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Abstract

Antimicrobial peptides (AMPs) preferentially permeate prokaryotic membranes via electrostatic 

binding and membrane remodeling. Such action is drastically suppressed by high salt due to 

increased electrostatic screening, thus it is puzzling how marine AMPs work can possibly 

work. Here, we examine as a model system piscidin 1, a histidine-rich AMP, and show that 

ion-histidine interactions play unanticipated roles in membrane remodeling at high salt: Histidines 

can simultaneously hydrogen-bond to a phosphate and coordinate with an alkali metal ion to 

neutralize phosphate charge, thereby facilitating multidentate bonds to lipid headgroups in order 

to generate saddle-splay curvature, a prerequisite to pore formation. A comparison among Na+, 

K+, and Cs+ indicates that histidine-mediated salt tolerance is ion specific. We conclude that 

histidine plays a unique role in enabling protein/peptide-membrane interactions that occur in 

marine environment. ((800–1000 characters with spaces, currently 950))
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How marine antimicrobial peptides remain active at high salt: The presence of histidines and 

their location on Piscidin 1 (Pis-1) is critical for its high-salt activity. DFT calculations show that 

histidine coordinates Na+ and the phosphates in lipid headgroup, which is corroberated by SAXS 

results showing that Pis-1 induces negative Gussian curvature at high Na+ concentrations, and that 

the histidine-mediated salt tolerance is ion specific.
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Introduction

Antimicrobial peptides (AMPs) contribute to innate immune defense against a broad 

spectrum of pathogens. AMPs can act via multiple antimicrobial functions, but one of 

the best known of these is their ability to preferentially permeate prokaryotic membranes 

rather than eukaryotic membranes.[2] With current challenges of antibiotic resistance and 

ultimately antibiotic tolerance in slow growing bacteria, the design principles of AMPs 

have emerged as an interesting conceptual starting point, since AMPs do not directly target 

growth processes as most antibiotics do (ex: cell wall synthesis, protein synthesis, DNA 

synthesis). One enduring mystery is how AMPs from marine organisms can possibly work 

in high salt environments, when typical AMP-membrane binding is drastically suppressed 

with increased electrostatic screening. Indeed, there have been efforts to engineer salt 

tolerant AMPs,[4] yet these peptides are structurally and functionally distinct from the large 

repertoire of AMPs discovered in marine organisms[5] which must work at levels of ionic 

strength found in oceans (~500mM NaCl, in addition to other salts).

The occurrence of histidine is high in some marine AMPs (Table S1),[6] including piscidin 

1 (Pis-1), but its function is not clear. We note that the function of histidine in peptides and 

proteins is often associated with pH sensitivity: it was suggested that the Pis-1 recognition 

of heparin is improved at pH 7.4 due to neutral histidines.[7] Moreover, it was recently 
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suggested that histidines can enable antimicrobial activity by generating reactive oxygen 

species via Fenton chemistry.[8] Here, we examine Pis-1, a histidine-rich, α-helical AMP 

that originates in hybrid striped bass,[9] to see if and how the histidine residues maintain 

the function of Pis-1 in high salt concentrations. Differences in a given ion’s ability to 

influence a broad range of protein behavior are often expressed in the Hofmeister series, 

and are recently rationalized in terms of specific interactions of hydrated salt ions with 

the sides-chains and backbone of a protein.[10] To gain more insight into the role of Na+ 

in marine pore formers, we examine more generally the histidine-ion interaction, via a 

Hofmeister series of alkali metal ions, i.e., Na+, K+ and Cs+.

In this work, we use density functional theory (DFT), synchrotron small angle X-ray 

scattering (SAXS), mutational studies, and antimicrobial assays to show that specific 

salt-histidine interactions play unanticipated but pivotal roles in marine AMP membrane 

remodeling activity: Histidines can simultaneously H-bond to one phosphate and associate 

with a Na+ ion to coordinate another phosphate, thereby facilitating multidentate histidine 

binding to two phospholipid headgroups. This structural arrangement is analogous to the 

multidentate H-bonds of arginine in cell penetrating peptides,[11] which promotes generation 

of negative Gaussian curvature (NGC) in membranes, the kind of curvature topologically 

required for membrane permeation processes like pore formation. We hypothesize that 

this effect, combined with salt-independent generation of positive mean curvature from 

hydrophobic insertion into the target membrane,[12] allows Pis-1 to be a potent AMP at 

high salt levels. Consistent with this framework, when the histidines in Pis-1 are substituted 

with lysines (K) and arginines (R), the mutant becomes less effective in inhibiting bacterial 

growth at marine salt concentrations, despite gaining more cationic charges. Consistent with 

observed antimicrobial activity, the K/R-substituted mutant is less effective in generating 

NGC in model bacterial membranes at marine level Na+ concentrations compared to WT 

Pis-1. We also find that placement of histidines near the hydrophilic-hydrophobic interface 

of the Pis-1 helix is crucial for activity: when the histidine residues are moved to the 

center of the hydrophilic face, NGC generation is strongly suppressed. Experimental phase 

diagrams of Pis-1/membrane lipids/alkali halide salts (NaCl, KCl &CsCl) indicate a non-

monotonic dependence of NGC generation on the cation size, which is inconsistent with a 

picture in which the primary contribution of salt is electrostatic screening. More generally, 

that histidine can mimic a multivalent cation even though it is essentially uncharged implies 

that it can interact with membranes and macromolecules in unexpected ways, especially at 

high salt concentrations.[13]

Results and Discussion

Designing Mutants to Assess the Role of Histidine and Its Locations in Pis-1 Mediated 
Membrane Remodeling

Pis-1 is an ideal AMP to illustrate the coordinating effect of histidine in the context of its 

salt tolerance. AMPs are often characterized by their cationic charge and hydrophobicity, 

although recent work has allowed more nuanced analysis of the amino acid composition.[14] 

Pis-1 (Figure 1a) is strongly hydrophobic (Table 1) but does not have typical levels of 

cationic charge in AMPs. We designed a Pis-1 analog, Pis-KR, by replacing all histidines 
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with lysine (K) or arginine (R) (Fig.1b), both heavily used as the cationic component in 

non-marine AMPs. Comparing Pis-KR to Pis-1 allows us to assess histidine contribution 

to membrane remodeling as a function of different salt conditions. We designed another 

Pis-1 analog, Pis-mH, to evaluate the significance of the placement of the histidines at the 

hydrophilic-hydrophobic interface. In Pis-mH, histidines are moved from the hydrophilic-

hydrophobic interface to the middle of the hydrophilic face (thus “-mH”)(Fig.1c). The 

helical hydrophobic moment of Pis-1, Pis-KR and Pis-mH are comparable, whereas at pH 

7.5 the amount of positive charges for Pis-KR (+7.9) is ~2x as much as Pis-1 (+4), and that 

for Pis-mH (+5) is one more than Pis-1 (Table 1).

Antimicrobial Activities of Pis-1, Pis-KR & Pis-mH against Gram-Positive Bacteria at High 
Salinity

Minimum inhibitory concentration (MIC) assays were carried out on Gram-positive bacteria 

S. epidermidis and S. aureus. High concentrations of NaCl affects S. epidermidis and S. 
aureus cultured in normal nutrient broth (LB or TSB). S. epidermidis precipitates at 500 

mM NaCl, whereas the growth of S. aureus decreases as NaCl concentration increases. 

Therefore, the bacteria were first allowed to adapt to growing in high salt levels by repeated 

growth in increasing NaCl concentrations.[15] Once adapted, the bacteria grew to similar 

density overnight as measured by OD600 in NaCl concentrations of 100 – 500 mM. In 

parallel, we added 5mM MgCl2 to reflect the presence of Mg2+ in the marine environment, 

and similar growth as a function of different NaCl concentrations was observed with or 

without Mg2+.

In the absence of Mg2+ (Figure 2a), the activity of Pis-1 is sustained up to 400 mM NaCl, 

and only starts to decrease at 500 mM NaCl; the activity of Pis-KR is similar to Pis-1 at 100 

– 200 mM NaCl but starts to decrease at 300 mM NaCl; the activity of Pis-mH is weaker 

than both Pis-1 and Pis-KR at all NaCl concentrations except the lowest at 100 mM. Similar 

trends are observed in the presence of 5 mM Mg2+ (Fig. 2b): Pis-1 sustains its activity up 

to 300 mM NaCl before decreasing, Pis-KR sustains its activity up to 200 mM NaCl before 

decreasing, and the activity of Pis-mH is significantly weaker than both Pis-1 and Pis-KR 

at all NaCl concentrations tested. This pattern of MIC activities towards S. epidermidis is 

also observed for S. aureus (Fig. S1). The MIC results for Gram-positive bacteria show two 

surprising trends: 1) Pis-1 sustains its antibacterial activity better than Pis-KR at high NaCl 

concentrations, despite the fact that Pis-KR has almost twice as many positive charges as 

Pis-1, affirming the importance of histidine for salt tolerance in Pis-1; and 2) Pis-mH has 

overall diminished antibacterial activity compared to Pis-1 and Pis-KR.

We examine these observed MIC trends via fundamental arguments on ion–peptide 

interactions. The propensity for multidentate bonding by arginine has been correlated to 

the generation of NGC in phospholipid membranes, either via H-bond interactions to 

multiple phosphate groups[11b] or through multiple contact points with phosphate and 

carbonyl groups.[16] NGC is geometrically necessary for membrane permeation mechanisms 

associated with antimicrobial activity, such as pore formation and budding, and has been 

observed for typical AMPs at ~100mM NaCl, a criterion consistent with recent machine 

learning and bioinformatics studies.[14]
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Histidine Can Mediate ‘Multidentate’ Interactions with Phosphates by Coordinating with a 
Na+ at High Salinity

To investigate how histidines in Pis-1 interact with phospholipid headgroups in NaCl, we 

next construct a minimal, quantum mechanical model using density function theory (DFT) 

calculations. We probe the coordination of the alkali cation to histidine, and then of HisX+ 

(X+ represents alkali metal ions) and protonated lysine to Cl− ions in solution and the 

phosphate groups present in the membrane. Firstly, binding two anions (whether Cl−, or 

H2PO4
−) rather than just one was found to be preferred for both HisX+ and lysine (Table 

S2 and Table S3). We computed the ΔΔG of the association with the anions (with positive 

indicating preference to binding two chlorines) and versus the dielectric constant (since it 

is not known precisely for the studied peptide-membrane complexes) in Figure 3a. Note 

that inaccuracies in the computed free energies are expected due to the implicit treatment 

of the solvent, particularly impacting Cl− that would have to undergo a desolvation with 

a large entropic penalty upon association. For this reason, Lys is taken as a reference for 

all trends in Fig. 3a. For all HisX+ complexes, there is a strong preference to bind two 

phosphates instead of two chlorines, as compared to lysine. The cation partially neutralizes 

the negatively charged phosphate groups, allowing the neutral histidine to hydrogen bond 

with one of the phosphates. Additionally, the cation binds to histidine’s π-system resulting 

in a multidentate structure that successfully binds two phosphates (Fig. 3c). In general, 

Cs+ > K+ > Na+ bound with histidine is the trend for binding affinity of free phosphates, 

which follows the Hofmeister series. This trend most likely arises from the difference in 

the increased ionic radii of the cation present. For a small cation, like Na+, the distance 

between the two negatively charged phosphates is decreased, whereas for larger cations like 

K+ and Cs+, there is greater distance between the charged phosphates (Fig. 3b). An increase 

in the distance between these negatively charged groups will decrease the electrostatic 

repulsion and enhance the binding of the histidine. Our model is minimalistic, and additional 

constraints could exist when the phosphate groups are attached to the lipid membrane; 

specifically, the proximity of two phosphate groups upon association with HisX+ or Lys 

might be restricted. This could reduce interphosphate repulsion and further facilitate the 

association when the cations are small, i.e. Na+. Furthermore, we do not perform molecular 

dynamic simulations to sample the configurational ensemble to ensure that our structures are 

global minimums. Though, since the system is so small with minimal degrees of freedom, 

it is reasonable to assume that the optimizer will be able to find the global minimum. 

Additionally, we hypothesize that there is an optimal distance between the two phosphate 

groups which will allow for generation of NGC, and sufficient binding to the histidine 

residue.

There are two predictions that can be made based on these calculations: 1) It is 

possible for histidine to employ a distinct mechanism at high salt concentrations for 

coordinating with multiple phosphates on lipid headgroups. This multidentate coordination 

has been previously correlated to membrane curvature generation.[11] 2) Both histidine-ion-

phosphate binding and resultant membrane curvature generation will depend on the specific 

monovalent ion, which is an unexpected result.
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Quantifying Membrane Remodeling by Pis-1 Mutants

To compare with the predictions from DFT calculations, we investigated the NGC-inducing 

ability of Pis-1, Pis-KR and Pis-mH. To that end, we developed a model membrane system 

consisting of small unilamellar vesicles (SUVs)[14b, 17] with a composition of PG/PE/CL 

20/60/20 that is found to be suitable for high salt concentrations (up to 600 mM) for 

SAXS experiments (Supplemental). Alkali metal ions Na+, K+ and Cs+ were used for 

comparison. Mg2+ at 2.5 mM was also included. We note that although Mg2+ ions are 

known to bridge lipid headgroups,[18] their concentrations here are not sufficiently high to 

influence membrane curvature significantly. In order to focus on Pis-1 mediated membrane 

remodeling relevant to antimicrobial activity, we examined structural transitions at a peptide-

to-lipid (P/L) molar ratio of 1/25, just below the MIC[19]. Examples of SAXS spectra and 

peak indexing are illustrated in Figure 4, and the results are summarized in Table 2.

Interestingly, in NaCl concentrations ranging from 100 – 600 mM, only Pis-1 generated 

cubic phases in PG/PE/CL 20/60/20 SUVs. For examples, at 250, 400 and 600 mM NaCl, 

SAXS spectra for SUVs that were exposed to Pis-1 exhibited correlation peaks with Q-ratios 

of 2: 3: 4: 6: 8: 9 which index to a Pn3m cubic phase (Fig. 4). Bicontinuous lipidic 

cubic phases, such as the Pn3m “double diamond” cubic lattice here, are also induced by 

classical AMPs rich in lysines and arginines with model bacterial membranes.[17b, 17c] A 

bicontinuous cubic phase consists of two nonintersecting aqueous pore networks separated 

by a lipid bilayer with NGC at every point on its surface. In other words, Pis-1 remodels 

membranes with a bacterial-like composition by inducing NGC, which is the type of 

curvature that is geometrically required for membrane permeabilization events. These results 

suggest that Pis-1 has the capacity to kill bacteria via direct, physical membrane disruption 

even at high salt concentrations.

Strikingly, under the same conditions, Pis-KR does not generate cubic phases or any other 

high curvature phases. At 100 mM NaCl, the SAXS spectrum (data not shown) exhibits a set 

of correlation peaks with integral Q-ratios consistent with a periodicity of 4.39 nm, which 

indicate the formation of a lamellar (Lα) phase without significant curvature. This result 

indicates that Pis-KR binds electrostatically to anionic membranes and intercalates between 

bilayers to maximize contact with oppositely charged lipid headgroups. However, even in 

this extreme case of Pis-KR / membrane interaction, Pis-KR does not generate curvature, 

resulting instead in a flat lamellar phase. As NaCl concentrations increase (250 – 600 mM), 

electrostatic binding between Pis-KR and membranes is progressively weakened. Consistent 

with this picture, the diffraction signal evolves from that of a lamellar phase of bilayers 

with intercalated Pis-KR to that of a form factor for isolated bilayer membranes at higher 

salt levels (Fig. 4a and Table 2). This striking difference between Pis-1 and Pis-KR is a 

strong indication that Pis-1 employs a different NGC-generating mechanism than Pis-KR, 

one that is based on His-Na+-phosphate coordination, which is active even at high NaCl 

concentrations. In replacing histidines with K/R in the mutants, one consideration is the 

“snorkel” effect of the long sidechains of K/R. It has been noted that since the sidechain 

of histidine is shorter than that of either lysine or arginine, it will not snorkel.[9d] This 

implies that His-rich peptides may not insert as deeply into the membrane and will require 

more hydrophobicity for the same membrane curvature generation. Coincidentally, bulky 

Xian et al. Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydrophobic residues such as tryptophan, phenylalanine, and tyrosine are frequently found 

in His-rich marine AMPs. In our framework, the more superficial arrangement of histidines 

allows better access to Na+ ions, and thereby enhance curvature generation via a mechanism 

optimized for high salt. From a more general perspective, it will be interesting to explore 

conditions in which the Pis-KR mutant can generate NGC better than the less cationic 

Pis-1 WT, given Pis-KR’s higher cationic charge which is often a criterion for AMP-like 

membrane remodeling activity.

Next we compare the NGC-inducing ability of WT Pis-1 with that of Pis-mH, on which 

the histidines have been moved from the amphiphilic interface immediate adjacent to the 

hydrophobic face to the middle of the hydrophobic face. Pis-mH has slightly higher charge 

at pH 7.5 (+5) than Pis-1 (+4), but less than Pis-KR (+7.9) (Table 1). At 100 mM NaCl, Pis-

mH only induces a lamellar phase with a periodicity of 4.36 nm without inducing membrane 

curvature, and it is not able to generate a cubic phase at higher NaCl concentrations (Fig. 

4a and Table 2), in contrast to Pis-1. In this part of the phase diagram, the data is consistent 

with form factors characteristic of SUVs (Fig. 4a). Under these conditions (in NaCl, with 

a P/L ratio of 1/25), Pis-mH behaves similarly to Pis-KR, rather than Pis-1. It is clear 

that placement of histidines near the hydrophilic-hydrophobic interface of the Pis-1 helix 

is crucial for its high-salt antimicrobial activity. It was found in computer simulations that 

Pis-1 can generate positive mean curvature, presumably from hydrophobic insertion into the 

target membrane.[12] Indeed, positive curvature is one of the necessary ingredients of NGC, 

which has positive curvature along one principal direction and negative curvature in the 

other; this is consistent with the structural tendencies we observe. By engineering Pis-mH, 

we hypothesized that in order to generate NGC, the placement of histidines on Pis-1 must 

be close to the hydrophobic face, so that the membrane curvature generated from histidine 

coordination with phosphates can be combined with that from insertion of hydrophobic 

residues into the lipid bilayer. The observation that Pis-mH, of which the histidines are no 

longer in close proximity of the hydrophobic face, fails to generate NGC is consistent with 

our hypothesis.

The Role of Specific Ions on Pis-1 Mediated Membrane Remodeling via Histidine Sidechain 
Interactions

DFT calculations and SAXS measurements highlight a novel role for ions in marine AMPs: 

Rather than simply contributing to electrostatic screening, the coordination of a monovalent 

ion with histidine is crucial for its bidentate interactions with phospholipids that contribute 

to NGC generation. Differences in a specific ion’s ability to influence a broad range of 

protein behavior are often expressed in the Hofmeister series, and are rationalized in terms 

of specific interactions of hydrated salt ions with the side-chains and backbone of a protein. 

Indeed, DFT calculations above suggest that K+ has an even greater propensity than Na+ to 

form the histidine-ion-phosphate coordination necessary for NGC generation. Here, we test 

whether such ion specific effects exist in Pis-1 to mediate NGC generation, by investigating 

its activity in NaCl, KCl, and CsCl salt solutions of different concentrations.

At a modest molar ratio of P/L = 1/25, Pis-1 can generate NGC in NaCl, KCl, and CsCl 

up to 600 mM salt concentration, as indicated by the induced restructuring of PG/PE/CL 
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20/60/20 SUVs into cubic phases (Table 2). In a cubic phase, the average amount of 

Gaussian curvature in the unit cell, <K>, can be calculated via <K> = 2πχ/a2A0, where the 

Euler characteristic, χ, and the surface area per unit cell, A0, are constants specific to each 

cubic phase, and a is the lattice parameter. For Pn3m, χ = −2 and A0 = 1.919.[20] For Na+, 

Pis-1 generates a Pn3m cubic phase with a value of <K> that saturates near −2.6 × 10–2 

nm–2 (aPn3m ~15.9 nm) at 600 mM NaCl. For K+, more NGC is generated at high salt, and 

the corresponding saturation value of <K> is −3.4 × 10–2 nm–2 (aIm3m ~17.8 nm) at 600 mM 

KCl. This is consistent with the DFT results, in which histidine-ion-phosphate coordination 

is found to be more favorable for K+ than for Na+.

To test the idea further, we examine Pis-mH, which has lost much of its NGC inducing 

capacity due to the suboptimal placement of histidines. For Na+, we do not observe 

induction of high curvature phases: An Lα phase with no induced membrane curvature 

at 100 mM, and only the form factor of SUVs at all higher salt concentrations (250mM – 

600mM). In contrast, we do observe weak NGC generation for K+, which shows that K+ is 

more amenable for NGC generation than Na+. This is again in agreement with expectations 

from DFT calculations. Moreover, the value of <K> for Pis-mH is −2.5 × 10–2 nm–2 

(aPn3m ~16.2 nm) at 600 mM KCl, which is lower in magnitude than the corresponding 

values for Pis-1 WT (–3.4 × 10–2 nm–2), as expected. Interestingly, for Cs+ ions, we 

begin to see non-monotonic behavior with ion size. DFT calculations suggest even more 

energetically favorable histidine-ion-phosphate coordination, but due to the larger ion size 

and polarizability, and the likely distortions of the membrane, we do not expect the model to 

be predictive in this regime. Experimentally, we find that a weak cubic phase is generated, 

but only at 100mM salt (<K> ~ −1.6 × 10–2 nm–2, aPn3m ~20.4 nm). At all higher salt 

concentrations, only a form factor consistent with SUVs is observed, which indicates a 

decreased tendency for Cs+ to induce NGC compared to K+.

Membrane remodeling processes are known to be complex and multifactorial. For example, 

it has been shown that histidine, in particular H17 near the C-terminus of Pis-1, is important 

for piscidin membrane insertion.[9d] In agreement with that study, we find that membrane 

permeation activity is suppressed in Pis-mH, a mutant in which H17 is relocated (Fig. 2). 

However, that such effects are observed in Na+ but not in K+ (Table 2) argues for the 

importance of both histidine-ion-phosphate coordination and insertion-promoting histidine 

placement for the high salt activity of Pis-1.

In a more general compass, the results presented here have potential application to marine 

pore forming mechanisms outside of innate immune processes. For example, pore formation 

is central to biological processes such as sperm-egg fertilization. Given the pivotal role 

played by histidine in pore formation in high salt, it is interesting to examine the question 

of whether proteins associated with pore forming machinery in the reproductive system of a 

given organism have amino acid content that is optimized for poration in salt water or fresh 

water, potentially providing a perspective to understand why it is necessary for anadromous 

fish to migrate to fresh water to spawn while catadromous fish migrate to salt water to 

spawn. Main Text Paragraph.
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Conclusion

In summary, we elucidated a mechanism for membrane curvature generation in high salt 

marine environments via Hofmeister-like effects. Specifically, we dissect a marine AMP, 

Pis-1, by analyzing the role of histidine-ion-phosphate coordination in negative Gaussian 

curvature generation in lipid membranes by mutant AMPs and provide a general mechanism 

for the functioning of histidine-rich marine membrane remodeling peptides at high salt 

levels. These results establish a conceptual framework in which ions make AMP membrane 

remodeling activity possible, rather than just attenuate activity via electrostatic screening. 

Moreover, ion-specific effects (ex: the foundational biological partitioning of Na+ vs. 

K+) can have unanticipated outcomes through histidine-ion-phosphate coordination in the 

extreme ionic environments of sea water.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Designing Pis-1 analogs. a, Pis-1. Residues 1–18 are plotted on a helical wheel. The four 

histidines are at the hydrophilic-hydrophobic interface (blue circles). b, Pis-KR. Lysine and 

arginine (red circles) are placed at the hydrophilic-hydrophobic interface. c, Pis-mH. Lysine 

and arginine (red circles) are placed at the hydrophilic-hydrophobic interface, and histidines 

(blue circles) are placed in the middle of the hydrophilic face.
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Figure 2. 
MIC measurements for Pis-1, Pis-KR and Pis-mH against S. Epidermidis. a, MIC in 0 mM 

Mg2+. S. Epidermidis was adapted to grow in LB with 500 mM NaCl. b, MIC in 5 mM 

Mg2+. S. Epidermidis was adapted to grow in LB with 500 mM NaCl and 5 mM MgCl2.
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Figure 3. 
Relative binding of two chlorines to two phosphates for lysine and histidine bound with 

various cations. a, ΔΔG for the reaction of HisX+ with either two Cl− or two H2PO4
− relative 

to lysine. Positive ΔΔG indicates preference for lysine to bind phosphates over HisX+. b, 

Interphosphate distance, i.e. distance between two negatively charged oxygens bound to 

cation, as indicated by green arrows in (c), as a function of the dielectric. Notice that 

distance between the two negatively charged oxygens increases down the Hofmeister series 

at all dielectrics. c, Optimized structures of histidine bound to 2(H2PO4
)2− with Na+, K+, 

and Cs+ in the gas phase. The cation is bound to histidine’s π-system forming a multidentate 

ligand.
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Figure 4. 
SAXS of Pis-1, Pis-KR and Pis-mH with PG/PE/CL 20/60/20 SUVs at various NaCl 

concentrations. a. SAXS spectra for Pis-1, Pis-KR, Pis-mH and control. The measured peak 

positions for Pis1 at 250 mM NaCl (b), 400 mM NaCl (c) and 600 mM NaCl (d) are linearly 

fitted to the Pn3m cubic space group.
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