the SFG experiments with a complementary method, we have investigated 

the thickness of BLG adsorption layers with ellipsometry (Figure 4). At salt concentrations < 1 

mM, the observed layer thickness of ~ 34  2 Å is similar to the size of a monomer and consistent 

with previous neutron reflectivity measurements of BLG at air-water interfaces (37   3 Å) ,70-72 

but significantly less than the observed hydrodynamic diameter of (55  4 Å)70-73 of BLG in 

solution. The thickness of the protein layer increases to 49 Å, 45 Å and 43 Å for 0.1 M LiCl, KCl 

and NaCl, respectively. A further increase in ionic strength leads to a thickness of ~ 69 Å for 2 M 

LiCl and NaCl, while for KCl a plateau at ~ 51 Å is found at high concentrations.  
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Figure 4. Layer thickness from ellipsometry as a function of LiCl, NaCl and KCl concentrations. 

Lines are a guide to the eye. 

 

Monomer MD Simulations. Analysis of the atomistic MD simulations shows a clear 

accumulation of Li+, Na+ and K+ near the carboxylate oxygens of Asp and Glu (formation of 

contact ion pairs, CIP), and to a much lesser extent, near the backbone carbonyl oxygen atoms. 

This accumulation decreases with increasing size of the alkali metal ion (Li+ >> Na+ > K+). Li+ is 

also found to bridge strongly between neighboring carboxylate groups to form ion triplets. A 

detailed analysis of cation accumulation near carboxylic moieties, ordered according to the number 

of ion contacts in the first solvation shell of the carboxylic oxygen atoms of individual Asp/Glu 

residues, is shown in Figure 5. It is especially noteworthy that the order of the enrichment of metal 

cations around specific carboxylic groups differs according to the metal cation and the type of 

carboxylic group (Asp or Glu) to which it is bonded. Chloride anions are not enriched significantly 

near positively charged residues (Lys, Arg). 
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Figure 5. Mean numbers of contacts between alkali metal cations around the carboxylic oxygens 

of individual aspartate and glutamate residues (red bars: first coordination shell, blue bars: second 

coordination shell) for solutions of the BLG monomer in 100 mM Li+, Na+ and K+ salts. The 

density of the metal ions decreases on going down the columns (ordering according to the number 

of contacts in the first coordination shell). Boxes of the same color indicate residues that are 

geometrically close to each other and are therefore able to coordinate the same metal cation to 

form ion triplets or multiplets. Because of the definition of the search mask used in the analysis, 

metal ions coordinated to two or more carboxylates are counted once in each interaction. Thus, the 

contact numbers in this figure can only be considered as a measure for the ranking, their sums are 

not equal to the contact numbers in Table 1, where the contact numbers calculated for all Asp/Glu 
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carboxylates in the system are reported, which are unaffected by a bi-/multiple coordination of the 

metal. 

 

The distributions of the cations are shown in Figure 6 and a complete analysis is given in Table 

1. The distribution of Li+, Na+, K+ together with Cl ions is shown in Supporting Information 

Figure S12. The mean numbers of contacts and the residence times calculated for Li+, Na+ and K+ 

in the first and second coordination shells around all Asp/Glu carboxylate and backbone oxygen 

atoms in the system vary significantly between the three metals. The former show a significant 

overcompensation of the charge when 100 mM Li+ is coordinated to the protein carboxylates and 

backbone oxygens (the net charge of protein with the first and second Li+ shells is +10.4), and 

almost exact charge compensation for 100 mM Na+ (net charge +0.3) and 100 mM K+ (net charge 

–0.7). Although the difference between Na+ and K+ is not very large, the experimental trend is 

reproduced correctly. If Cl- binding to positively charged residues (Lys, Arg) is considered in the 

estimation of the total charge, net charges of 9.0, –0.6 and –1.3 are obtained. The relatively small 

effect of considering Cl- reflects the fact that the force field employed does not show a significant 

enrichment of anions near the positively charged residues Lys and Arg. The radii used to count the 

numbers of ions in the first and second coordination shells were determined from the RDFs of the 

ions around a particular moiety (Supporting Information Table S1). RDF plots of M+ around 

Asp/Glu carboxylic oxygens and of Cl- around Lys ammonium and Arg guanidinium nitrogens are 

shown in Supporting Information Figures S10-S11. These RDF plots also show that Cl- is not 

significantly enriched near positively charged residues. Interestingly, the net charges calculated 

for the protein with all M+ and Cl- ions within 6.4 Å of any protein heavy (non-hydrogen) atom are 

very close to the values given above (+8.8, –0.5 and –1.0), which indicates that ion coordination 
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to carboxylates, backbone oxygens and, to a much lesser extent, Lys and Arg sidechains dominates 

the ion adsorption to the protein. Figure 7 shows the total charge of the protein and the surrounding 

ions as a function of the distance from the protein center of mass, calculated from the protein net 

charge (-5 e at pH 6.2) and the integrals of the RDF bin values of the cations and the anions. At 

distances greater than the approximate radius of the protein (radius of gyration approx. 15 Å, see 

below), first metal cations are coordinated in the order Li+ > Na+ > K+, and then the Cl- cloud 

compensates the total charge until the total charge of the system (electrically neutral) is reached. 

It should, however, be noted that BLG is not a spherical particle. 

The residence times of the cations coordinated to carboxylates at 100 mM decrease in the order 

Li+ (mean = 11.5 ns), Na+ (370 ps) and K+ (30 ps). However, individual sodium ions can assume 

bridging positions between carboxylates for times up to 15 ns, compared to 20 ns for Li+ and only 

1.3 ns for K+. These results are consistent with previous work, which showed much more prevalent 

Na+:carboxylate CIPs relative to K+ for polyanionic micelles.11,58,59 This metal-ion coordination to 

carboxylates with protein charge compensation or overcharging is consistent with the results of 

SFG measurements (see discussion below). Overall, we observe a complex balance of several 

equilibria, e.g. M+-carboxylate, M+-backbone-carbonyl and M+-water coordination. While we find 

the expected order for the mean numbers of the ion contacts in the first coordination shell of the 

carboxylate oxygens, this number has a maximum for coordination to Na+ if the coordination to 

the backbone carbonyl oxygens is assessed (Table 1). In the case of lithium, on average 15 of the 

24 Li+ ions present in the system are bound to the carboxylates and are thus not available for 

backbone oxygen coordination. 

While the absolute numbers presented in Figure 5 and Table 1 might be improved by performing 

more extensive sampling, and might also be force-field dependent, we believe that the qualitative 
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trends are reproduced correctly. Figure 5 shows that the three cation types experience quite 

different affinities to carboxylates, and additionally gives a finer analysis of binding to individual 

carboxylic moieties, depending on type and local environment of a particular amino acid. This 

quantitative analysis is subject to sampling errors and that the results should be taken in this light.  

The strong overcharging by Li+ could in principle lead to a destabilization of the BLG dimer. 

However, in the ellipsometry experiments such a dissociation was not observed. This shows that 

local, specific interactions dominate and need to be analyzed in detail and that net-charge effects 

alone cannot be used to explain protein aggregation in systems like BLG. 

 

 



 21 

 

 

Figure 6. Li+ (blue, top), Na+ (blue, middle) and K+ (blue, below) distribution around Asp and Glu 

carboxylates (oxygen atoms: red, carbons: cyan) of a BLGA monomer. Only contact ion pairs are 
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shown, other ions (M+ further away than 1st solvation shell and Cl-) and water were omitted for 

clarity. Simulations with 100 mM LiCl/NaCl/KCl, analysis interval 80.5-100.5 ns, all frames fitted 

on minimized structure, only every 10th frame for Li+/Na+/K+ CIP and carboxylate 

oxygens/carbons shown for clarity. Figures were created using a custom made script11,58,59 and 

VMD.74 

 

 

Table 1. Contacts and residence times [ps] of ions and water in the first and second coordination 

shells around carboxylate oxygens of Asp/Glu, backbone carbonyl oxygens, 

ammonium/guanidinium nitrogens of Lys/Arg and within 6.4 Å of any heavy (non-hydrogen) atom 

of the BLG monomer in different salt solutions (analysis interval: 80.5-100.5 ns). Contacts per 

residue were obtained by dividing the total number of coordinated ions by the number of 

deprotonated Asp and Glu carboxylates (25) and backbone carbonyl oxygens (161 without C-

terminus). 

 
100 mM 

LiCl 

100 mM 

NaCl 

100 mM 

KCl 

M+/COO 

Mean number of 

contacts:  

Shell 1 15.0 3.48 2.06 

Shell 2 0.20 1.19 1.59 

Mean number of 

contacts per residue: 

Shell 1 0.60 0.14 0.08 

Shell 2 0.01 0.05 0.06 

Mean residence time Shell 1 11,543 370.0 30.0 

Shell 2 8.3 19.5 8.0 



 23 

Maximum residence 

time 

Shell 1 20,000 15,350 912 

Shell 2 462 594 122 

Water oxygen/COO 

Mean number of 

contacts:  

Shell 1 105.8 116.6 119.2 

Shell 2 206.9 281.4 291.7 

Mean number of 

contacts per residue: 

Shell 1 4.23 4.66 4.77 

Shell 2 8.28 11.26 11.67 

Mean residence time Shell 1 9.8 13.4 15.5 

Shell 2 4.1 5.6 5.9 

Maximum residence 

time 

Shell 1 2,663 1,768 6,593 

Shell 2 545 1,365 3,754 

M+/Backbone oxygen (first shell) 

Mean number of contacts:  0.16 0.65 0.61 

Mean residence time 16.4 60.8 24.5 

Maximum residence time 285 1,761 581 

Water oxygen/Backbone oxygen 

Mean number of 

contacts:  

Shell 1 116.0 115.8 113.7 

Shell 2 318.8 324.8 323.9 

Mean number of 

contacts per residue: 

Shell 1 0.72 0.72 0.71 

Shell 2 1.98 2.02 2.01 

Cl/Lys-N 

Mean number of 

contacts:  

Shell 1 0.25 0.18 0.10 

Shell 2 1.08 0.75 0.49 

Cl/Arg-N (≤ 6.4 Å) 
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Mean number of contacts: 0.06 0.01 0.02 

M+/heavy atoms (≤ 6.4 Å) 

Mean number of contacts: 16.29 5.92 4.99 

Cl/heavy atoms (≤ 6.4 Å) 

Mean number of contacts: 2.52 1.41 1.01 

 

 

 

Figure 7. Total charge of the protein and the surrounding ions as a function of the distance from 

the protein center of mass, calculated from the protein net charge (-5 e at pH 6.2) and the integrals 

of the RDF bin values of the cations and the anions: Ztotal = Zprotein + Zcations - Zanions. For details see 

Supporting Information. 
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The enrichment of M+ cations near carboxylic moieties also means that carboxylate-rich surface 

patches of the protein (i.e. hydrophilic patches) can become potential dimerization surfaces in the 

presence of lithium or sodium ions. 

In addition to the above analyses, we also calculated the radii of gyration of the monomers in 

100 mM LiCl (14.9 Å), NaCl (14.9 Å) and KCl (14.8 Å, Supporting Information Figure S14). 

These are similar for the three electrolytes and agree well with the thickness of a BLG monolayer 

at the air-water interface as determined by ellipsometry (~ 34 Å). 

 

Dimer Simulations. In order to identify dimers whose structure is influenced by the presence 

of NaCl or KCl electrolytes, we simulated the “loop”, “dimer” and “lock-and-key interface” 

structures of the dimers, as outlined in the Computational Details section. Simulations were 

performed in both 100 mM NaCl and KCl solutions. These dimers were simulated with loop EF 

(residues 85-90) “open” (corresponding to an approximate pH > 7, structure based on PDB52,53 

structure 2BLG)36 and, additionally, the “loop interface dimer” was simulated with loop EF 

“closed” (approx. pH < 7, based on 3BLG,36 Glh89 in both monomers protonated, hydrogen bond 

between atoms O2 of Glh89 and O of Ser116 in both monomers). The root mean square deviation 

(RMSD), calculated for all C atoms after fitting each structure on the minimized X-ray structure, 

the radius of gyration, calculated for all atoms, and the distance of the centers of mass of all C 

atoms in monomers 1 and 2 were used as measures of geometry change in the simulations. These 

are shown in the Supporting Information Figures S17-S19 and S22-S24 for the “loop interface 

dimers” and in Figures S28-S30 and S33-S35 for the “dimer” and “lock-and-key” interface dimers. 

The dimer structures connected by the “loop interface” are shown in Supporting Information 
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Figures S15-S16 and S20-S21; the corresponding figures for the structures bridged by the “dimer” 

and “lock-and-key” interfaces are shown in Supporting Information Figures S26-S27 and S31-

S32. 

Visual inspection of the simulated structures and analysis of the C atom RMSD, the radius of 

gyration and the distance between the centers of mass of all C atoms in monomers 1 and 2 

(Supporting Information Figures S26-S35) show that the “dimer” and “lock-and-key” interface 

structures do not undergo significant geometry change during simulation. Therefore, these 

simulations were terminated after 61.5 ns and we conclude that these dimers can exist in the 

experimental system but are not sensitive to exchange of the alkali ions (Na+, K+) in the electrolyte 

(i.e. the distribution of carboxylates on the dimerization surfaces is not ideal for the formation of 

bridging interactions by metal cations for these dimers). 

In contrast, dimers connected via the hydrophilic “loop interface” are sensitive to the kind of 

alkali ions (sodium, potassium) in the solution. Supporting Information Figures S15 and S20 show 

that sodium cations are significantly enriched in regions that bear carboxylic amino acids 

(glutamate, aspartate), especially in the interfacial region between the monomers. This observation 

has been confirmed in the thermodynamic integration calculations (see below). Analyses of the C 

atom RMSD, the radius of gyration and the distance between the centers of mass of all C atoms 

in monomers 1 and 2 (Supporting Information Figures S17-S19 and S22-S24) show that both the 

presence of Na+ and K+ affects the geometry of the dimer compared to the starting structure (the 

minimized dimers constructed from the X-ray structure), and that Na+ is inserted more frequently 

between Asp and Glu carboxylate groups than K+ and thus disrupts the native interaction between 

the protein monomers, which is dominated by interactions of lysine ammonium groups (and the 

Asn63 amide moiety) with aspartate and glutamate carboxylates. In our simulation of the “loop 
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interface” dimer with loop EF closed (based on PDB code 3BLG), we observe that the dimer 

bridged by carboxylate-sodium-carboxylate interactions is stable throughout the entire simulation 

time (413.5 ns, see Supporting Information Figure S20), while in the simulation with potassium 

the dimer dissociates after 246 ns and the monomers remain separated for 61 ns. After rotating 

relative to each other, the monomers form a new contact from 307 ns on, which is stable until the 

end of the simulation (413.5 ns). This new dimer is connected by lysine-carboxylate interactions 

between Lys77-Glu158, Lys75-Glu65, Asp11-Lys70, Lys14-Glu55 and Lys8-Glu44 in the two 

monomers. The latter interaction of Lys8 and Glu44 is typical for the “lock and-key-interface”, 

and we identified the newly formed dimer to be structurally related to the corresponding dimer, 

but with one of the monomers rotated by approx. 90°. These changes are well reflected in the 

analyses of the C atom RMSDs, the radii of gyration and the distances between the centers of 

mass of all C atoms of the monomers (Supporting Information Figures S22-S24). We note that 

the geometry changes described here are most probably not yet converged and much longer 

simulations or more sophisticated, accelerated techniques are required to find geometries close to 

the free energy minimum.  

If loop EF is in an open conformation (at pH values ≥ 7-8, PDB structure 2BLG), it acts as an 

additional anchor between the monomers. Thus, (partial) insertion of ions has a smaller effect on 

monomer separation, which is illustrated by the virtually identical mean distances of the centers 

of mass of the C atoms in the two monomers (calculated for the time interval 101.5-209.5 ns): 

31.5 Å for Na+ and 31.4 Å for K+ (Supporting Information Figure S19), compared to 33.8 Å in the 

simulation with Na+ and loop closed (3BLG) and 33.2 Å in the corresponding simulation with K+ 

(Supporting Information Figure S24, mean values for the same time interval).  For this time 

interval (101.5-209.5 ns, prior to dissociation in the K+ simulation with closed loop), the difference 
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in C atom RMSDs between the Na+ and the K+ simulations is more pronounced in the simulation 

with loop EF open (2BLG, 9.5 Å for Na+ and 5.7 Å for K+, Supporting Information Figure S17) 

than in the one in which loop EF is closed (3BLG, 9.2 Å for Na+ and 7.6 Å for K+, Supporting 

Information Figure S22). This indicates that, in the case of the simulation with loop EF closed 

(3BLG), the effects of Na+ and K+ on the dimer structure during the first 209.5 ns are more similar 

than in the simulation with loop EF open (2BLG). This is because in the latter case Na+ ions can 

be inserted more easily between the monomers, which are connected more strongly by their open 

EF loops, than K+ ions. The effect that Na+ ions are capable of bridging carboxylates more strongly 

than K+ ions has been observed previously.11,58,59 

Figure S25 shows that loop EF stays closed over most of the simulation time in the simulations 

in which it starts closed (3BLG). The closed conformation is stabilized by a hydrogen bond 

between atoms O2 of Glh89 and O of Ser116 in both monomers.  

The radii of gyration for the dimers are about 22 Å for the “loop interface” dimers (21.9, 21.8, 

22.6, 22.4 Å, Supporting Information Figures S18 and S23), and also for the “dimer” (21.9, 21.9 

Å, Supporting Information Figure S29) and the “lock-and-key” interface structures (21.7, 21.9 Å, 

Supporting Information Figure S34). These values agree well with the thicknesses of protein layers 

at a salt concentration of 0.1 M, as determined by ellipsometry (approximately 46 Å (49 Å for 0.1 

M LiCl, 45 Å for 0.1 M KCl and 43 Å for 0.1 M NaCl), see above). 

Thermodynamic Integration. Standard MD analyses and analyses of the free energy gradients 

with respect to the coupling parameter used for integration) were performed for  = 0.1 (“K+-

like”) and  = 0.9 (“Na+-like”). Plots of the gradients are shown in Supporting Information Figures 

S36, S37, S40, S43, and S48. All gradients were sufficiently stable after equilibration. Plots of the 
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ensemble averages of <dV/d> vs.  yielded smooth curves, which can be integrated easily 

(Figures S38, S41, S49 in the Supporting Information). 

The integrated perturbation free energies are listed in Supporting Information Tables S2-S6 and 

are plotted versus simulation time in Supporting Information Figures S39, S42 and S50. Standard 

deviations and standard errors were obtained from batch averaging. They are generally smaller in 

the “free” simulation legs, i.e., when only ions and water are present (standard errors 0.02 and 0.04 

kcal mol1 for the systems containing as many ions and water as in the monomer and dimer 

simulations, respectively), than in the “bound” case (ions, water and protein, standard errors 0.05-

0.08 and 0.14 kcal mol1). These are acceptable measures of the numerical precision of the 

simulations, as shown previously.28 Inspection of the plots of the integrated free energies shows 

that the systems are sufficiently equilibrated after about 5 ns, with the exception of the monomer 

simulation with an alternative protonation state (Glh131 protonated instead of Glh74), where a 

longer equilibration (and hence, extended simulation in general) was required (15.5 ns). Of 

particular interest are the differences of the “bound” and “free” perturbation free energies, which 

describe the relative complexation free energies of sodium and potassium ions, in the system with 

protein and water (“bound”) and in water only (“free”), according to Equation 3 and Figure 2. 

These are summarized in Table 2, which shows that the complexation free energy of Na+ is 

generally more negative than that of K+, as expected. However, these numbers differ for the three 

cases investigated: A relative complexation free energy of 0.5 kcal mol1 was found for the 

monomer in which Glh74 was protonated. In this protonation state, Glh74 is not available to 

coordinate a metal cation together with Asp53 (which would result in the formation of an ion 

triplet). It is also positioned unfavorably on the contact surface (“loop interface”) on which the ion 

triplets most often form. If Glu74 is left deprotonated and Glh131 (which is far from the 
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dimerization interface and has been shown not to be involved significantly in the formation of ion 

triplets for Na+ and K+, see Figure 5) is protonated instead, the value of G changes to 1.00 kcal 

mol1. This demonstrates the effect of the formation of an ion triplet together with Asp53 nicely. 

This common coordination of a metal cation by Glu74 and Asp53 is more pronounced for Na+ 

than for K+ (see Figure 5). A G value of 2.91 kcal mol1 was found for the dimer system. This 

much more negative value emphasizes the importance of bridging by sodium compared to 

potassium in dimer formation. In particular, bridging interactions between the carboxylates of 

Glu74 and Asp53 in the first monomer and between Asp85 in the first monomer and the backbone 

carbonyl oxygen and the carboxylate of Glu62 in the second are important (formation of ion triplets 

and multiplets, see Figure 8 and Supporting Information Figure S51 for an illustration). 

Interestingly, Asp85 itself is not found to be strongly coordinated by Na+ or K+ in the monomer 

simulations (see Figure 5). Thus, the presence of a second monomer changes the ion-distribution 

pattern on the protein surface significantly. Another ion triplet is observed between Asp53 and 

Glu74 in the second monomer, but this one is not involved in the bridging between the monomers. 

The influence of the relative complexation free energies on the dimerization free energy of two 

BLG monomers can be assessed by subtracting twice the monomer value from Gcomplex obtained 

for the dimer. Thus, values of 1.91 kcal mol1 and 0.91 kcal mol1 are obtained for the 

simulations with Glh74 with Glh131 protonated, respectively. Thus, sodium counterions favor 

dimerization in both cases compared to potassium. This situation is analogous to that found for 

polycarboxylate micelles.11 

 

Table 2. Relative complexation free energies of sodium and potassium ions, in the system with 

protein and water (“bound”) and in water only (“free”), according to Equation 3. All energies are 
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given in [kcal mol1]. Standard deviations (SD) and standard errors (SE) were obtained by 

Gaussian error propagation. For the monomer, two different protonation states were examined (see 

Computational Details section). 

system time [ns] Gcomplex(Na+) - Gcomplex(K
+)  SD SE 

monomer (Glh74) 5.5-25.5 -0.50 0.26 0.08 

monomer (Glh131) 15.5-35.5 -1.00 0.17 0.05 

dimer 5.0-25.0 -2.91 0.95 0.15 
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Figure 8. Thermodynamic integration: structure of dimer after 25 ns (cartoon representation, ASP 

and GLU as sticks). Every 50th structure of MCl in the time interval 5.0-25.0 ns shown. M+: blue, 

Cl-: green. Above:  = 0.1 (“K+-like”), below:  = 0.9 (“Na+-like”). Figures were created using 

VMD.74 
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Discussion 

We have investigated the influence of counterions and salt concentrations on the aggregation 

behavior and the surface adsorption of -lactoglobulin in water. SFG and ellipsometry experiments 

have provided insight into the situation at the air-water interface. However, initial atomistic and 

coarse-grained (CG) simulations did not show protein surface adsorption on the time scales studied 

(70 ns and 5.4 s, respectively). This may either mean that surface aggregation takes place slower 

than on the microsecond time scale or that the coarse-grain model is unable to reproduce the effects 

expected. We have therefore resorted to atomistic models of protein monomers and dimers in bulk 

solution in order to study the influence of different salt solutions.  

SFG and ellipsometry indicate substantial changes in the interfacial structure of BLG-modified 

air-water interfaces as a function of salt concentration. The decrease in O-H intensity with ionic 

strength can be attributed to a change in the strength of the interfacial electric field (see Supporting 

Information) caused by charge screening and possibly by ion specific effects such as the 

complexation of alkali ions with carboxylate groups on the protein surface, as observed in the MD 

simulations. These indicate a preference for Li+ and Na+ over K+ when binding to carboxylates, 

which has also been observed for proteins and model peptides in previous studies, e.g. by 

Jungwirth and co-workers,3,75-79 Cremer and co-workers80 and by ourselves for polyanionic 

micelles.11,58,59 This order is even maintained if solvent-shared ion pairs, rather than contact ion 

pairs, are formed preferably.81 Chloride anions are not significantly enriched near positively 

charged residues (Lys, Arg), as also found by Jungwirth and co-workers.82-84 While these findings 

are per se not new, the system used in our study offers an opportunity to investigate ion effects on 

different mechanisms of protein dimerization. The thermodynamic integration part of our study is, 
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to our knowledge, the first application of this kind to study electrolyte effects on protein 

dimerization. 

Changes in SFG-intensity are accompanied by a change in spectral shape and an increase in 

thickness of the BLG surface layer that occurs at similar ionic strength. We relate this to changes 

in net orientation of either interfacial water or BLG molecules (for a detailed discussion, see 

Supporting Information). The observed layer thickness at low ionic strengths is consistent with the 

size of monomeric BLG molecules (radii of gyration as obtained from the monomer MD 

simulations approx. 15 Å, see Results section). There is good agreement between the layer 

thickness measured at 0.1 M salt concentrations and the hydrodynamic diameter of BLG dimers 

from our MD simulations (radii of gyration approx. 22 Å, see Results section). We therefore 

propose that that the change in the relative phase of C-H and O-H bands and the increase in layer 

thickness points to a transition from a protein adsorbate layer with densely packed monomers to a 

BLG bilayer. The latter is possibly dominated by BLG dimers with their long axis parallel to the 

surface normal. Our observation that monomers and dimers prevail at the pH used in this study is 

consistent with the literature.70-73 

The observed changes in SFG vibrational spectra are more pronounced for LiCl than for NaCl 

and KCl, which is consistent with the MD simulations of BLG proteins in bulk solution. Here, ion 

pairing between alkali-metal cations and carboxylate anions at the protein surface can stabilize 

BLG dimers. The ion-pair and ion-multiplet formation indicated by the MD simulations 

necessarily leads to changes of the BLG net charge. Since the probability of the formation of ion 

pairs or triplets with Asp or Glu carboxylates (Figure 5) increases in the order K+ < Na+ < Li+, it 

is not surprising that the decrease in O-H intensity and the relative change in phase with an increase 

in salt concentration is more pronounced for LiCl. In fact, we only observe first a dramatic decrease 
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in O-H intensity that is followed by a weak but noticeable recovery of the O-H intensity at 2 M 

LiCl concentration (Figure 3a). This increase in intensity could be related to charge reversal and 

subsequent overcharging of BLG due to the comparatively high propensity of Li+ to form ion-ion 

complexes at the BLG surface, as observed in the molecular dynamics simulations (see Results 

section). These findings are in good agreement with previous work by Jungwirth and co-workers, 

who studied charge compensation and overcharging of tetra-aspartate by coordination with mono-

, bi- and trivalent cations.76 

Aggregation and surface adsorption of -lactoglobulin is a complex phenomenon that depends 

on several variables. Solution pH determines the specific protonation pattern on the protein 

surface, which itself has a pronounced effect on protein-protein interaction in the absence of 

bridging metal cations, e.g. by interacting Lys-ammonium groups and Asp/Glu-carboxylates. Due 

to the requirements of the MD methodology, this protonation pattern was kept fixed in the current 

study. Future studies might involve constant pH MD simulations85,86 that alter the protonation 

pattern dynamically, or thermodynamic integration between protonation states that allows a more 

realistic assignment of protonation states. A major influence of pH on BLG dimerization is given 

by the pH dependent conformation of loop EF, which is commonly reported to be open for pH 

values > 7 and closed for pH < 7. These two conformations were treated as independent simulations 

in the present study and it was found that the loop conformation does indeed have an influence on 

the “loop interface” dimer as it acts as an additional anchor between the monomers.  

Metal coordination of carboxylates allows a bridging interaction between Asp/Glu residues, both 

within one monomer and between two monomers. The MD simulations of different dimers have 

shown that only the “loop interface” dimer is sensitive to the kind of ions present in solution so 

that we conclude that only this dimer is determined by bridging metal coordination. Our 
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thermodynamic integration study confirms the thermodynamic effect of the increased ability of 

Na+ to bridge between carboxylates and hence, between monomers compared to K+. 

The MD simulations indicate that, in addition to net charge effects of the whole protein, the local 

complexation of individual carboxylates contributes to the effects seen in SFG spectroscopy. This 

probably occurs by changing the binding geometries of coordinated water molecules and thus 

reversing the local electric field that acts on a given water molecule when a coordinating COO- is 

replaced by M+ (see Supporting Information Figure S13 for an illustration). Thus, we can now 

enhance the simple concept of charge compensation/overcharging by a more detailed atomistic 

picture. 

Generally, hydrophobic patches are frequently found to be important for protein dimerization. 

However, the surface amino-acid pattern of BLG means that this effect only plays a major role for 

the dimer connected by the “dimer interface”, where -strands of the two monomers interact with 

each other (“cross-beta interaction”), and, additionally, an area of higher hydrophobicity is found 

in the contact surface (Supporting Information Figures S6-S7). Additionally, one of the protein 

surface patches involved in the formation of the “lock-and-key” interface shows a slightly 

enhanced hydrophobicity (Figures S4-S5 in the Supporting Information). 

White and co-workers used X-Ray and neutron reflectometry to study BLG at the air-water 

interface, both with and without denaturant.70 For the system without denaturant, they observed 

monomer adsorption. They argued that the protein surface that forms the interface for dimerization 

is largely hydrophobic, and we assign this surface to be the one involved in the formation of the 

“dimer interface”. Therefore, it is likely that the monomer adsorbs preferentially to the air-water 

interface with this more hydrophobic patch towards the interface.70 Supporting Information Figure 

S53 shows four monomers of BLG as they are oriented in the crystal, and the possible protein-
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protein interfaces relative to each other. We can speculate that, if the more hydrophobic “dimer 

interface” is preferentially located at the air-water interface, the contacts in the first BLG 

monolayer are determined by the “loop interface” and the “lock-and-key interface”, whereas a 

second layer of BLG monomers can be bridged with the first one via “dimer interfaces”. 

 

Conclusions and Outlook 

We have begun constructing a detailed atomic model of protein aggregation that goes further 

than simple pictures such as the aggregation via hydrophobic patches or the dominant influence of 

the effective total charge of the protein monomers. Adsorption at the air-water interface could not 

be reproduced in preliminary atomistic and coarse-grain simulations, so that we have concentrated 

on protein aggregation in bulk solution. The results of these simulations are consistent with both 

SFG and ellipsometry experiments.  

Our work also suggests either that the coarse-grained model employed cannot reproduce the 

surface aggregation process of BLG or that the time scale of this process exceeds that of the five-

microsecond simulation reported here. Future studies of the fine structure of water, electrolyte and 

large protein aggregates at the air-water interface will thus require very long simulations and/or 

atomistic force fields, despite the higher computational effort. Furthermore, our method of post-

processing classical MD ensembles with all-QM87 or QM/MM techniques21,23 can be used to 

calculate hyperpolarizabilities,88,89 which will allow a direct comparison with experimental results 

from second-order spectroscopy. 

The present study shows that molecular simulations can most valuably complement 

experimental studies, as they allow a direct view on an atomistic scale, which is in many cases 

inaccessible by experiments.  
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Supporting Information. Additional figures and tables showing (a) illustrations of monomer 

conformations and the different dimers investigated, (b) sample preparation for SFG spectroscopy 

and ellipsometry, (c) detailed discussion of the SFG spectra, (d) detailed views of the different 

dimers investigated in the MD study, (e) computational details of monomer, dimer and 

thermodynamic integration simulations,  (f) minima in the radial distribution functions used to 

define first and second coordination shells (monomer simulations), (g) radial distribution functions 

of M+ around Asp and Glu carboxylate oxygens (monomer simulations), (h) radial distribution 

functions of Cl- around Lys ammonium and Arg guanidinium nitrogens (monomer simulations) (i) 

illustrations of the ion distributions in the monomer simulations, (j) view of the water environment 

around a carboxylate pair with and without coordinated cation, (k) radii of gyration as obtained 

from monomer simulations, (l) illustrations of the ion distributions and the structures in the dimer 

simulations, (m) RMSDs, radii of gyration and distances as obtained from the dimer simulations, 

(n) gradients and integrated perturbation free energies as obtained from the thermodynamic 

integration calculations (salt solution without protein and with monomer or dimer), (o) RMSDs, 

radii of gyration and distances as obtained from the thermodynamic integration simulation of the 

dimer, (m) illustration of ion distributions and structures in the thermodynamic integration 

simulation of the dimer, (p) protein diffusion coefficients, (q) details and results of the coarse-

grained simulations, (r) hypothetical arrangement of BLG monomers at the air-water interface. 

This material is available free of charge via the Internet at http://pubs.acs.org. 
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