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efforts are being employed to use the guanidinium-rich polypetides as drug carriers80-85. It is 

reported that anion-mediated variability of charge and solubility makes guanidinium-rich 

oligo/polymers adaptable to many environments63. Poly- and hexa-arginine are found to phase 

transferred from water into chloroform in the presence of amphiphilic anions such as 

monomeric sodium dodecyl sulphate (SDS), egg yolk phosphati-dylglycerol (EYPG), 

cholesterol sulphate, pyrenebutyrate, and stearate63. Refined combinations of hydrophilic 

anions, like phosphate, trifluoroacetic acid (TFA), heparin inhibited phase transfer of 5(6)-

carboxyfluorescein (CF)-polyarginine complexes into and across chloroform and across lipid 

bilayer membranes. Binary anion cocktails are found to activate polyarginine as a carrier in 

bulk chloroform membranes63. The activities of polyarginine in bulk and lipid membranes in 

presence of counter anion therefore suggest the biological significance of anion-mediated 

adaptability of the solubility of guanidinium-rich oligo/polymers. Due to the presence of 

multiple guanidinium cations in arginine rich HIV-1 Tat peptide, it can act as anion scavenger 

with antimicrobial activity. 

 The charged domains of the peptide interact with the hydrophilic head groups of the 

phospholipids, while the hydrophobic domains of the peptide interact with the hydrophobic 

core of the lipid bilayer, there by driving the AMP deeper into the membrane62. Several models 

have been proposed describing the next events occurring at the bacterial cytoplasmic 

membrane, which ultimately lead to membrane permeabilization and translocation51, 61. Further 

study of the mechanisms employed by antimicrobial peptides will significantly improve our 

understanding of how these molecules act to defend against infection. As well as it will 

facilitate new opportunities and approaches to discover and develop pharmacologic agents that 

enhances or optimize immune mechanisms and suppress the ability of pathogens to subvert 
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Figure 2.2: RMSD versus time plots of the peptide fragment: (a) and (b) for SQT fragment in WS and WOS 

respectively, (c) and (d) for SNQ fragment in WS and WOS respectively, (e) and (f) for GIH fragment in WS and 

WOS respectively, (g) and (h) for LYD fragment in WS and WOS respectively, (i) and (j) for SRS fragment in 

WP and WOP respectively and (k) for LYD fragment in WP. 
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for these fragments, while SQT and SNQ are largely unaffected due to replacement. The anion 

replacement also introduces disorder in all the cases.  

 The shift of conformation in the presence of anion may be interpreted as the 

conformation without the anion is not favourable; and the residue needs to undergo 

conformational rearrangement to accommodate the anion. On the other hand, no shift in 

conformational preference indicates that the anion can be readily accommodated. This way 

one can identify the residues primarily responsible for anion recognition. In case of SNQ 

fragment where all the residues are polar, the major conformational state in WOS condition 

has been stabilized by the sulphate ion in WS condition. This implies that the WOS 

conformation of all three residues is favourable for sulphate binding. In case of SQT fragment 

the first two residues do not show shift in conformational preferences in WS condition 

compared to the WOS condition. Similarly, basic H in GIH fragment, hydrophobic L and polar 

Y in LYD and basic R in SRS do not show shifts in conformation. All these results point to the 

fact that the polar residues are favourable for sulphate recognition as found for the synthetic 

peptides28, 30-31. Interestingly, the basic residues also adopt favourable conformation for anion 

recognition. The conformational preferences for majority of the motif residues shows shift in 

conformation in the presence of anions. This indicates that the anions can act as conformational 

switches in these residues. More importantly, the switching of the conformations can be 

controlled by the residue sequences and the type of anion for a given residue.  
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Now considering all the bonded and non-bonded interactions total potential energy of a system 

can be expressed as32, 
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(2.2) 

Here the first four terms are due to bonded interactions and last two terms are due to non-

bonded interactions comprising electrostatic interactions and van der Waals interactions. Force 

field parameters in different molecular mechanics force field includes the equilibrium bond 

lengths and angles for bond stretching, angle bending and dihedral angle terms in the potential 

energy function as well as the atomic charge, force constants and the Lennard-Jones 12-6 

potential parameters which are derived from the high-level quantum chemical calculations. 

The force field equation given above is only one variant of the many force fields. One can 

include other potential energy functions which contain more terms for a more precise 

calculation. 

A2.2.2 Energy Minimization: 

The MD simulations begin from energy minimized initial structure. Potential energy is 

a multi-dimensional function of the coordinate. For a system with N atoms the energy is thus 

a function of 3N-6 internal or 3N Cartesian coordinates. Variation of energy with the 

coordinates is usually referred to as the potential energy surface. Minimum energy 

arrangements of the atoms in the potential surface correspond to the stable states of the system; 

any movement away from a minimum gives a configuration with higher energy. There may be 

a very large number of minima on the energy surface. The minimum with the very lowest 

energy is known as the global energy minimum. To identify those geometrics of the system 
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over the Verlet algorithm are the inclusion of the explicit velocities and the lack of the need to 

calculate the differences between large numbers. 

An obvious disadvantage, however, is that the positions and velocities are not 

synchronized. This means it is not possible to calculate the contribution of the kinetic energy 

(from the velocities) and the potential energy (from the positions) to the total energy 

simultaneously. 

A2.2.4 Periodic Box and Minimum Image Convention: 

I use bulk simulation for my MD calculation. So, periodic box and minimum image 

convention is important for my calculation. For any size of the simulated system, the number 

of atoms N would be negligible as compared with the number of atoms contained in a 

macroscopic piece of matter. The ratio between the number of surface atoms and the total 

number of atoms would be very large, causing surface effects to be dominant. For this Periodic 

Boundary Condition (PBC) is used in which particles are enclosed in a box, and the box is 

replicated to infinity by rigid translation in all the three cartesian directions, completely filling 

the space32-33. The application of PBC allows us to simulate equilibrium system properties with 

a manageable number of atoms by eliminating surface effects. The basic idea behind the PBC 

is that if an atom moves in the original simulation box, all its images move in a concerted 

manner by the same amount and in the same fashion. The computational advantage of this 

method is that we need to keep track of the original image only as representative of all other 

images. As the simulation evolves, atoms can move through the boundary of the simulation 

cells. When this happens, an image atom from one of the neighboring cells enters to replace 

the lost particle. As a result of applying PBC the number of interacting pairs increases 

enormously. This is because of each particle in the simulation box not only interacts with other 



Chapter 2 

78 | P a g e 
 

particles in the box but also with their images. This problem can be handled by choosing a 

finite range potential within the criteria of minimum image convention32-33. The essence of the 

minimum image criteria is that it allows only the nearest neighbors of particle images to 

interact. Assuming potential range to be short, a minimum image convention is adopted that 

each atom interacts with the nearest atom or image in the periodic array. In the course of the 

simulation, if an atom leaves the basic simulation box, attention can be switched to the 

incoming image. In practice, the mechanism of doing so is to use the potential in a finite range 

such that the interaction of two distant particles at or beyond a finite length can be neglected. 

This maximum length must be equal to or less than the half of the box length used in the 

simulation. A cutoff distance Rc (half the box length) or potential cut off is defined when a 

particle is separated by a distance equal or larger than Rc, two particles do not interact with 

each other. This helps to avoid expensive force calculation32-33.  

A2.2.5 Thermodynamic Ensembles & Equilibration: 

Equilibration of the system is performed considering three main thermodynamics 

ensembles36: 

Microcanonical ensemble (NVE ensemble): In this ensemble there is no transfer of energy or 

matter between the system and surroundings, and the volume of the system remains fixed. In 

other words, this is a physical system where the total number of particles (N), the total volume 

(V), and the total energy (E) are constant.  

Canonical ensemble (NVT ensemble): In the canonical ensemble, the volume of the system is 

fixed, and energy can transfer across the boundary between system and surroundings, but the 

matter cannot. The canonical ensemble applies to systems of any size considering system 

immersed in a heat bath at a temperature (T), where the heat bath is much larger than the system. 
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Figure 3.3: PDOS of all peptide atoms barring the capping atoms (red) and the capping atoms (black) for different 

energy for SNQ fragment : (a) in absence of sulphate (WOS), (b) in presence of sulphate (WS) and (c) in presence 

of biphosphate replacing the sulphate (SRP); SRS fragment: (d) in absence of biphosphate (WOP), (e) in presence 

of biphosphate (WP) and (f) in presence of sulphate replacing the biphosphate (PRS).  

 

 
Figure 3.4: PDOS of (a) sulphate and (b) biphosphate for different energy. 
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The PDOS of different atoms of sulphate and biphosphate are shown in Figure 3.4(a) 

and (b), respectively. The PDOS peaks of oxygen atoms of anion are mainly distributed in the 

energy range -10 eV to -30 eV. PDOS of individual atoms of the motif residues S, N and Q in 

WS - SNQ fragment are shown in Figures 3.5(a)-(c), respectively as representative case. It 

shows that the major PDOS contributions of the atoms in motif residues come from the energy 

range -5 eV to -30 eV. 

 
Figure 3.5: PDOS of individual non-hydrogen atoms of the motif residue (a) S78, (b) N79 and (c) Q80 for 

different energy (E) in case of SNQ fragment in WS condition. 
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insights into their functions. Similar analysis can be useful for understanding stability of other 

ligand binding motifs as well. 
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Appendices of Chapter 3 

 A3.1 Density Functional Theory for electronic structure calculations:  

Density functional theory (DFT) is a successful theory to calculate the electronic 

structure of atoms, molecules, and solids. Traditional electronic structure methods (e.g. 

Hartree-Fock method) attempt to find approximate solutions to the Schrodinger equation of N 

interacting electrons moving in an external, electrostatic potential (Coulomb potential 

generated by the atomic nuclei). However, there are serious limitations of this approach: (i) the 

problem is highly nontrivial, even for very small numbers N and the resulting wave-functions 

are complicated objects, (ii) the computational effort grows very rapidly with increasing N, so 

the description of larger systems becomes prohibitive. A different approach is taken in DFT 

where, instead of the many-body wave-function, the one-body density is used as fundamental 

variable. Since the density n(r) is a function of only three spatial coordinates (rather than the 

3N coordinates of the wave-function), density functional theory is computationally feasible 

even for large systems. The foundations of density functional theory are the Hohenberg-Kohn 

and Kohn-Sham theorems12-13.  

In ground-state DFT one is interested in systems of N interacting electrons described by the 

Hamiltonian 

                           (3.1) 

with the kinetic, potential and interaction energy operators ,  and , respectively. The 

central statement of density functional theory according to the Hohenberg-Kohn theorem can 
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be summarized in the following three statements13: 

1. The ground state electron density n(r) of a system of interacting electrons uniquely 

determines the external potential v(r) in which the electrons move and thus the Hamiltonian 

and all physical properties of the system. 

2. The ground-state energy E0 and the ground-state density n0(r) of a system characterized by 

the potential v0(r) can be obtained from a variational principle which involves only the density, 

i.e., the ground state energy can be written as a functional of the density, Ev0[n] , which gives 

the ground-state energy E0 if and only if the true ground-state density n0(r) is considered. For 

all other densities n(r), the inequality 

                                                  (3.2) 

holds. 

3. There exists a functional F[n]  such that the energy functional can be written as 

                                    (3.3) 

The functional F[n]  is universal in the sense that, for a given particle-particle interaction, it is 

independent of the potential v0(r) of the particular system under consideration, i.e., it has the 

same functional form for all systems. 

From the Hohenberg-Kohn variational principle, i.e., the second statement given above, 

the ground-state density n(r) corresponding to the external potential v(r) can be obtained as 

solution of the Euler equation12-13 

                                              (3.4) 
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Where                                          (3.9) 

is the classical electrostatic energy of the charge distribution n(r), and Exc[n]  is the exchange-

correlation energy which is formally defined by 

                                            (3.10) 

From the above definitions one can derive the form of the effective potential using Eq. (3.6) 

                                    (3.11) 

where the exchange-correlation potential vxc is defined by13 

                                                                       (3.12) 

Since vs[n](r)  depends on the density, Eq. (3.6), (3.7) and (3.11) have to be solved self-

consistently. This is known as the Kohn-Sham scheme of density functional theory. 

Formal definition of the exchange-correlation energy is not helpful for practical 

calculations and one needs to use an approximation for this quantity13. The true Exc is a 

universal functional of the density, i.e., it has the same functional form for all systems. The 

simplest of all functional, the so-called local density approximation (LDA)12-13 has remained 

the approximation of choice. In LDA, the exchange-correlation energy is given by 

                                               (3.13) 

where  is the exchange-correlation energy per particle of an electron gas with 

spatially uniform density n. It can be obtained from quantum Monte Carlo calculations. By its 
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A3.2 Quantum chemical calculation using VASP: 

Complex package for performing ab-initio quantum-mechanical molecular dynamics (MD) 

simulations using pseudo-potentials or the projector-augmented wave method and a plane 

wave basis set is VASP17. The approach implemented in VASP is based on the (finite-

temperature) local-density approximation with the free energy as variational quantity and an 

exact evaluation of the instantaneous electronic ground state at each MD time step. 

Efficient matrix diagonalisation schemes and an efficient Pulay/Broyden charge density 

mixing are used in VASP. These techniques avoid all problems possibly occurring in the 

original Car-Parrinello method, which is based on the simultaneous integration of electronic 

and ionic equations of motion17. Ultra-soft Vanderbilt pseudo-potentials (US-PP) or the 

projector-augmented wave (PAW) method describes the interaction between ions and electrons. 

In this PAW method, the size of the basis-set can be kept very small even for transition metals 

and first row elements like C and O. Generally, not more than 100 plane waves (PW) per atom 

are used for bulk materials, in most cases even 50 PW per atom will be enough for a reliable 

description. Forces and the full stress tensor can be calculated with VASP and used to relax 

atoms into their instantaneous ground-state. Pseudo-potentials have been introduced to avoid 

the need for an explicit treatment of the strongly bound and chemically inert core electrons. 

They are a necessary ingredient of all plane-wave methods, but they can also be used in local-

basis set methods to reduce the computational effort17.  
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A3.3 Quantum chemical calculation using GAUSSIAN: 

GAUSSIAN is a computational chemistry software program used for performing the 

quantum chemical calculations. GAUSSIAN calculations are all-electron calculations 

considering localized, atom-centered Gaussian basis sets with different functional forms18. The 

GAUSSIAN program is usually controlled by specific keywords, which request given types of 

calculation. If the keywords are used, the program converts them to internal parameters, which 

then control the execution. 

Various steps in GAUSSIAN calculations in this thesis are summarized as follows: 

1. The first step is to read in a title for the job plus molecular charge, multiplicity (singlet, 

triplet, etc.), molecular geometry in the form of a Z-matrix. This consists of atomic 

numbers, bond lengths, bond angles, dihedral angles from which the Cartesian (x, y, z) 

coordinates are calculated. The information from the Z-matrix is then used to work out 

electronic configuration and the orbital occupancies.  

2. In the next step the nuclear repulsion energy which depends on the atomic numbers and 

the molecular geometry is calculated.  

3. The atomic orbitals or basis sets are then assigned to each nucleus. Ab-initio programs 

use an internally stored standard set of coefficients and exponents that define the 

orbitals (the basis set).  

4. Ab-initio programs next calculate the various one- and two-electron integrals required 

later in the calculation.  

5. Ab-initio programs then produce an initial guess of molecular orbitals used as a starting 

point for the SCF calculations.  The usual form of initial guess for ab-initio programs 

is that obtained from an extended Hückel calculation on the molecule of interest.  
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6. The solution to the SCF equations is iterated cycle by cycle until the electronic energy 

is at a minimum and the density matrix does not change. At this stage the calculation is 

said to be converged, or to have reached self-consistency, and the program proceeds to 

the next step.  

7. For a geometry optimization the atomic forces are then determined analytically and 

used to estimate the minimum-energy geometry for the molecular species being 

calculated.  

8. The above process is repeated for each new geometry until the atomic forces are close 

to zero and the total energy does not change significantly from cycle to cycle.  

9. The next stage of the calculation depends on the type of job to be performed. For a 

single point, the program may either move directly to the population analysis, which 

calculates the atomic charges, overlaps, dipole and higher moments. The correlation 

energy for DFT is then calculated.  

The flow chart for performing the typical ab-initio quantum chemical calculation in 

GAUSSIAN is shown in Figure A3.1. 
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Figure A3.1: Flow chart for performing the ab-initio quantum chemical calculation in 

GAUSSIAN 
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The chapter is organized as follows: material & methods in section 4.2, results of all-

atom simulations in section 4.3, model calculation in section 4.4, discussion in section 4.5 and 

conclusion in section 4.6. 

 

4.2 Material & methods: 

4.2.1 Molecular Dynamics (MD) simulation:  

 The initial coordinates of the Tat peptide are taken from the NMR structure of the HIV-

1 Tat protein (PDB code 1JFW51, model 1) having sequence 48GRKKRRQRRRPPQ60 

(Figure 4.1). 

 

Figure 4.1: Structure of Tat peptide as found in NMR structure of HIV-1 Tat protein (PDB code 1JFW51). Side 

chain guanidium group containing arginine (R) residues are marked in bold font. 

 

All -atom MD simulations (Appendix A2.2) of Tat peptide are carried out both in absence and 

presence of biphosphate (HPO4
2-) using GROMACS simulation tool53-54 with Amber99ILDN55 

force field. I put the peptide in a cubical box having box length 55 Å and solvate the system 

such that there are at least 10 Å thick layers of water molecules around the solute in all 

directions.  
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Figure 4.5(a) shows that the  is sharply peaked in WP20, whereas the 

peaks are much less pronounced for WP40 and the peaks vanish for both WP10 and WP60. In 

case of other residues, like R53 (Figure 4.5(b)), R55 (Figure 4.5(c)) and R56 (Figure 4.5(d)) 

 shows very similar trend with different biphosphate concentrations. Figure 4.5(e) 

shows the case of the hydrophobic residue P58. Here a peak of relatively lower height in the 

vicinity of side chain nitrogen is seen only for WP20, whereas in other cases the peaks are 

quite far from the side chain nitrogen. Figure 4.6 shows additional data for other residues. 

Figures 4.7 - 4.9 show distributions of biphosphate ion,  and  around 

different charged and polar peptide residues at different concentrations of biphosphate ions in 

solution. 

 

Figure 4.6: Radial distribution, of P atom of biphosphate ion around side chain guanidinium group 

of arginine (R), side chain N atom of lysine (K), glutamine (Q54) and backbone N atom of proline (P) at different 

concentration of biphosphate ions in solution. (Gray dashed: WP10; black solid: WP20; gray solid: WP40 and 

black dashed: WP60 condition) 
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Figure 4.7: Radial distribution of biphosphate ion around backbone N atom,  (gray solid line) and 

side chain N atoms,  (black solid line: guanidinium group of arginine (R), side chain N atom of 

lysine (K) and glutamine (Q); gray dashed line: side chain NH group of arginine (R)) of basic and polar residues 

of Tat peptide in presence of 20 mM biphosphate ions in solution.  

 
Figure 4.8: Radial distribution of biphosphate ion around backbone N atom,  (gray solid line) and 

side chain N atoms,  (black solid line: guanidinium group of arginine (R), side chain N atom of 

lysine (K) and glutamine (Q); gray dashed line: side chain NH group of arginine (R)) of basic and polar residues 

of Tat peptide in presence of 40 mM biphosphate ions in solution. 
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Figure 4.9: Radial distribution of biphosphate ion around backbone N atom,  (gray solid line) and 

side chain N atoms,  (black solid line: guanidinium group of arginine (R), side chain N atom of 

lysine (K) and glutamine (Q); gray dashed line: side chain NH group of arginine (R)) of basic and polar residues 

of Tat peptide in presence of 60 mM biphosphate ions in solution. 

 

Maximum peak intensity of , , marked in Figure 4.5(a) as a function 

of biphosphate ion concentration is shown in Figure 4.10(a) for arginines, R49, R52, R53, R55 

and R56. A non-monotonic dependence of on biphosphate concentration is observed. 

has maximum at 20 mM concentration of the anions. The data for maximum peak 

intensity around the side chain nitrogen in case of K50, K51 and Q54, shown in inset Figure 

4.10(a), also exhibit similar behavior.  
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differences. The spectrum is broader, suggesting enhanced flexibility of side chains in the 

helical conformation helps to capture biphosphate ions. The hydrophobic residues P58 and P59 

also attain helix conformation. However, the effective hydrophobicity of the side chain does 

not allow them to have large anion condensation. 

 

 

Figure 4.11: (a) Solvent accessible surface area (SASA) of peptide residues in absence (black dashed line) and 

presence of different concentration of biphosphate ions in solution (10 mM: gray long dashed line, 20 mM: gray 

solid line, 40 mM: black long dashed line and 60 mM: black solid line). (b) Overall solvent accessible surface 

area (SASA) of peptide in absence and presence of different concentration of biphosphate ions in solution. 

 

I also calculate the solvent accessible surface area (SASA) of the polypeptide. The 

residue wise SASA in Figure 4.11(a) shows that the hydrophobic residues behave quite 

differently from the basic and polar residues. While the latter ones have the least SASA in 

WP20, the hydrophobic residues P58 and P59 have larger SASA in presence of biphosphate 

compared to the WOP case. SASA value of arginine residues decreases in WP20 case as 

compared to the WOP case and increased again in WP60 case. Biphosphate condensation gives 

hydrophilic character to the hydrophobic residues but shield the basic and polar residues from 

the solvent to reduce the solvent exposed area. This reduction in solvent exposed area of the 



Chapter 4 

147 | P a g e 
 

basic and polar residues is sensitive to anion concentration, since the anion condensation itself 

depends on the anion concentration. This sensitivity is reflected in the overall SASA. In 

absence of anion overall SASA of the peptide is around 1820 Å2. The SASA shows non-

monotonic changes with biphosphate ions concentration (Figure 4.11(b)) with minimum in 

WP20 where the anion condensation is maximum.  

 

4.4 Model Calculation: 
All -atom simulations show that the condensation of biphosphate ions around the basic 

residues is maximum at 20 mM concentration of anion. This observation can be rationalized 

based on two competitive interactions: attractive interaction between anions and basic residues 

and repulsion between the anions. Although the interactions are of electrostatic nature, a model 

system is considered with simple form of competitive interactions. Model system consists of 

free spherical particles in the presence of a model bead-spring chain, mimicking the anions and 

polypeptide respectively. The beads, having repulsion among themselves, represent sites of 

attraction for the free particles. The free spherical particles repeal themselves. The springs 

connecting the beads has elastic energy cost due to stretching and bending, representing 

polypeptide backbone.  

The details of model interactions are as follows. In the model system the non-bonded 

interaction energy between the beads is given by: 

  

Harmonic potentials are considered for stretching and bending deformations of polymer chain 

associated with the bonded interactions among the beads via spring. The bonded interaction 

energy between beads is  
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hard sphere particles. I find that  has a maximum around (Figure 4.13) for 

 (see Appendix A4.2 for details of calculations). Since all the beads attract the 

particles simultaneously, the maximum will scale down the optimum density by N, 

qualitatively accounting for observations of the model simulations. 

 

 

 

4.5 Discussion: 

The counter-anion condensation attains a maximum at an optimum biphosphate 

concentration (20 mM). Experiments show phase transfer of poly-arginine from water into 

chloroform in the presence of mixture of amphiphilic anions, like monomeric sodium dodecyl 

sulfate (SDS), egg yolk phosphatidylglycerol (EYPG), cholesterol sulfate, pyrene-butyrate, 

and stearate30 along with phosphate ions at 10 mM concentration. The presence of the other 

anions would further increase the overall charge concentration leading to concentration similar 

to the optimum concentration in my studies. The condensation of counter-anion is also found 

to correlate with helical conformational property of the peptide backbone. Helical 

conformation has been identified in case of many trans-membrane proteins and AMPs, such as 

Figure 4.13: Variation of 

with according to analytical 

calculation.      
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agents, like drug carriers, and understand competitive ligand binding quite common place in 

biological systems60-61.  
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5.1 Introduction:  

Cellular uptake of biologically active molecules is the major challenge in controlled 

drug delivery. Cell penetrating peptides (CPPs) have potential applications for targeted drug 

delivery due to their capability of translocation across the cell membrane1-3. The charged 

domains of the peptide allow interaction with hydrophilic head groups of the phospholipids, 

while the hydrophobic domains of the peptide interact with the hydrophobic core of the lipid 

bilayer, there by driving the peptide deeper into the membrane3-4. Despite several works to 

date, the molecular mechanism by which the counter-anion help arginine rich CPPs to traverse 

the membrane barrier has not been established. 

Several mechanisms have been proposed to describe translocation of CPPs5-13 through 

lipid bilayers. Among the CPPs, the arginine rich Tat peptide have been the most widely 

studied8, 10, 12-17. Several studies suggest that the peptide can directly pass through membrane 

via a temporary pore8, 10-12. The mechanism of direct penetration is seen plausible due to the 

action of related antimicrobial peptides, which are also charged, but in addition contain a large 

fraction of hydrophobic residues5-6, 18. These peptides are found to disrupt the bilayer and form 

pores in membranes. Previous biophysical studies suggest that polyarginines is able to deform 

the membrane and induce phase transition in lipid systems8-9, 19. Membrane composition with 

negatively charged lipids facilitates translocation of cationic peptides through lipid bilayer11, 

20. Tat and its derivatives are found to aggregate at phospholipid membranes and occasionally 

fuse vesicles9, 14-16. Recent study proposes a passive cell entry mechanism which is completely 

different from previously suggested direct translocation mechanisms13. Passive entry 

mechanism of arginine rich CPPs is associated with the branching and layering of membranes 
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that leads to bifurcate the lipid bilayer structure to multilamellar structures, and allows the 

peptide to enter by fusion13.   

It is found that counter-anion mediated inversion of charge and solubility of the CPPs 

can modulate the translocation property of the polyarginines through lipid bilayer21-28. Poly- 

and hexa-arginine is found to phase transferred from water into chloroform in the presence of 

amphiphilic anions. Refined combinations of hydrophilic anions, like phosphate, trifluoroacetic 

acid (TFA), heparin inhibited phase transfer of 5(6)-carboxy-fluorescein (CF)-polyarginine 

complexes into and across lipid bilayer membranes27. Therefore, charge neutralization by counter-

anion scavenging can increase the lipophilicity of polyarginine and modulate the translocation 

behavior of oligo- and polyarginines. Previous molecular dynamics simulation studies proposed 

that arginine rich peptide can directly pass through the membrane via a temporary pore10-12,17. 

However recent theoretical study considering different lipid compositions CPP is found to 

stabilize the pore rather than driving pore formation directly. CPPs can create lipid interface 

perturbation but fails to form complete pores unless external stress is applied29. 

In the previous chapter, I have considered the interaction of biphosphate anions with 

the Tat peptide. It is observed that anionic biphosphate ions in solution are condensed around 

the guanidinium head group of arginine residues and shield solvent exposure of the Tat peptide. 

The condensation attains maximum, solvent exposure being minimum at an optimum 

biphosphate concentration in the solvent. Here I study the influence of anionic biphosphate on 

the interaction of Tat peptide with lipid bilayer by all-atom molecular dynamics simulations. I 

show that condensation of biphosphate ions around the side chain of basic residues alters 

interaction between Tat peptide and negatively charged head group of the DPPC bilayer which 

induces stress and leads to uneven bilayer thickness. The chapter is organized as follows: 
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material & methods in section 5.2, results in section 5.3, discussion in section 5.4 and 

conclusion in section 5.5. 

 

5.2 Material & methods: 

5.2.1 Modeling of peptide-lipid system:  

 The initial coordinates of the Tat peptide are taken from the NMR structure of the HIV-

1 Tat protein (PDB code 1JFW30, model 1) having sequence 48GRKKRRQRRRPPQ60 as 

mentioned in chapter 4. The initial configuration of the DPPC bilayer with 128 lipids is 

generated using CHARMM-GUI31. I model three different systems: only lipid bilayer in water 

(LB), lipid bilayer along with Tat peptide but no biphosphate (LBP-WOP), and lipid bilayer 

along with Tat peptide and 20 mM biphosphate (HPO4
2-) ions (LBP-WP) in solution (Figure 

5.1).  

 

Figure 5.1: Modeled systems considered for MD simulation study: (a) lipid bilayer (LB), (b) lipid bilayer along 

with Tat peptide (LBP-WOP), and (c) lipid bilayer along with Tat peptide and 20 mM biphosphate (HPO4
2-) ions 

(LBP-WP) in solution. 
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Amber Lipid1432 force field parameters are used to describe the DPPC lipid bilayer and the 

Tat peptide is described with the Amber99ILDN33 force field. Tat peptide and biphosphate 

ions are placed in the upper part of the DPPC bilayer. The systems are solvated with water 

molecules in a 6.3 nm × 6.3 nm × 12.2 nm rectangular simulation box with periodic boundary 

condition in three dimensions. No water molecules are present in the hydrophobic core of the 

DPPC bilayer. They are present above and below the DPPC bilayer. The simple point charge 

(SPC)34 model is used to model water. Required numbers of Na+ ions are added for neutralizing 

the charged system and 20 mM biphosphate (HPO4
2-) ions concentration is considered in LBP-

WP case. 

5.2.2 Molecular Dynamics (MD) simulation:  

All -atom MD simulations of the three different systems are performed using 

GROMACS simulation tool35-36. Each system is relaxed through energy minimization. The 

long ranged electrostatic interactions are treated by the particle-mesh Ewald method. For 

equilibration of the systems a short NVT equilibration phase is followed by a longer NPT phase. 

After equilibration, each system is subjected to 1 microsecond MD run in NPT ensemble using 

2 femto-second integration time step with periodic boundary conditions over the simulation 

box at the desired temperature and pressure (1 Bar). All simulations are performed at a 

temperature of 323 K which is above the main phase transition temperature of the DPPC 

bilayer (314 K)37 at ambient pressure. Conformations in each MD run are saved every 1 pico-

second from the trajectories for further analysis. The trajectories are visualized with visual 

molecular dynamics (VMD)38. Equilibration of the studied systems is ensured from the root-

mean-square displacement (RMSD) of the peptide and lipid atoms with respect to its initial 
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Principal component analysis (PCA) of lipid head group: 

I perform principle component analysis (PCA) of the upper leaflet of lipid bilayer in 

the studied systems using Bio3D suit of program with R software package40. Covariance matrix 

of positional fluctuations of P atom of the head group of lipids as derived from the equilibrated 

MD trajectories are considered for the upper leaflet of bilayer along the first two principal 

components of motion.    

 

5.3 Results: 
 
Lipid bilayer structure: 

I analyze the influence of Tat peptide on the structural properties of the DPPC bilayer 

in absence and presence of biphosphate ions. Figure 5.3(a) shows the variation of bilayer 

thickness with simulated time in the equilibrated trajectory in absence (LB) and in presence of 

Tat peptide both with biphosphate (LBP-WP) and without biphosphate (LBP-WOP) ions in 

solution.  

 

Figure 5.3: (a) Variation of bilayer thickness with simulation time in the equilibrated trajectory in absence (LB: 

black) and presence of Tat peptide (LBP-WOP: red and LBP-WP: green). (b) Distribution of bilayer thickness in 

absence and presence of Tat peptide (LB: black, LBP-WOP: blue, LBP-WP: red). 
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Positive values of logarithm mean enhanced fluctuation along the PC and negative value means 

reduced fluctuations in LBP-WP case. The figure shows that the fluctuations of lipids head 

group are not uniform along PC1 and PC2 in LBP-WP case as compared to the LBP-WOP 

case. Some of the lipids head group show enhanced fluctuation while other show reduced 

motion in LBP-WP case. 

Lipid tilt angle is defined as the angle between an arbitrary vector connecting two atoms 

within a lipid, and the bilayer normal (Z-axis). Lipid molecules consist of a polar or charged 

head group and a pair of nonpolar fatty acid tails, connected via a glycerol linkage. Two fatty 

acid chains, each typically having an even number of carbon atoms between 14 and 20, attach 

to the first and second carbons of the glycerol molecule, denoted as the sn-1 and sn-2 positions, 

respectively (Figure 5.5(a)).  

 

 

Figure 5.5: Molecular structure of DPPC lipid molecule (a) and distribution of the tilt angle of the acyl chains (b) 

sn-1 and (c) sn-2 of the lipid molecules at the upper leaflet of the lipid bilayer in absence (LB: black) and presence 

of Tat peptide (LBP-WOP: red and LBP-WP: green). 

 

The distributions of the tilt angles of the acyl chains (sn-1 and sn-2) of the lipid molecules at 

the upper leaflet of the lipid bilayer are shown in Figure 5.5. Average tilt angle for sn-1 (Figure 

5.5(b)) tail is similar in all the cases. However, the fluctuations are diminished in the presence 
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of Tat and the presence of biphosphate further reduces the fluctuations. The tilt angle for sn-2 

(Figure 5.5(c)) behaves differently.  Average value along with the fluctuation gets reduced in 

presence of Tat peptide without biphosphate and shows enhanced fluctuation with biphosphate 

ions. 

The radial distributions of P atoms of lipid head group  in the upper leaflet of the 

bilayer are shown in Figure 5.6 for all the cases. This quantity shows distribution of the 

phosphate head groups. Figure 5.6 shows that the head groups have similar distribution in the 

upper leaflet both in absence and presence of Tat peptide.  

 

 

Figure 5.6: Distribution of P atom of lipid head group ( ) in the upper leaflet of the lipid bilayer in absence 

(LB: green) and in presence (LBP-WOP: red, LBP-WP: black) of Tat peptide.  

 

Interaction of peptide with lipid bilayer: 

The interaction between the lipid atoms and the polypeptide are characterized in terms 

of distribution of the polar head group and hydrophobic tail of the molecules. denotes 

the distributions of centre of mass lipid phosphate head group at radial distance r from side 

chain nitrogen atom of the individual peptide residues. Similarly,  represents the 
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chain of basic arginine and lysine residues are in the close vicinity of the negatively charged 

head group of lipid molecules which are in the upper leaflet of the lipid bilayer. In LBP-WP, 

the peaks of  are much less pronounced for all the peptide residues than LBP-WOP 

system, except for Q54.  (Figure 5.7(f)) shows strong intense peak at around r = 5 Å 

as compared to the LBP-WOP case. Therefore, in LBP-WP case only side-chain of Q54 makes 

close contact with the lipid head groups.  

 

 

Figure 5.8: Distribution of carbon atoms of lipid tail around side chain nitrogen atom of the peptide residues, 

 in absence (LBP-WOP: black) and presence (LBP-WP: gray) of biphosphate ions in solution. 
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Figure 5.9: Distribution of biphosphate ions around side chain nitrogen atom of the individual peptide residues, 

 in presence of biphosphate ions in solution (LBP-WP). 
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5.4 Discussion:  

Despite several works to date, mechanistic understanding of the cell penetration 

mechanism of CPPs is not yet clear. Previous studies suggest that antimicrobial peptides can 

induce positive curvature strain on lipid bilayers41-42 whereas amyloid peptides mainly induce 

negative curvature strain43. Tat peptide is found to capable of inducing both positive and 

negative curvature on a bilayer8, 44. Curvature affects the structural properties of lipid bilayer 

and facilitates the formation of pore on lipid bilayer, which indirectly helps in peptide 

translocation mechanism8, 10, 13, 19, 44. Formation of pore is associated with the disruption of 

membrane local structure due to rearrangement of lipids head group and alteration of the 

conformational properties of lipid molecules within the bilayer membrane. On the other hand, 

recent studies proposed that interaction of CPP with membrane bifurcate the lipid bilayer 

structure to multilamellar structures and forms vesicles that allows the peptide to enter by 

fusion without having to form transient pores13. Extra stress leading to membrane expansion 

has found to present in several biological systems, including bacterial cells and laboratory-

prepared uni-lamellar vesicles. External stress on the bilayer surface is also found to perturb 

the bilayer and facilitate the penetration of CPP without forming the pore29. Thus, it is plausible 

that membrane active CPPs utilize common mechanisms to disrupt the cell membrane. 

It is worthwhile to discuss the scenario suggested by the present studies. In LBP-WOP 

system, the basic arginine and lysine residues of the Tat peptide are found to interact with the 

negatively charged head groups of lipid bilayer, as can be seen in the simulation snapshots of 

Figure 5.10. Due to the electrostatic interactions, the peptide is mostly stabilized parallel to the 

upper leaflet of the lipid bilayer, where most of the side chain of basic arginine and lysine 

residues point towards the lipid head groups (Figure 5.10). 
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Figure 5.10: Simulation snapshots of Tat peptide interact with the upper leaflet of lipid bilayer in case of LBP-

WOP system. Tat peptide is represented as stick where residues are marked with different color (Arginine: red, 

Lysine: blue, Glutamine: purple, Proline: green, Glycine: orange).  
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Figure 5.11: Variation of minimum distance between peptide residues and phosphate head group of lipid 

molecules in the upper leaflet of lipid bilayer in case of LBP-WOP (red) and LBP-WP (black) system. 

 

Variation of minimum distance between peptide residues and phosphate head group of lipid 

molecules in the upper leaflet of lipid bilayer (Figure 5.11) also supports that Tat peptide is 

stabilized on the bilayer surface and prefers to stay within 5-10 Å from the upper leaflet of the 

lipid head group. This is also consistent to the  data (Figure 5.7). Due to stabilization 

uniformly over the surface the local thickness does not show any variation as can be seen in 

the thickness map. The thickness map shows details of the local time-averaged thickness along 
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the xy-plane. Figure 5.12(a) and (b) indicate uniform thickness profile of lipid bilayer in LB 

and LBP-WOP case, local thickness values varying in the narrow range of 38 - 40 Å.  

 

 

Figure 5.12: Average thickness map of lipid bilayer projected onto the xy-plane of the simulation box in case of 

(a) LB and (b) LBP-WOP system.  

 

In LBP-WP system, the localization of peptide in the vicinity of the bilayer is quite 

different from the LBP-WOP system. Side chains of lysine and most of the arginine residues 

points opposite to the lipid head group due to the presence of biphosphate ions around them, 

as can be seen from the snapshots in Figure 5.13. Polar residue Q54 in the middle and adjacent 

R55 are only found to make close contacts with the phosphate head group of lipids. 

Hydrophobic resides P58 and P59 are also found to reside around 10 Å from the upper leaflet 

of the bilayer (Figure 5.11). 
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Figure 5.13: Simulation snapshots of Tat peptide interact with the upper leaflet of lipid bilayer in case of LBP-

WP system. Tat peptide is represented as stick where residues are marked with different color (Arginine: red, 

Lysine: blue, Glutamine: purple, Proline: green, Glycine: orange). Biphosphate ions are represented with ball and 

stick. 
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However, variations of minimum distance between peptide residues and phosphate head group 

of lipid molecules in the upper leaflet also show higher fluctuations in LBP-WP case than LBP-

WOP case (Figure 5.11). The residues typically keep large distance due to repulsion between 

biphosphate ions and lipid head group phosphates. Q54 and R55, having less biphosphate 

condensation is mostly found to stabilize within 5-10 Å from the upper leaflet of the lipids 

head group (Figure 5.11, Figure 5.13).  

  

 

Figure 5.14: Average conformation of Tat peptide bound on the upper leaflet of lipid bilayer (top view) along 

with average bilayer thickness profile projected onto the xy-plane of the simulation box in presence of biphosphate 

ions (LBP-WP) (Peptide residues are shown in stick representation with color according to Arginine: blue, Lysine: 

magenta, Glutamine: red, Proline: orange, Glycine: silver; Biphosphate ions are represented with ball and stick)   

 

The thickness map in Figure 5.14 shows uneven regions which is consistent to the 

larger spread in the thickness distribution in LBP-WP case. The thickness is much larger than 

in the normal LB system at the ends where the basic residues with biphosphate condensate 

around them. Not only the phosphate head groups are repelled by the anion condensate as 
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shown in the larger, but also the upper leaflet gets apart from the lower leaflet. This results in 

larger fluctuations in the tilt angle of the sn-2 tail, indicating less registry among the 

phospholipid tails. The larger separation between two lipid leaflets suggests that the polar Q54 

which is in the vicinity of the bilayer applies stress onto the contact point which is relaxed by 

enhanced separation between the leaflets. The  data show that head group distribution 

does not change in the presence of the peptide, excluding the possibility of pore formation. 

In presence of biphosphate ions interactions between polar residues and lipid bilayer 

induce stress on the bilayer surface. Due to induced stress on the bilayer surface, the bilayer 

leaflets in the vicinity of the stressed region show larger separation and associated with the loss 

of compactness of lipid bilayer. Therefore, this study supports the recently proposed 

mechanism of the stress induced perturbation of the lipid bilayer that can facilitate the 

penetration of CPPs without forming pores29. It was found in previous biophysical study that 

counterion scavenging facilitate the translocation of arginine rich polypeptide through lipid 

bilayer27. This study provides the microscopic basis of interaction of arginine rich CPP with 

lipid bilayer in presence and absence of counter-anion and shows that the counter-anions help 

the Tat peptide to induce deformation of the bilayer.  
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5.5 Conclusion: 

Molecular dynamics simulations are performed to investigate the influence of anionic 

species in interaction of CPPs with lipid bilayer. It is shown that presence of anion can 

influence the interaction of HIV-1 Tat peptide with lipid bilayer. In absence of anion arginine 

rich positively charged peptide is absorbed on the negatively charged bilayer surface without 

changing the overall structural properties of lipid bilayer. Condensation of anion around basic 

arginine and lysine residues of peptide alters the absorption properties of the Tat peptide on 

the bilayer surface. Alteration of absorption property is associated with the induced stress on 

the bilayer surface that leads to uneven thickness adaptation of the lipid bilayer. Absorption of 

Tat peptide in presence of anion increase the average thickness of the bilayer, and fluctuation 

of the lipid molecules in the upper leaflet become non-uniform. However, it does not initiate 

the formation of pore. This study point to stress induced can facilitate the translocation of Tat 

in bilayer. Investigation using other peptide-lipid combinations and different anionic species 

will further help to understand the common underlying mechanism of translocation of peptides 

through membranes.  
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from highly ordered gel-like phases to liquid phases. Here I consider the production 

temperature of 323 K which is above the main phase transition temperature of the DPPC 

bilayer (314 K)37 at ambient pressure.  
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counter-anion around arginine rich Tat peptide is associated with the interaction of anionic 

species with the side chain guanidinium group of the basic arginine residues. There is an 

optimum concentration of anion in solution where the condensation is maximum, while the 

solvent exposed area is the minimum. This is supported by simple model calculations. Thus, 

hydrophilic nature and solvent exposure of charged polypeptide can be controlled by tuning 

the counterion concentration in solution. This aspect would be useful for therapeutic 

applications and design polypeptides as drug carriers into a cell.  

 All -atom simulations of peptide-lipid bilayer system reveal that condensation of anion 

around basic arginine and lysine residues of peptide alters the absorption properties of the Tat 

peptide on the bilayer surface. Alteration of absorption property in presence of anion is 

associated with the induced stress on the bilayer surface that leads to uneven thickness 

adaptation of the lipid bilayer. This study points to the fact that induce stress can perturb the 

lipid bilayer and can facilitate the translocation of Tat through bilayer. This study will provide 

further insight to understand the cell penetrating and antimicrobial activity of HIV-1 Tat 

peptide in presence of anion, which is helpful for drug delivery and other biomedical 

applications.  

Further investigations with others anion binding peptide motifs in functional proteins 

would facilitate the new insight about the anion recognition mechanism in general and their 

biological functions. Microscopic picture of anion-condensation mechanism around the 

cationic HIV-1 Tat peptide demands further study based on the explicit consideration of 

charged functional groups for understanding the counterion condensation mechanism in case 

of charged biopolymers. Further studies on other peptide-lipid combinations and different 
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anionic species would help to decipher the common underlying cell penetrating mechanism for 

cell penetrating peptides.   
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Abstract
Among different ligand binding motifs, anion binding CaNN motif consisting of peptide backbone

atoms of three consecutive residues are observed to be important for recognition of free anions, like

sulphate or biphosphate and participate in different key functions. Here we study the interaction of

sulphate and biphosphate with CaNN motif present in different proteins. Instead of total protein, a

peptide fragment has been studied keeping CaNN motif flanked in between other residues. We use

classical force field based molecular dynamics simulations to understand the stability of this motif.

Our data indicate fluctuations in conformational preferences of the motif residues in absence of the

anion. The anion gives stability to one of these conformations. However, the anion induced confor-

mational preferences are highly sequence dependent and specific to the type of anion. In particular,

the polar residues are more favourable compared to the other residues for recognising the anion.

K E Y W O R D S

anion recognition, conformational thermodynamics, correlation plot, molecular dynamics, second-

ary structure

1 | INTRODUCTION

Proteins play important roles in biochemical processes within a living

cell. Quite often functions of proteins depend on their interaction with

ligands, including small molecules, ions, peptides, and so on. The molec-

ular structures revealed by X-ray crystallography and NMR often show

various ligand-recognition motifs in proteins.1–14 However, the micro-

scopic basis of recognition of ligand by the protein is not well under-

stood till date.

Among the motifs found in different proteins involved in ion bind-

ing, some are specific to cation binding,11,13,14 while some other recog-

nize anions.1,7,10,12 Detailed bioinformatics studies,1 with a number of

proteins show that among the anion binding motifs, the CaNN motif,

comprised of backbone Ca
i21 (Ca), Ni (N1) and Ni11 (N2) atoms of three

successive residues for recognising anions, like sulphate (SO2–
4 ) and

phosphate (PO3–
4 ), are present in functional interface.1 Amino acid anal-

ysis on these proteins using the fold classification based on structure-

structure alignment of proteins (FSSP database)15 indicates preferences

of residue type in the motif (see Supporting Information Table S1). The

occurrence of glycine (G) and serine (S) as the first residue of CaNN

motif are high (41% and 25%, respectively). There is preference for

hydrophobic residue (51%) at the middle site. The third position is

either a polar residue (50%) with mostly S (18%) and threonine (T, 20%)

or a hydrophobic (32%) residue. The first amino acid of the three resi-

dues sequence usually adopts beta (b) conformation, while the second

and the third residue adopt alpha (a) conformation. According to the

crystal structure the geometry of CaNN motif bound to sulphate,1 out

of four oxygen atoms (O) of anion (sulphate), two participate in interac-

tion with the motif. One O atom concurrently interacts with the Ca

and N1, while the other interacts only with N2.1 It is further reported

that if the first residue is serine, side chain oxygen atom at the gamma

position (OG) of serine forms hydrogen bond with oxygen atom of the

anion.1 Recent experimental and computational studies on the CaNN

motif appended at the N-terminal of a model helical peptide indicate

that the motif segment recognizes the anions (both sulphate or the

phosphate ions) through local interaction16–19 via context free environ-

ment and the presence of polar residues enhances the anion

recognition.16,18,19
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The CaNN motif residues in functional proteins are also having

large proportion of polar residues, although the motif sequences are

quite diverse. Moreover, they are impregnated in polypeptides with

variety of secondary structures. Several aspects of anion recognition by

the CaNN motif in functional proteins, like the role played by the polar

residues, sequence variability, type of anion and the solvent distribu-

tion around the motif atoms, are yet to be examined. In particular,

there are no microscopic studies on the CaNN motif in functional

proteins.

Here we study the CaNN motif containing polypeptides from

known crystal structure of several functional proteins at neutral pH

condition, using the all-atom molecular dynamic (MD) simulations. In

choosing the relevant polypeptide, we retain the succeeding and the

preceding structural elements. At physiological pH, the phosphate

(PO3–
4 ) is mostly available in dibasic (HPO22

4 ) form. So we consider

HPO2–
4 instead of PO3–

4 in our system.2 We simulate each polypeptide

both by removing the anion (denoted by WOS and WOP for sulphate

and biphosphate, respectively) and retaining the anion (denoted by WS

and WP for sulphate and biphosphate, respectively). Our data indicate

that the motif residues have conformational flexibility, while the anion

gives stability to one of these conformations. The conformations both

with and without anions are similar in some residues, mostly polar and

basic; while there are shifts in conformational preferences in the two

cases for most other residues. The anion induced conformations

depend strongly on the sequence and the type of anion, but not so

sensitive to the presence of water molecules in the vicinity of the motif

atoms and the flanking residues containing the motif.

2 | METHODS

2.1 | System preparation

Detailed sequences of the polypeptide for different proteins having the

CaNN motif are given in Table 1. The systems without sulphate or

biphosphate are prepared by deleting the anions from the fragment of

polypeptides. We put the polypeptide in a cubic box (box lengths for

different cases given in Table 1) and place it at least 10 Å from the box

edge and fill the box with TIP3P water for solvation of the peptide.

The hydrogen atoms are taken to be united atoms with Ca, N, C, O,

OG atoms. We add required numbers of Na1 and Cl– ions for

neutralizing the charged system. The resulting structure is relaxed

through energy minimization.

2.2 | Molecular dynamic (MD) simulation

The energy minimized structure is subject to MD simulations. We use

Gromacs 4.6.720,21 tool and Amber99ILDN force field22 for simulation.

The systems are equilibrated in two phases—(i) NVT equilibration and

(ii) NPT equilibration. The system is equilibrated at the desired temper-

ature (300 K) and pressure (1 Bar) using the periodic boundary condi-

tions with 1 femto-second time step. We use the particle-mesh Ewald

method for treating the long ranged electrostatic interactions. We

check the equilibration from the saturation of RMSD of peptide seg-

ments considering only backbone heavy atoms. The trajectories are

visualized with visual molecular dynamics (VMD).23 We perform the

following analysis from the saturated portion of the trajectories as con-

firmed from the RMSD of the peptide segments with respect to its ini-

tial energy minimized structure:

1. /-w correlation plot: We generate the correlation plots for the

backbone torsion angles (/ and w) for the residues of CaNN motif

from the equilibrated trajectory both in presence and absence of

sulphate and biphosphate. We also calculate the relative fre-

quency of occurrence of different secondary structural elements

like b strand, right handed alpha helix (RH), left handed alpha helix

(LH) and random coil (C).

2. Distance calculation: We calculate distances between sulphur (S) of

sulphate and phosphorus (P) of biphosphate and Ca, N1, and N2

atom of CaNN motif from simulated trajectories. Then the fre-

quency distributions of distances between S of sulphate or P of

biphosphate and Ca, N1, and N2 atoms of this motif, respectively

of each polypeptide over the equilibrated trajectory are calculated.

For the calculation of frequency distribution of distance we con-

struct bins with bin size 0.5 Å.

3. Water distribution around motif residues: We calculate the radial

distribution function g(r)24 of the oxygen atom of water around

the Ca, N1, and N2 atoms. The radial distribution function g(r) is

defined as: g(r) 5 <DN(r) > /(4pNqDr), where <DN(r) > is the

number of oxygen atom of water molecules averaged over time,

within a distance r 6 Dr/2 from the atom of interest, q is the

TABLE 1 Simulated polypeptides having tri residue segment motif

Serial no PDB Id Polypeptide Motif Simulation box size (nm)

1 1KQR T124 to K145 SQT fragment:
S134(Ca)Q135(N1)T136(N2)

5.78

2 1F2D H69 to G92 SNQ fragment:
S78(Ca)N79(N1)Q80(N2)

5.24

3 1AXI L141 to R156 GIH fragment:
G148(Ca)I149(N1)H150(N2)

4.98

4 1E3H I124 to A148 LYD fragment:
L132(Ca)Y133(N1)D134(N2)

5.58

5 1VDR D54 to V82 SRS fragment:
S65(Ca)R66(N1)S67(N2)

5.01
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density of water and N is the total number of water molecules

within the system.

4. Conformational thermodynamics: We study the conformational

thermodynamics of the peptide-anion interaction by the histogram

based method (HBM) using the dihedral angle distributions of pep-

tide fragment.25–27 The equilibrium conformational free energy

cost associated with any peptide dihedral angle u in the sulphate

bound state as compared to the biphosphate bound state is

defined as DGconfðuÞ52kBTln ‰Hmax
s ðuÞ=Hmax

p ðuÞ�, where HsðuÞ and

HpðuÞ is the distribution of dihedral angle u in sulphate and biphos-

phate bound state respectively and the ‘max’ superscript denotes

the peak values of the histograms. On the other side the confor-

mational entropy for a particular dihedral can be defined by the

Gibbs entropy formula as SconfðuÞ52kB
P

i HiðuÞln HiðuÞ, where

the sum is taken over the histogram bins. The conformational

entropy change for the dihedral can be obtained from the given

expression DSconfðuÞ5Sconf
s ðuÞ2Sconf

p ðuÞ.The conformational free

energy and entropy cost for the individual peptide residues can be

obtained by taking the sum of the contribution of free energy and

entropy of each dihedral angles of that residue.

3 | RESULTS AND DISCUSSION

The CaNN motif containing sulphate and biphosphate bound polypep-

tide fragments used in our study are shown in Supporting Information

Figures S1a-e. In the polypeptides, we retain the secondary structures

both preceding and succeeding the motif residues. Table 1 shows the

polypeptide sequences containing CaNN motif of functional proteins

with known X-ray crystallographic structures at neutral pH (57.0)

which have been studied in this work. The proteins are1: (1) Rhesus

rotavirus VP4, (PDB ID: 1KQR28) which acts as antigenic epitope. VP4

(1KQR) has polar motif residues, S134, glutamine (Q135), T136

denoted as SQT fragment. Here the entire polypeptide containing the

motif residues is a loop (Supporting Information Figure S1a). (2) Pyri-

doxal 50-phosphate (PLP) dependent enzyme 1-Aminocyclopropane-1-

carboxylate deaminase, (PDB ID: 1F2D29) involved in transamination

reactions. The motif residues are polar as well: S78, Asparagine (N79),

Q80 denoted as SNQ fragment. The N-terminal flanking residues of

the polypeptide in this structure form a loop, while the C-terminal

flanking residues form a helix (Supporting Information Figure S1b). (3)

Extracellular domain of growth hormone receptor (PDB ID: 1AXI30)

with the motif residues G148, Isoleucine (I149), Histidine (H150) (GIH

fragment). Here none of the motif residues are polar. The entire poly-

peptide containing the motif is a loop (Supporting Information

Figure S1c). (4) Polynucleotide phosphorylase, (PDB ID: 1E3H31), a

phosphorolytic exonuclease involved in degrading prokaryotic mRNA.

In case of polynucleotide phosphorylase (1E3H), the motif residues leu-

cine (L132), tyrosine (Y133), aspartic acid (D134) (LYD fragment) where

the middle residue is polar. In this case the N-terminal flanking residues

form loop, while those in C-terminal form a helix (Supporting Informa-

tion Figure S1d). (5) Dihydrofolate reductases (PDB ID: 1VDR32) which

is halophillic protein in nature. In this case (1VDR), the phosphate

binding motif residues are S65, arginine (R66), S67 (SRS fragment)

belonging to a loop, the middle residue being basic and the rest two

polar (Supporting Information Figure S1e).

We simulate these polypeptides both with and without the anion.

Equilibrations of the systems are ensured from the root mean square

deviation (RMSD) plots, shown for all the cases both with and without

anions in Supporting Information Figures S2a-k. Note that the satura-

tion of the RMSD is highly system dependent and typically faster in the

presence of the anions. The equilibrated regions of trajectories for

each polypeptide are considered for analysis.

3.1 | Anion induced conformational preferences of the
motif residues

The correlation plots between the backbone torsion angles (/ and w) of

motif residues over the simulated trajectory show their conformational

preferences in terms of secondary structural elements, like right handed

alpha helix (RH), left handed alpha helix (LH), b, and random coil (C) con-

formation. The correlation plots of the torsion angles are shown in Fig-

ures 1a-f for SQT fragment, while others in Supporting Information

Figures S3-S6. Tables 2a and b show the details of percentages of dif-

ferent secondary structural elements of the motif residues along with

their crystal structure conformations with the values of / and w.

Let us consider the case of SQT in details. In the crystal structure

(1KQR) S134 shows b conformation, whereas both Q135 and T136

have RH conformation. The preference for conformation of S fluctu-

ates between RH, b, and C in WOS condition (Figure 1a). The percen-

tages of occurrences of these structures over the entire trajectory

(Table 2a) show that the major WOS conformation is RH (60%), despite

having substantial conformational flexibility. However, the correlation

plot shows that S in SQT for WS is in RH conformation (Figure 1b)

over entire trajectory. The WS conformation is in agreement to the

crystal structure data. Thus the major WOS conformation is stabilized

by the sulphate in WS state, indicating similar conformational preferen-

ces in both cases. We find that Q switches between RH and b confor-

mations with RH having slightly higher preference to b (Table 2a) in

the WOS case (Figure 1c) and is in RH conformation in WS (Figure 1d).

Here again there is no shift in conformational preference. On the other

hand, T has propensities for both RH (60%) and b (40%) conformations

(Figure 1e) in WOS condition and is in primarily b conformation (Figure

1f) in WS condition. In contrast to the first two motif residues, the

minor conformation in WOS is stabilized by the sulphate so that there

is a shift in conformational preference.

Table 2a shows that polar S shows slightly larger preference for b

conformation than RH in WOS case in SNQ fragment. S adopts b con-

formation in WS condition which is similar to that in the crystal struc-

ture. Thus there is no shift in conformational preference induced by

sulphate. The latter two residues (N and Q) do not show any shift in

conformational preferences (both RH) in WOS and WS conditions as in

the crystal structure (Supporting Information Figure S3). Let us now

consider conformational preferences of GIH fragment in Table 2a. The

hydrophobic G residue lacks any dominant conformational preference

in WOS condition. In WS condition the conformation shifts to RH in
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contrast to b conformation in crystal structure. This is not so surprising,

for G in general lacks well defined secondary structure. Hydrophobic I

in GIH fragment shows change from predominant b conformation in

WOS condition to predominant RH conformation in WS condition. The

basic residue H does not show any shift in conformational preferences

(Supporting Information Figure S4). In case of LYD, it is evident from

Table 2a that hydrophobic L shows no particular conformational prefer-

ence between RH and b in WOS, while having bias to b conformation

for WS. Polar Y does not change its conformational preferences, while

acidic D conformation switches from RH in WOS to b conformation in

WS (Supporting Information Figure S5).

Table 2b further shows that both S are predominantly in RH confor-
mation in SRS fragment in the WOP case. Both S are mostly in b confor-
mation in WP condition. However, the residue shows substantial
fluctuations with minor contributions from other conformations. Thus,
both S show shifts in conformational preferences in the WP case

compared to the WOP case. However, the basic R does not show any

change in preference, being in RH conformation for both the cases (Sup-

porting Information Figure S6). Tables 2a and b clearly show that the

conformational preferences of the residues fluctuate without anion,

while the anion typically stabilizes one of the residue conformations

experienced in absence of the anion. The conformations of the motif

residues are in good agreement to their crystal structure conformations.

3.2 | Motion of the anion

We calculate the distances between the sulphur atom and Ca(dCa-S), N1

(dN1-S), and N2(dN2-S) atom of the motif for different fragments. The fre-

quencies of these distances, f(dCa-S), f(dN1-S), and f(dN2-S) for the SQT

case are shown in Figure 2a. The distance frequencies for other cases

are shown in Supporting Information Figure S7. All these distributions

indicate that sulphate ion prefers to stay at large distances from the

FIGURE 1 The /-w correlation plots of the residues in SQT fragment: S134 in (a) WOS and (b) WS conditions; Q135 in (c) WOS and (d)
WS conditions; and T136 in (e) WOS and (f) WS conditions
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TABLE 2 (a) The secondary structural elements of the motif residues in crystal structure and simulated structure for WOS, WS, and RP in dif-
ferent cases. (“—” indicates no occurrence at that particular position)

Peptide fragment
(PDB Ids) Motif Residues RH b LH C

Crystal structure
(/, w)

SQT fragment
(1KQR)

S
(Polar)

WOS 60 30 — 10 b
(271.9, 134.7)

WS 100 — — —
RP 79 21 — —

Q
(Polar)

WOS 55 45 — — RH
(274.6, 229.1)

WS 100 — — —
RP 51 49 — —

T
(Polar)

WOS 60 40 — — RH
(2124.7, 216.2)

WS 3 97 — —
RP 95 5 — —

SNQ fragment
(1F2D)

S
(Polar)

WOS 47 53 — — b
(261.5, 144.7)

WS — 100 — —
RP — 100 — —

N
(Polar)

WOS 91 9 — — RH
(290.9, 248.2)

WS 100 — — —
RP 99 — — 1

Q
(Polar)

WOS 73 27 — — RH
(250.3, 247.6)

WS 100 — — —
RP 100 — — —

GIH fragment
(1AXI)

G
(Hydrophobic)

WOS 20 15 27 38 b
(266.4, 157.7)

WS 100 — — —
RP 21 31 19 29

I
(Hydrophobic)

WOS 23 77 — — RH
(287.6, 219.9)

WS 100 — — —
RP 27 73 — —

H
(Basic)

WOS — 100 — — b
(2117, 163.8)

WS — 100 — —
RP 21 26 19 34

LYD fragment
(1E3H)

L
(Hydrophobic)

WOS 45 55 — — b
(2107.2, 119.3)

WS - 100 — —
RP 100 - — —

Y
(Polar)

WOS 100 - — — RH
(280.9, 221.9)

WS 97 3 — —
RP 48 52 — —

D
(Acidic)

WOS 100 - — — RH
(248.6, 257.4)

WS 17 83 — —
RP 100 - — —

(b) The secondary structural elements of the motif residues in crystal structure and simulated structure for WOP and WP in different cases. (“—”
indicates no occurrence at that particular position)

Peptide fragment
(PDB Ids)

Motif
Residues RH b LH C

Crystal structure
(/, w)

SRS fragment
(1VDR)

S
(polar)

WOP 70 30 — — b
(2154.8, 150.8)

WP 11 89 — —
R
(basic)

WOP 89 11 — — RH
(263.8, 264.3)

WP 85 15 — —
S
(polar)

WOP 83 17 — — b
(245.7, 140.9)

WP 3 97 — —
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CaNN motif atoms. Figure 2b shows dCa-S as a function of time over the

simulated trajectory of SQT. The plot shows that sulphate ion moves

back and forth in the neighbourhood of the motif (�5 Å) to larger distan-

ces (�10 Å). Similar picture holds for other sulphate bound fragments as

well, shown in Supporting Information Figure S8. We show in Figure 2c

the distribution (f(ta)) of time interval, ta between any two successive

approaches of sulphate to the vicinity of Ca atom (�5 Å). The distribu-

tion is sharply peaked for low ta with mean time <ta> (�0.5 ns) which is

much smaller compared to the time scale of secondary structural relaxa-

tion.33,34 Thus, the sulphate induced structure cannot relax due to multi-

ple approach of the ion to the vicinity of the motif in very short time

scale. Figure 2d shows the frequencies of distances Ca (f(dCa-P)), N1(f

(dN1-P)), and N2 (f(dN2-P)) from phosphorus atom of the biphosphate ion

for the SRS case. The peak of f(dCa-P), f(dN1-P), and f(dN2-P) is around 6, 5,

and 4 Å, respectively. This indicates unlike sulphate, biphosphate ion

stabilizes in the vicinity of the motif. However dCa-P as a function of time

over the simulated trajectory (Figure 2e) indicates that biphosphate ion

also moves back and forth in the neighbourhood of the motif, while it

prefers to stay mostly �10 Å from the motif. The distribution of time

interval (f(ta)) (Figure 2f) is also sharply peaked for low ta with mean time

<ta> (�0.5 ns), as in the sulphate cases.

3.3 | Basis of conformational preferences

Now we turn our focus to different factors which may be responsible

for conformational preferences of different motif residues.

3.3.1 | Effect of sequence

The shifts in conformational preferences due to sulphate or biphos-

phate are sensitive to the sequence of the motif residues. It is

FIGURE 2 (a) The frequency distributions of distances; f(dCa-S) (solid line), f(dN1-S) (long dashed line), and f(dN2-S) (short dashed line)
between sulphur atom of sulphate and Ca, N1, and N2 atoms, respectively, of CaNN motif in SQT fragment. (b) dCa-S as a function of time
in SQT fragment. (c) The distribution f(ta) of time interval, ta between two successive approaches by sulphate to the vicinity of Ca atom
(dCa-S � 5 Å) in SQT fragment. (d) The frequency distributions of distances; f(dCa-P) (solid line), f(dN1-P) (long dashed line), and f(dN2-P) (short
dashed line) between phosphorous atom of biphosphate and Ca, N1, and N2 atoms, respectively, of CaNN motif in SRS fragment. (e) dCa-P

as a function of time in SRS fragment. (f) The distribution f(ta) of time interval, ta between two successive approaches by biphosphate to the
vicinity of Ca atom (dCa-P � 5 Å) in SRS fragment
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interesting to note that the same residue shows different conforma-

tional preferences in WS condition depending on the sequence. For

instance, the conformational preference of S in SQT fragment (RH) is

quite in contrast to that of S in SNQ fragment (b). The polar S behaves

distinctly in the presence of different anions. In WS condition S in SQT

and SNQ fragments shows no shift in conformational preference with

respect to the WOS condition. But, in case of SRS fragment both S

show biphosphate induced shifts in conformational preferences.

3.3.2 | Effect of anion

The residue conformations of a given motif are sensitive to the type of

anion. We replace sulphate by biphosphate in different fragments to see

the effect of anions on conformational preference of CaNN motif. We

illustrate in details the case of LYD fragment. We choose this fragment,

for the fragment has hydrophobic, polar, and charged residues. We

observe that secondary structural preference of the motif residues is dif-

ferent in the sulphate replaced by biphosphate (RP) case with respect to

WS case (Table 2a). Without any anion L132 fluctuates between RH

(45%) and b (55%) conformations. In WS case L132 is primarily b confor-

mation but it prefers RH conformation in RP case selecting the minor

WOS conformation. Thus, L132 shows shifts in conformation from

almost equally probable WOS conformations. However, the shift is

dependent on the type of anion. Y133 primarily prefers RH conformation

both in WS and WOS conditions. In RP case Y133 fluctuates between

RH (48%) and b (52%) conformations (Table 2a). Thus, Y133 lacks

particular conformational preference in RP case, unlike that of WS. D134

prefers RH in WOS, b conformation in WS and RH conformation in RP

condition, indicating shift in conformation in WS but no shift in RP.

The distance frequencies, f(dCa-S), f(dN1-S), and f(dN2-S) in Figure 3a

and dCa-S as a function of time in Figure 3b for LYD fragment in WS

condition indicate that sulphate ion prefers to stay at large distances

from the CaNN motif atoms with back and forth motion in the neigh-

bourhood of the motif. When sulphate is replaced by biphosphate, the

frequencies f(dCa-S), f(dN1-P), and f(dN2-P) in Figure 3c and dCa-P as a

function of time in Figure 3d show similar behaviour of the biphos-

phate as the sulphate in WS condition. This behavior is in striking con-

trast with that of biphosphate in the SRS fragment in WP condition

(Figure 2d). This may be due to the enhanced flexibility experienced by

Y133 due to replacement with biphosphate.

The differences in fluctuations of the backbone dihedrals are

shown in Figure 4 for LYD segment both in WS and replacement by

biphosphate conditions. Distribution of backbone dihedral / for the

motif residues L, Y, and D are defined as HLðuÞ, HYðuÞ, and HDðuÞ, and

that of w are defined as HLðwÞ, HYðwÞ, and HDðwÞ, respectively. HLðuÞ

shows single peak distribution both in WS and RP condition and not

alter much due to replacement of sulphate by biphosphate (Figure 4a).

HLðwÞ also shows single peak distribution both in WS and RP condition

(Figure 4b). Depending on the anion the peak positions are different,

w � 1408 in WS and w � –208 in RP condition. HYðuÞ shows single

broad peak in WS, but becomes bimodal distribution in RP condition

FIGURE 3 (a) The frequency distributions of distances; f(dCa-S) (solid line), f(dN1-S) (long dashed line), and f(dN2-S) (short dashed line)
between sulphur atom of sulphate and Ca, N1, and N2 atoms, respectively of CaNN motif in LYD fragment. (b) The distances (dCa-S)
between Ca and sulphate as functions of time for LYD fragment. (c) The frequency distributions of distances; f(dCa-P) (solid line), f(dN1-P)
(long dashed line), and f(dN2-P) (short dashed line) between phosphorus atom of biphosphate and Ca, N1, and N2 atoms, respectively of
CaNN motif in LYD fragment. (d) The distances (dCa-P) between Ca and biphosphate as functions of time for LYD fragment
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(Figure 4c). HYðwÞ shows single peak distribution both in WS and RP

condition (Figure 4d). Here again the peak positions are different,

w � –108 in WS and w � 1708 in RP condition. The splitting of HYðuÞ

peak is consistent with fluctuations of conformation of Y133 in RP

condition. HDðuÞ and HDðwÞ show single peak distribution both in WS

and RP condition (Figures 4e and f). While the HDðuÞ peaks nearly

coincide, the HDðwÞ peaks are w � 1358 in WS and w � 2108 in RP

condition.

Similar sensitivities of conformational preferences depending on

the type of anion have been observed for other fragments as well

(Table 2a). In SQT fragment, S does not show any shift in conformation

both in WS and RP cases compared to WOS. However, this residue

shows substantial fluctuations in conformation in RP condition. Q shifts

to RH conformation in WS, but lacks conformational preference in RP

case. T shifts to b conformation in WS condition, but in RP condition

there is no shift in conformation. In SNQ fragment S shifts to b confor-

mation both in WS and RP cases as compared to WOS. N and Q do

not show any shift in conformation both in WS and RP cases compared

to WOS. In GIH fragment G shifts to RH conformation in WS, but lacks

conformational preference in RP case. I shifts to RH conformation in

WS condition, but in RP condition there is no shift in conformation. H

does not show any shift in conformation in WS but lacks conforma-

tional preference in RP case.

Upon ligand binding the changes in fluctuations in dihedral angles

cost conformational free energy and entropy.25 Earlier experimental and

theoretical works show that the conformational thermodynamics govern

the stability of ligand bound proteins. We study the conformational free

energy and entropy changes of the motif residues due to replacement of

sulphate by biphosphate from the backbone dihedral distributions of

motif residues, Hað/Þ and HaðwÞ, using conformational

thermodynamics.25–27 Conformational thermodynamics data for the

backbone dihedrals of the biphosphate bound motif residues with

respect to the sulphate bound case for different peptide fragment are

shown in Table 3. DGconf
i and TDSconf

i indicates the change in conforma-

tional free energy and entropy of the ith residue, obtained by summing

over the backbone dihedrals. DGconf
i ðuÞ, DGconf

i ðwÞ, and TDSconf
i ðuÞ, TD

Sconf
i ðwÞ indicates the change in conformational free energy and entropy

of the ith motif residues due to backbone dihedral / and w, respectively.

The total change in conformational free energy (DGconf) and entropy

(TDSconf) of the motif is obtained by sum of the changes of individual res-

idues of the motif. The negative change in conformational free energy

and entropy indicates the conformational stability due to replacement by

biphosphate as well as ordering, whereas the positive change indicates

the instability and disorder due to biphosphate replacement.

The free energy changes are not significant in none of the residues

in case of SQT. There is a large amount of disorder due to both the

FIGURE 4 Distributions of backbone dihedral angle in WS (solid line) and RP (dashed line) conditions for motif residues in LYD fragment:
(a) HLðuÞ, (b) HLðwÞ, (c) HYðuÞ, (d) HYðwÞ, (e) HDðuÞ, and (f) HDðwÞ

2186 | PATRA ET AL.



backbone dihedrals of S. Overall, the motif shows slight increase in free

energy and large amount of disorder by the anion replacement. In SNQ

fragment free energy change is negative for S and positive for Q due to

backbone dihedral w. However backbone dihedral w introduce disorder

in both S and Q. Due to anion replacement this motif gets the confor-

mational stability along with large amount of disorder. In GIH fragment

G and I destabilized and disordered due to backbone dihedral / and w.

However, H is stabilized and ordered due to backbone dihedral w and

/, respectively. Overall large positive change in free energy and

entropy indicates instability and enhanced disorder of this motif due to

anion replacement. In LYD fragment all the motif residues destabilized

due to backbone dihedral distribution, particularly / (Figure 4). There is

also disorder of L and D due to the backbone dihedral w and /, respec-

tively. Overall due to anion replacement in this case also this motif gets

conformational instability and disorder. Overall the thermodynamic

data indicate that the free energy costs are typically very large and pos-

itive due to the presence of biphosphate instead of sulphate in case of

LYD and GIH fragment. This means that the anion replacement is not

conformationally favourable for these fragments, while SQT and SNQ

are largely unaffected due to replacement. The anion replacement also

introduces disorder in all the cases.

3.3.3 | Solvent distribution

We study the radial distribution of the oxygen (O) atoms of solvent

water molecules around Ca, N1, and N2 atoms of the motif in presence

and absence of sulphate and biphosphate. For SQT fragment, a promi-

nent first peak in distribution gWS
Ca ðrÞ is observed around r 5 4 Å with

respect to Ca atom in WS case (Figure 5a). In absence of sulphate the

distribution gWOS
Ca ðrÞ with respect to Ca atom is also similar as gWS

Ca ðrÞ

(Figure 5b). There is no shift in conformational preference for S residue

corresponding to this atom. There is no peak in radial distributions gWS
N1

ðrÞ and gWS
N2 ðrÞ with respect to N1 and N2 atom, respectively, in pres-

ence of sulphate. In WOS case also there is no peak in distributions

gWOS
N1 ðrÞ and gWOS

N2 ðrÞ. However, conformational shift is observed in T

containing N2 but no shift is observed for Q having N1. In case of SNQ

fragment, first peak of gWS
Ca ðrÞ is around r 5 4Å (Figure 5c). In Figure

5d, there is also a peak in distribution of gWOS
Ca ðrÞ around r 5 4 Å. Con-

formational shift is not observed at this position for the motif residue

S. There is a peak of gWS
N1 ðrÞ at r 5 3 Å but there is no peak in distribu-

tion of gWOS
N1 ðrÞ. Conformational shift is also not observed for N residue

at this position. There is no peak in distributions of gWS
N2 ðrÞ and gWOS

N2 ðrÞ.

Here also no conformational shift takes place Q residue. The distribu-

tions of water molecules in the presence and absence of the anion

does not show difference in GIH and LYD fragments as shown in Sup-

porting Information Figure S9. However conformational shift is

observed for I with N1 in case of GIH fragment and for D with N2 in

case of LYD fragment.

In case of SRS fragment, a prominent first peak in distribution gWP
Ca

ðrÞ is observed around r 5 4 Å with respect to Ca atom in WP case

(Figure 5e). In WOP case the distribution gWOP
Ca ðrÞ has peak around

r 5 3 Å (Figure 5f). Conformational shift is observed for the residue S

at this position. There is no peak in distribution gWP
N1 ðrÞ and gWP

N2 ðrÞ with

respect to N1 and N2, respectively, in presence of biphosphate. In

WOP case the distributions, gWOP
N1 ðrÞ and gWOP

N2 ðrÞ are peaked around

r 5 3Å (Figure 5f). Conformational shift is not observed in case of R

residue at N1 position, but observed for S residue at N2 position. Thus,

changes in water distributions around the motif Ca, N1, and N2 atoms

are not correlated to the changes in conformational preferences of the

motif residues.

3.3.4 | Flanking residues

We examine the conformational preferences of a couple of flanking

residues (Supporting Information Table S2a and Supporting Information

Table S2b) in both N and C-terminal in the vicinity of the motif resi-

dues. The data in these tables show that the flanking residues show

conformational fluctuations without the anion. However, the anions

TABLE 3 Conformational thermodynamics change of motif residues of peptide fragment and motif in presence of biphosphate with respect
to presence of sulphate

Change in conformational free energy Change in conformational entropy (a) Total change in
conformational
free energy (DGconf)
(b) Total change in
conformational
entropy (TDSconf)

Peptide
fragment

Motif
residue

DGconf
i in

kJ/mol
DGconf

i ðuÞ in
kJ/mol

DGconf
i ðwÞ in

kJ/mol
TDSconf

i in
kJ/mol

TDSconf
i ðuÞ

in kJ/mol
TDSconf

i ðwÞ
in kJ/mol

SQT S134 0.46 0.10 0.36 2.76 1.55 1.21 (a) 0.48
Q135 0.04 0.02 0.02 0.88 0.73 0.15 (b) 3.45
T136 20.02 0.36 20.38 20.19 0.36 20.55

SNQ S78 22.09 1.41 23.5 2.19 0.81 1.38 (a) 21.389
N79 20.002 20.019 0.017 20.57 20.034 20.536 (b) 4.29
Q80 0.703 0.08 0.623 2.67 0.64 3.31

GIH G148 3.41 3.41 0 3.03 0.84 2.19 (a) 13.38
I149 14.6 0.71 13.89 3.19 1.26 1.93 (b) 5.01
H150 24.63 8.54 213.17 21.21 21.27 0.06

LYD L132 3.46 6.30 22.84 1.51 0.38 1.13 (a) 13.98
Y133 7.65 7.47 0.18 21.63 1.06 22.69 (b) 1.98
D134 2.87 2.73 0.14 2.10 2.73 20.63
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give stability to one of the conformations without anion. The anion

induced conformations are in general agreement to the crystal struc-

ture data. In SQT fragment N132 and alanine (A133) are N-terminal

and Q137 and tryptophan (W138) are C-terminal residues, all of which

have loop conformation in sulphate bound crystal structure. Supporting

Information Table S2a shows shift in conformational preferences in all

the residues except A133. In SNQ fragment, the N-terminal residues

are R76 and Q77, both being in loop conformation and the C-terminal

residues are T81 and R82 both having helix conformation in the crystal

structure. The simulated trajectories show no shift in conformational

preferences in all these residues except R82 (Supporting Information

Table S2a). The N-terminal flanking residues of GIH (L146 and T147),

and C-terminal residues A151 and D152 are all having loop conforma-

tion in crystal structure. Out of these residues only A151 does not

show any shift in conformation (Supporting Information Table S2a).

None of the LYD N-terminal residues (D130 and H131, loop conforma-

tion in crystal structure) and C-terminal residues of these fragments

(valine, V135, and V136, helix in crystal structure), shows shift in con-

formational preferences (Supporting Information Table S2b). In SRS

fragment, V63 and methionine, M64 are the N-terminal residues and

glutamine, E68 and R69 are the C-terminal residues, all being loop in

the crystal structure (Supporting Information Table S2b). Here, except

E68, no other residue shows shift in conformational preference

between WP and WOP conditions. Overall, the conformational prefer-

ences of the flanking residues do not seem to be well correlated to

those of motif residues.

The shift of conformation in the presence of anion may be inter-

preted as the conformation without the anion is not favourable and the

residue needs to undergo conformational rearrangement to accommo-

date the anion. On the other hand, no shift in conformational prefer-

ence indicates that the anion can be readily accommodated. This way

one can identify the residues primarily responsible for anion recogni-

tion. In case of SNQ fragment where all the residues are polar, the

major conformational state in WOS condition has been stabilized by

FIGURE 5 Radial distributions of the oxygen (O) atom of solvent water molecule around Ca (green), N1 (red), and N2 (black) atoms of the
motif: for SQT fragment (a) in presence [gWS

Ca ðrÞ, gWS
N1 ðrÞ, gWS

N2 ðrÞ] and (b) in absence [gWOS
Ca ðrÞ, gWOS

N1 ðrÞ, gWOS
N2 ðrÞ] of sulphate; (c) and (d) similar

quantities for SNQ fragment; (e) for SRS fragment in presence [gWP
Ca ðrÞ, gWP

N1 ðrÞ, gWP
N2 ðrÞ] and (f) in absence [gWOP

Ca ðrÞ, gWOP
N1 ðrÞ, gWOP

N2 ðrÞ] of
biphosphate
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the sulfate ion in WS condition. This implies that the WOS conforma-

tion of all three residues is favourable for sulphate binding. In case of

SQT fragment the first two residues do not show shift in conforma-

tional preferences in WS condition as compared to the WOS condition.

Similarly basic H in GIH fragment, hydrophobic L, and polar Y in LYD

and basic R in SRS do not show shifts in conformation. All these results

point to the fact that the polar residues are favourable for sulphate rec-

ognition as found for the synthetic peptides.16,18,19 Interestingly, the

basic residues also adopt favourable conformation for anion recogni-

tion. The conformational preferences for majority of the motif residues

show shift in conformation in the presence of anions. This indicates

that the anions can act as conformational switches in these residues.

More importantly, the switching of the conformations can be con-

trolled by the residue sequences and the type of anion for a given

residue.

4 | CONCLUSIONS

To summarize, our classical force field based simulations indicate that

the motif residues fluctuate between different conformations without

anion, one of which is stabilized by the anion. The anion induced con-

formational preference in CaNN motif residues changes are sequence

specific. Although the sulphate ion is not stabilized in the vicinity of the

motif atoms, the back and forth motion of the ion with very short time

scale between successive approaches aids the structural changes. On

the other hand the biphosphate ion is stabilized in the vicinity of the

motif residues, leading to their conformational preferences. For a given

sequence, the conformational preferences of the residues are depend-

ent on the nature of the anion as well. However, the preference of the

conformation is not sensitive to the water distribution around the motif

residues and the flanking residues. The residues showing no shift in

conformational preferences by the anion are likely to be the ones

responsible for anion recognition. These are mostly polar and basic res-

idues. The microscopic method of identifying the anion recognizing res-

idues may be useful to understand ligand recognition in general. The

possibility of tuning conformational preferences by different anions

may be useful for device applications based on conformational tunabil-

ity of biomacromolecules.35,36

ACKNOWLEDGEMENTS

RB and PP thank the TEQIP-II, MAKAUT, WB and DBT-BIF for fund-

ing. PP acknowledges Mr. Suvankar Ghosh for helping force-field

parameterization. PP is also thankful to SNBNCBS, Kolkata for giving

the computational facility. MG and JC thank DST for financial support.

ORCID

Jaydeb Chakrabarti http://orcid.org/0000-0003-0753-3259

REFERENCES

[1] Denessiouk KA, Johnson MS, Denesyuk AI. Novel CaNN structural
motif for protein recognition of phosphate ions. J Mol Biol. 2005;
345:611–629.

[2] Chakrabarti P. Anion binding sites in protein structures. J Mol Biol.
1993;234:463–482.

[3] Kobayashi N, Go N. ATP binding proteins with different folds
share a common ATP-binding structural motif. Nat Struct Biol.
1997;4:6–7.

[4] Kinoshita K, Sadanami K, Kidera A, Go N. Structural motif of
phosphate-binding site common to various protein superfamilies:
all-against-all structural comparison of protein-mononucleotide com-
plexes. Protein Eng. 1999;12:11–14.

[5] Denessiouk KA, Johnson MS. When fold is not important: a com-
mon structural framework for adenine and AMP binding in 12 unre-
lated protein families. Proteins. 2000;38:310–326.

[6] Denessiouk KA, Rantanen VV, Johnson MS. Adenine recognition: a
motif present in ATP-, CoA-, NAD-, NADP-, and FAD-dependent
proteins. Proteins. 2001;44:282–291.

[7] Watson JD, Milner-White EJ. A novel main-chain anion-binding site
in proteins: the nest. A particular combination of phi, psi values in
successive residues gives rise to anion-binding sites that occur com-
monly and are found often at functionally important regions. J Mol
Biol. 2002;315:171–182.

[8] Denesyuk AI, Denessiouk KA, Korpela T, Johnson MS. Functional
attributes of the phosphate group binding cup of pyridoxal
phosphate-dependent enzymes. J Mol Biol. 2002;316:155–172.

[9] Denessiouk KA, Johnson MS. “Acceptor-donor-acceptor” motifs rec-
ognize the Watson-Crick, Hoogsteen and Sugar “donor-acceptor-
donor” edges of adenine and adenosine-containing ligands. J Mol
Biol. 2003;333:1025–1043.

[10] Milner-White EJ, Nissink JW, Allen FH, Duddy WJ. Recurring main-
chain anion-binding motifs in short polypeptides: nests. Acta Crys-
tallogr D Biol Crystallogr. 2004;60:1935–1942.

[11] Torrance GM, Leader DP, Gilbert DR, Milner-White EJ. A novel
main chain motif in proteins bridged by cationic groups: the niche.
J Mol Biol. 2009;385:1076–1086.

[12] Wintjens R, Rooman M. Structural classification of HTH DNA-
binding domains and protein-DNA interaction modes. J Mol Biol.
1996;262:294–313.

[13] Struhl K. Helix-turn-helix, zinc-finger, and leucine-zipper motifs for
eukaryotic transcriptional regulatory proteins. Trends Biochem Sci.
1989;14:137–140.

[14] Berg JM. Zinc fingers and other metal-binding domains. Elements
for interactions between macromolecules. J Biol Chem. 1990;265:
6513–6516.

[15] Holm L, Sander C. The FSSP database: fold classification based on
structure-structure alignment of proteins. Nucleic Acids Res. 1996;
24:206–209.

[16] Sheet T, Supakar S, Banerjee R. Conformational preference of ’Cal-
phaNN’ short peptide motif towards recognition of anions. PLoS
One. 2013;8:e57366.

[17] Sheet T, Banerjee R. Sulfate ion interaction with ‘anion recognition’
short peptide motif at the N-terminus of an isolated helix: a confor-
mational landscape. J Struct Biol. 2010;171:345–352.

[18] Sheet T, Banerjee R. The ‘(CNN)-N-alpha’ motif: an intrinsic lover of
sulfate and phosphate ions. Rsc Adv. 2016;6:54129–54141.

[19] Sheet T, Ghosh S, Pal D, Banerjee R. Computational design of
model scaffold for anion recognition based on the ’Calpha NN’
motif. Biopolymers. 2017;108:1–15.

[20] Hess B, Kutzner C, van der Spoel D, Lindahl E. GROMACS 4: Algo-
rithms for highly efficient, load-balanced, and scalable molecular
simulation. J Chem Theory Comput. 2008;4:435–447.

PATRA ET AL. | 2189

http://orcid.org/0000-0003-0753-3259


[21] Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJ.
GROMACS: fast, flexible, and free. J Comput Chem. 2005;26:1701–1718.

[22] Lindorff-Larsen K, Piana S, Palmo K, et al. Improved side-chain tor-
sion potentials for the Amber ff99SB protein force field. Proteins.
2010;78:1950–1958.

[23] Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynam-
ics. J Mol Graph. 1996;14:33–38; 27–38.

[24] Allen Djt MP. Computer Simulation of Liquids. Oxford: Oxford Uni-
versity Press; 1991:400.

[25] Das A, Chakrabarti J, Ghosh M. Conformational contribution to
thermodynamics of binding in protein-peptide complexes
through microscopic simulation. Biophys J. 2013;104:1274–1284.

[26] Das A, Chakrabarti J, Ghosh M. Thermodynamics of interfacial
changes in a protein-protein complex. Mol Biosyst. 2014;10:437–445.

[27] Sikdar S, Chakrabarti J, Ghosh M. A microscopic insight from con-
formational thermodynamics to functional ligand binding in proteins.
Mol Biosyst. 2014;10:3280–3289.

[28] Dormitzer PR, Sun ZY, Wagner G, Harrison SC. The rhesus rotavirus
VP4 sialic acid binding domain has a galectin fold with a novel car-
bohydrate binding site. Embo J. 2002;21:885–897.

[29] Yao M, Ose T, Sugimoto H, et al. Crystal structure of 1-
aminocyclopropane-1-carboxylate deaminase from Hansenula satur-
nus. J Biol Chem. 2000;275:34557–34565.

[30] Atwell S, Ultsch M, De Vos AM, Wells JA. Structural plasticity in a
remodeled protein-protein interface. Science. 1997;278:1125–1128.

[31] Symmons MF, Jones GH, Luisi BF. A duplicated fold is the struc-
tural basis for polynucleotide phosphorylase catalytic activity, proc-
essivity, and regulation. Structure. 2000;8:1215–1226.

[32] Pieper U, Kapadia G, Mevarech M, Herzberg O. Structural features
of halophilicity derived from the crystal structure of dihydrofolate
reductase from the dead sea halophilic archaeon, Haloferax volcanii.
Structure. 1998;6:75–88.

[33] Henzler-Wildman KA, Lei M, Thai V, Kerns SJ, Karplus M, Kern D.
A hierarchy of timescales in protein dynamics is linked to enzyme
catalysis. Nature. 2007;450:913–916.

[34] Charlier C, Khan SN, Marquardsen T, et al. Nanosecond time scale
motions in proteins revealed by high-resolution NMR relaxometry.
J Am Chem Soc. 2013;135:18665–18672.

[35] Lee TS, Radak BK, Harris ME, York DM. A two-metal-ion-mediated
conformational switching pathway for HDV ribozyme activation.
Acs Catal. 2016;6:1853–1869.

[36] Knipe PC, Thompson S, Hamilton AD. Ion-mediated conformational
switches. Chem Sci. 2015;6:1630–1639.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Patra P, Ghosh M, Banerjee R, Chakra-

barti J. Anion induced conformational preference of CaNN motif

residues in functional proteins. Proteins. 2017;85:2179–2190.

https://doi.org/10.1002/prot.25382

2190 | PATRA ET AL.

https://doi.org/10.1002/prot.25382






http://orcid.org/0000-0003-0753-3259
http://crossmark.crossref.org/dialog/?doi=10.1007/s10822-018-0157-3&domain=pdf
https://doi.org/10.1007/s10822-018-0157-3




931Journal of Computer-Aided Molecular Design (2018) 32:929–936	

Calculation of�hydrogen bond

We consider motif atoms as a hydrogen bond donor and 
oxygen atoms of anion as a hydrogen bond acceptor. We use 
the criteria of donor (D) to accptor (A) atom distance < 3.5�¯ 
and D-H-A angle > 120° for consideration of hydrogen bond-
ing interaction.

Calculation of�partial density of�state (PDOS)

We calculate the density of states (DOS), representing the 
number of electronic states per unit of energy (in eV), in the 
optimized geometry. The total DOS is calculated from the 
energy levels of each individual state by projecting the DOS 
on all the orbitals. We then compute the di�erent contribu-
tion of the di�erent orbitals for each and individual atoms 
and calculate the partial density of state (PDOS) of the atom.

Calculation of�stabilization energy

We calculate the single point energy of the ion�electron 
system in the optimize structure of peptide fragments both 
in presence and absence of anion. The stabilization energy 
(SE), �ESE is de�ned as the energy di�erence between the 
anion bound motif and the free components. We also calcu-
late the energy di�erence by replacing the anion.

Results

Optimized structures

The optimized geometries of SNQ motif fragment in WOS, 
WS and SRP conditions are shown in Fig.�1a�c. With respect 
to the crystal structure the RMSD of optimized structures 
of SNQ motif fragment in WOS (Fig.�1a), WS (Fig.�1b) and 
SRP (Fig.�1c) is 0.585�¯, 0.310�¯ and 1.237�¯, respectively. 
Oxygen atoms of the anion are numbered according to the 
crystal structure of the corresponding peptide fragments 
[23�27]. Here in WS condition C� and N1 atoms of the motif 
forms hydrogen bonds with O3 and N2 atom of the motif 
forms hydrogen bond with O4 atom (Fig.�1b). In SRP the 

hydrogen bond pattern is di�erent; N1 and N2 atoms of the 
motif form hydrogen bonds with O3 atom of bi-phosphate 
and hydrogen bonding interaction between C� atom of the 
motif and oxygen atom of anion is disrupted (Fig.�1c).

Similar patterns are observed in other motif fragments. 
In the optimized geometry of WS and WP fragments, most 
of the hydrogen bonds between anion and motif atoms are 
improved in terms of hydrogen bond distance and angle 
(Table�S1). C� and N1 atoms of the motif form hydrogen 
bonds with one oxygen atom of the anion concurrently and 
N2 atom of the motif forms hydrogen bond with another 
oxygen atom of anion. In SRP�SQT fragment C� and N1 
atoms of the motif form hydrogen bonds with O1 atom of 
bi-phosphate, while hydrogen bond between N2 atom of the 
motif and oxygen atom of anion is disrupted (Fig. S1). In 
SRP�LYD case C� and N1 atoms of the motif form hydro-
gen bonds with O3 atom and N2 atom of the motif forms 
hydrogen bond with O2 atom of bi-phosphate (Fig. S1). 
In SRP�GIH case C� atom of the motif forms hydrogen 
bond with O2 atom and N1 and N2 atoms of the motif form 
hydrogen bond with O3 atom of bi-phosphate (Fig. S1). Due 
to replacement of bi-phosphate by sulphate (PRS�SRS) 
hydrogen bonding interaction between C� atom of the motif 
and oxygen atoms of anion is disrupted. N1 and N2 atom 
of the motif forms hydrogen bond with O2 and O4 atom of 
sulphate, respectively (Fig. S1). Therefore, hydrogen bond-
ing patterns between motif atoms and anion change due to 
replacement of anion.

Coordination of�anion

We calculate PDOS contribution of the peptide and the cap-
ping atoms of the peptide fragment across the energy spec-
tra. The energy values are given with respect to the Fermi 
energy. Representative cases are shown for SNQ for WOS 
(Fig.�2a), WS (Fig.�2b) and SRP (Fig.�2c) conditions. Simi-
larly data for SRS fragment in WOP, WP and PRS are shown 
in Fig.�2d�f respectively. PDOS of all capping atoms (black 
line) is found to be negligible compared to all peptide atoms 
(red line) in the entire energy range. Additional data are 
shown in Supporting Information. Thus our QC results are 
not a�ected by the capping. The PDOS of di�erent atoms of 

Fig. 1   Optimized geometry of 
C�NN motif residues in SNQ 
fragment: a in absence of sul-
phate (WOS), b in presence of 
sulphate (WS) and c in presence 
of bi-phosphate replacing the 
sulphate (SRP). The hydrogen 
bonds between motif atoms 
and oxygen atoms of anion are 
shown in yellow dotted line
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sulphate and bi-phosphate are shown in Fig.�3a, b, respec-
tively. The PDOS peaks of oxygen atoms of anion are mainly 
distributed in the energy range � 10�eV�to � 30�eV. PDOS 
of individual atoms of the motif residues S, N and Q in 
WS�SNQ fragment are shown in Fig. S2a�c, respectively 
as representative case. Here also we �nd major PDOS contri-
butions of the atoms come from the energy range � 5 eV�to 
� 30�eV.

We analyze the simultaneous PDOS contributions of 
motif atoms of the peptide fragment and the atoms of the 
anionic species in WS and WP cases. If the peaks of PDOS 
of a motif atom and an atom of the anion lie within 0.04�eV 
(thermal energy at room temperature), the atom pairs are 
taken to coordinate at an energy, given by the mean of the 
peak values. Let us now consider the motif atoms in dif-
ferent sequences. Figure�4a�c show the PDOS of the motif 
atoms of SNQ fragment along with the sulphur and oxygen 
atoms of sulphate. It shows simultaneous PDOS contribution 
of the motif atoms and oxygen atoms of the sulphate take 
place within the energy range � 10�eV to � 16�eV. The low-
est energy coordination takes place between N2 atom of the 
motif and O4 atom of sulphate at E = � 15.30�eV. Both C� 
and N1 atoms of the motif coordinate with O3 atom of sul-
phate at a slightly higher energy (� 14.27�eV). These oxygen 
atoms of anion are also found to form hydrogen bond with 
the motif atoms C�, N1 and N2 in SNQ fragment.

Fig. 2   PDOS of all peptide atoms barring the capping atoms (red) 
and the capping atoms (black) for di�erent energy for SNQ fragment: 
a in absence of sulphate (WOS), b in presence of sulphate (WS) and 
c in presence of bi-phosphate replacing the sulphate (SRP) and for 
SRS fragment: d in absence of bi-phosphate (WOP), e in presence 
of bi-phosphate (WP) and f in presence of sulphate replacing the bi-
phosphate (PRS)

Fig. 3   PDOS of a sulphate and b bi-phosphate for di�erent energy

Fig. 4   PDOS of S (cyan), O1 (blue), O2 (green), O3 (red) and 
O4 (black) atoms of bound sulphate and motif atoms of peptide 
(magenta): a C� of S78, b N1 of N79 and c N2 of Q80 in case of 
SNQ fragment in WS condition as function of energy
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The other cases are shown in Figs. S3�S6. In case of 
SQT fragment PDOS of the motif atoms along with the 
sulphur and oxygen atoms of sulphate are shown in Fig. 
S3a�c. The lowest energy coordination takes place between 
C� and N1 atom of the motif and O2 atom of sulphate both 
at E = � 11.70�eV. N2 atom of the motif coordinates with O1 
atom of sulphate at slightly higher energy, E = � 11.04�eV. In 
LYD fragment N1 and C� atom of the motif coordinates with 
O4 atom of sulphate at lowest energies E = � 14.90�eV and 
� 14.85�eV, respectively (Fig. S4a�c). At E = � 13.48�eV, N2 
atom of the motif coordinates with O2. N1 atom of the motif 
also coordinates with O4 atom of sulphate at higher energy 
� 13.44�eV and � 11.28�eV. In GIH fragment lowest energy 
coordination takes place between N2 atom of the motif 
and O3 atom of sulphate at E = � 16.52 (Fig. S5a�c). At 
E = � 15.01�eV, N2 atom of the motif also coordinates with 
O3 atom of sulphate. N1 atom of the motif coordinates with 
O4 atom of sulphate at higher energy, E = � 10.06�eV. Fig. 
S6a�c show the PDOS of the motif atoms of bi-phosphate 
bound SRS fragment along with the phosphorus and oxygen 
atoms of bi-phosphate. Here, the lowest energy coordination 
takes place between N2 atom of the motif and O3 atom of 
bi-phosphate at E = � 11.95�eV. Both C� and N1 atoms of the 
motif coordinate with O2 atom of bi-phosphate at a slightly 
higher energy (� 11.12�eV).

Overall in case of SNQ, GIH and SRS fragments the 
lowest energy coordination takes place between oxygen 
atom of anion and N2 atom of the motif. For SQT and LYD 
fragments C� and N1 atoms of motif coordinate with one 
oxygen atom of the anion simultaneously at lowest energy. 
In all these motif fragments, the coordinated oxygen atoms 
of anion are also found to be hydrogen bonded with the 
corresponding motif atoms (Table�S1). We also study the 
simultaneous PDOS contributions of side chain atoms of 
the motif residues and the oxygen atoms of the anion. In 
case of S of SNQ fragment, other than C� atom of motif 
residue side chain atoms C� and O� coordinate with O1 
atom at E = � 14.5�eV (Fig.�5a). Side chain N�2 atom of 
motif residue N also coordinates with O3 atom of sulphate 
at E = � 13.8�eV (Fig.�5b). Thus the side chain atoms of 
S and N�in SNQ fragment participate in coordination with 
sulphate. We do not observe side chain atom coordination 
in other motif sequences.

PDOS of C� and N�atoms of terminal �anking residues 
Q77 and T81 in case of SNQ fragment along with atoms of 
sulphate are shown in Fig.�5c, d. Simultaneous PDOS contri-
butions of oxygen atoms of sulphate and any of these atoms 
of �anking residue Q77 and T81 are not observed (Fig.�5c, 
d). In the other cases also terminal �anking residues do not 
contribute simultaneously with the PDOS of oxygen atoms 
of anion in the ground state energy range. Therefore, the 
terminal �anking residues do not participate to coordinate 
with the oxygen atoms of anion.

Stabilization energy

We show in Table�2 the stabilization energy �ESE of the 
systems due to presence of anion. Table�2 indicates that in 
all the cases the stability of the system enhances in pres-
ence of anion. However, �ESE is sequence dependent: 
SNQ > SQT > LYD > GIH. For both the SNQ and SQT frag-
ments all the coordinating residues are polar. The additional 
stability of SNQ compared to SQT may be due to coordina-
tion of side chain atoms of S and N�as well. LYD fragment 
gives more stabilization energy as compared to GIH frag-
ment. In LYD fragment L is non-polar, Y is polar and D is 
acidic in nature. In GIH fragment G and I are non-polar and 
H is also non-polar at physiological pH. Presence of polar 
residue in LYD fragment gives larger stabilization energy 
as compared to GIH fragment. In bi-phosphate bound SRS 
fragment stabilization energy is less than sulphate bound 
cases, though there are two polar and one basic residue.

Fig. 5   PDOS of S (cyan), O1 (blue), O2 (green), O3 (red) and O4 
(black) atoms of bound sulphate and a side chain atoms of S, b side 
chain atom of N, c C� and N atoms of the �anking residue Q77 and d 
C� and N atoms of the �anking residue T81 in case of SNQ fragment 
in WS condition as function of energy

Table 2   Stabilization energy of C�NN motif containing fragments in 
presence and absence of the anion

Fragment containing the C�NN 
motif residues

Stabilization energy in kcal/
mol
�ESE = EWS/WP � (EWOS + ESO4/
EHPO4)

SNQ fragment (WS) � 439.4
SQT fragment (WS) � 436.6
LYD fragment (WS) � 428.8
GIH fragment (WS) � 422.1
SRS fragment (WP) � 257.3
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These residues are mostly polar in nature. The residues 
undergoing conformational switching have coordinated at 
higher energy levels in general. Thus the residues having 
no conformational switching are the ones in energetically 
favorable condition for coordination.

The connection between conformational switch and coor-
dination energy is revealed by anion replacement as well, 
although the coordination energies are shifted to higher val-
ues. Due to anion replacement conformational switching of 
the motif residues is not observed in case of SNQ, SQT and 
GIH fragment (Table�S5) where we observe coordination 
with anion oxygen, albeit shifted at higher energy than WS/
WP cases. Only L in LYD fragment undergoes conforma-
tional switching in SRP condition. This residue does not 
participate in coordination (Table�S5). Similarly, S in SRS 
fragment undergoes conformational switching in PRS condi-
tion and it also does not participate in coordination.

According to the bioinformatics study [8] based on the 
crystal structure database analysis of the sulphate/phosphate 
binding proteins, the anion-binding C�NN motif interacts 
with the anionic oxygen via backbone C� and N atoms of 
the consecutive motif residues in a speci�c pattern, where 
both�C� and N1 atoms of the motif interact with one oxygen 
atom of the anion concurrently and N2 atom of the motif 
interacts with another oxygen atom of anion. In QC study we 
�nd that this stable interaction pattern mainly stabilizes the 
anion in the motif and gives the anion selectivity. Our stud-
ies also support the observation from previous biophysical 
studies [14, 15] based on the C�NN motif containing syn-
thetic peptide fragments that polar residues are the primary 
ones to give stability to the motif. Our studies suggest that 
the connection between conformational change and coor-
dination of anion with the polar residue atoms is universal.

Conclusion

Our quantum chemical calculations show that the stability of 
C�NN motif is governed by the coordination of motif atoms 
with oxygen atoms of anion. The sequence of the motif 
in�uences the coordination energy and stabilization energy. 
We �nd larger stabilization energy in case of motif having 
more polar residues. Stability of the motif also depends on 
the type of anion. The most nontrivial aspect of our results 
is the intimate connection between coordination and con-
formational preferences of the residues which has not been 
established so far to the best of our knowledge. We consider 
the motif residues from di�erent proteins which have di�er-
ent functional sites, and, therefore, this study may be useful 
to get the microscopic insights into their functions. Similar 
analysis can be useful for understanding stability of other 
ligand binding motifs as well.
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Abstract
Self-assembly by amphiphilic molecules with solvent exposed hydrophobic groups

are relevant in biomolecular systems as well as in technological applications. Here we

study such self-assembly in these systems using a model system of spherical particles

having charge at core but solvent repelling surface, using Monte-Carlo simulations

and mean field treatment. We find that solvophobicity mediated attraction leads

aggregation, while electrostatic repulsions control stability of finite clusters. The

aggregation threshold relates the parameters of two interactions through an algebraic

dependence. The study also qualitatively explains experimental observations on

aggregation of misfolded proteins and can be useful guide to tune stability of nm

sized self-assembly in systems with exposed hydrophobic groups.

K E Y W O R D S

amphiphilic assembly, long-ranged repulsion, misfolded protein, Monte Carlo simulation,

short-ranged attraction

1 | INTRODUCTION

Self-assembled structures at nanometer (nm) length scale are often

formed by amphiphilic macromolecules with hydrophobic parts

exposed to water,[1–3] just opposite to their normal tendencies. Such

self-assembled structures have applications in material science,[4–6]

and biomolecular systems as well.[6–9] Although self-assembly is a

manifestation of balance of competing attractive and repulsive

forces,[10,11] microscopic picture of stabilizing self-assembled struc-

tures in macromolecules with solvent exposed hydrophobic parts, is

yet far from understood.

Amphiphilic biomacromolecules,[12] like proteins have natural ten-

dencies to expose their hydrophilic moieties to water and bury hydro-

phobic moieties to avoid water in native state. Clustering in native

proteins, like lysozyme in aqueous medium[13] has been explained

using colloidal self-assembly where balance is achieved between

short-ranged attraction and long-ranged repulsion (SALR).[10,11] The

short-ranged attraction results from osmotic pressure difference due

to solvent depletion[10,11] and the long-ranged repulsion are electro-

static. Sometimes due to mutation, physiological stress and changes in

physiochemical conditions proteins undergo deviations from native

structures, exposing the hydrophobic parts as well to water.[6,14]

Extended fibril structure of peptide aggregations with exposed hydro-

phobic groups, known as amyloids, has been widely studied due to

their relevance in neurodegenerative diseases.[6–9] Neurotoxicity of

amyloids depends on their sizes: Large amyloids are not

neurotoxic.[6–9] Experimental studies indicate that hydrophobic parts

of the peptides are largely responsible for amyloid formation.[15] How-

ever, the size of amyloids also depends on salt concentration and pH

of the medium.[15,16] These experiments suggest that the competing

forces in these systems are attraction between hydrophobic moieties,

known to lead to hydrophobic collapse[17,18] and electrostatic repul-

sion. The competition is quite complicated in nature as has been rev-

ealed from recent experiments.[19] These experiments report solubility

of amyloids as a function sodium chloride salt concentration has a

minimum at a given temperature, the self-assembled structures being

stable above the solubility line. Colloids[20–24] with attractive patches

on particle surface has been used to model self-assembled structures

of macromolecules with exposed hydrophobic moieties. However,

there has been yet no attempt to the best of our knowledge to
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understand the experimental observations on such systems, like amy-

loids, as balance of forces between hydrophobic and hydrophilic sites.

It is not even clear if such structures are formed in equilibrium or

driven by kinetics.[25]

Solvophobic particles much larger than the solvent molecules have

been considered in the past.[26–30] These particles repel solvent mole-

cules stabilizing vapor phase of low density around them. The vapor

phase grows thicker as the liquid-gas phase coexistence is approached

in subcritical condition.[31] The solvent mediated effective interaction

between two such solutes arises due to difference in Laplace pressure

at the liquid-vapor interface.[32] The attraction can be represented by

a harmonic potential with spring constant[32] �. Physically, harmonic

dependence originates from stability of configuration where solvent

molecules are pushed away by both the solvophobic surfaces. Here

we consider model particles with spherical surface repelling solvent

molecules which mimics exposed hydrophobic groups and a charge

placed at the center to mimic the hydrophilic (charged) sites. In this

qualitative study, we do not explicitly take solvent, rather the solvent

effects are taken implicitly through effective pair potentials between

the model solute particles, routinely done for soft matter sys-

tems.[33,34] The effective harmonic interaction is taken between

solvophobic surfaces. The screened electrostatic repulsion is taken

between the core charges with screening length given by ��1, used

for charge-stabilized colloids.[35–37] Our Monte Carlo simulations

studies coupled with mean field analysis show that finite nm sized

clusters are stable below a threshold value of �, while the system

forms aggregate above the threshold for a given �. The threshold

shows algebraic dependence between � and � with exponent, inde-

pendent of system parameters. The experimental observations are

qualitatively understood from the model.

2 | METHODS

2.1 | Monte-Carlo (MC) simulations of model system

The interaction potential between two solvophobic particles of radius R,

surrounded by vapor of radius �0, has been derived in Chakrabarti and

Dutta.[32] Excluding the linear terms, theeffective interaction,VA(s) =� s2/2R,

so far as the surface-to-surface distance[32] s � 2�0. Here � = 8��[�0/R

� 1] is an effective spring constant where � is surface tension at the gas-

liquid interface of width[32] �0. We take screened electrostatic repulsion

between the core charges, known as Derjaguin-Landau-Verwey-Overbeek

(DLVO) potential[38] with the form, VC(s) = Xe��s/s. The prefactor of the

electrostatic repulsion is considered as X = (Z2e2e2�R/[1 + �R]2)1/4��0� and

� =
P

i z
2
i cie2NA=�0�kBT

� �1=2 is the inverse of Debye screening length.

Here Z is the number of charges present in a model particle, e the

electronic charge, � dielectric constant of solvent, �0 the electric per-

mittivity in vacuum, zi the valence of each type (i) of ion present in the

solution, including contributions from salt as well as from the model

particles, kB the Boltzmann constant, ci the ionic concentration in

mol/L and NA the Avogadro's Number.
P

i
z2

i ci, excluding the particle

charge, gives ionic strength(I). The electrostatic repulsion gets expo-

nentially damped with a length scale ��1.

We consider particle radius as the length unit and energy unit kBTR

at room temperature (TR = 300 K). The MC simulations have been per-

formed in a cubic box of dimension l = 14.0 nm with the periodic

boundary conditions in all three directions. There are N=1000 model

particles of diameter (d = 2R) 1.0 nm and charge 28, typical, for

instance, in proteins in neutral solvent at room temperature. The vol-

ume fraction (volume of a particle times the number density) of the

model particles is 0.15. The particle positions are updated according

to the Metropolis algorithm.[39] The simulations are run for 100 000

MC steps out of which first ~30 000 MC steps are discarded for equil-

ibration, as judged from the potential energy of the system and differ-

ent quantities are averaged for configurations[39] of last 70 000 steps.

Initially we perform simulation for a fixed value of � and �. Then, we

gradually enhance magnitude of �. That certain value of �, for which

all the particles come together to form aggregate is considered thresh-

old value of �, (�th) for that fixed �.

We identify clusters formed by the particles by arbitrarily choos-

ing ith particle and then calculate distance rij for all of jth particles

(i 6… j) with respect to ith particle over equilibrium trajectories, as

detailed in Allen and Tildesley.[39] If rij is less than a certain dis-

tance (rcl = 1.2d) then these jth particles are considered to belong to

the same cluster as the ith[39] particle and total number of particles

belong to that particular cluster gives cluster size, Cs. The process is

repeated for other particles. We calculate number of clusters of differ-

ent sizes in equilibrium configurations to yield distribution of cluster

size P(Cs) and compute the mean value (Cs). We further compute the

structural pair correlation functions[40] (g(r)), which gives the probabil-

ity of finding a neighbor atom around a central atom within a spherical

shell of radii r and r + �r. g(r) is computed by binning the separation

between different pair of particles averaged over equilibrium

configurations.

3 | RESULTS AND DISCUSSION

Since we do not consider explicitly the solvent molecules, we tune

parameters of the effective potential to mimic effects of changing sol-

vent conditions. Let us consider the case of room temperature. Water

at room temperature is in subcritical condition.[41] We take �0/R�

1.27 observed for Lennard-Jones systems in earlier studies in a sub-

critical liquid near phase-existence.[32] Using experimental value[42,43]

of � at room temperature, we obtain that �* = �R2/kBTR = 3.0. We

observe that in presence of solvophobicity-mediated attraction only,

particles tend to form aggregated structure, along with Cs ~ N span-

ning the system. In order to ensure equilibrium of our model system,

we generate Cs for different (14) windows, each consisting of 5000

configurations. We estimate error in the mean cluster size from the

standard deviations of the average cluster sizes over the windows.

We find that for all of the cases, Cs shows similar values within an

error of 1%, indicating equilibrium aggregation in the system. This

aggregation of the order of system size is analogous to hydrophobic

2 of 7 DUTTA ET AL.



collapse[17,18] known in the literature. Similar system spanning clusters

have been reported in SALR colloidal models as well.[44,45]

Next, we consider effect of the electrostatic repulsion which com-

petes with the solvophobic attraction. The harmonic potential will

bring particles close together, but the electrostatic repulsion will take

them apart. The self-assembly is due to balance between these forces.

We increase �* for �*(=3.0) fixed at the room temperature. Experimen-

tally, �* is increased by increasing salt concentration for a fixed tem-

perature, solvent dielectric constant, and charge at the center of the

solute. Some representative cases are shown in Figure 1A-C. P(Cs) has

sharply peaked structures, showing uniformity in size distribution of

clusters. We find that at �* = 3.0, for low �* (= 2.0), P(Cs) is unimodal

(Figure 1A) and Cs ~ 2.0, indicating formation of small clusters. The

error in the mean cluster size is ~1%. If we further increase screening

(�* = 6.0), P(Cs) (Figure 1B) is bimodal with a strong peak around Cs �

100 and a much lower peak around Cs � 800 ~ N. This is indicative of

predominant presence of finite but large clusters at this screening.

The bimodal cluster size distribution gives a larger error (~10%) in the

mean cluster size. Finally, at �* = 13.0, P(Cs) is primarily unimodal

(Figure 1C) with Cs ~ N. Thus, there is a threshold value of �*, �*
th

below which finite clusters are stable, while above this the peak

corresponding to system spanning clusters is stronger than that for

finite clusters.

The pair correlation functions g(r) for different cases are shown in

insets of Figure 1A-C. The g(r) data in inset (a) shows a single strong

peak characteristic of a liquid. However, the g(r) data in insets (b) and

(c) show second peak of almost equal magnitude as the first one in

the presence of clusters, indicating strong correlations persisting up to

second coordination shell in the clusters. However, the correlation

peak decay within a short distance (~4 nm), typical for amorphous

structures. Considering spherical amorphous clusters at mean scaled

density as in our simulation, typical radius of a cluster of 100 particles

is approximately 5 nm. This length is comparable to the decay length

of the correlation.

Earlier[31] studies show that at a given temperature in the subcriti-

cal region, the gas-liquid interface decreases as one moves away from

the gas-liquid phase coexistence line by increasing liquid density. Thus

decrease in �* corresponds to increase in liquid solvent density away

from the gas-liquid phase coexistence at a given subcritical tempera-

ture. We vary �* to mimic the effect of changing solvent density at

room temperature. We show in ln�* vs ln�* plot (Figure 2A), the

regions of stability of finite clusters vis-a-vis aggregations spanning

the system. The �*
th values for different values of �* are shown by the

symbols. The curves joining the lines are the best fits which we call

the aggregation lines. The aggregation line is the boundary between

two different self-assembled structures. Above the lines the particles

form aggregates, while below it the particles form finite clusters. We

find two different regimes of aggregation lines: For lower �*, we find

from the slope of the log-log plot that �*e �*
th

� ��1:5 giving the equation

of the aggregation line. For larger �*, the dependence is much weaker,

the aggregation curve being �*e �*
th

� ��0:2.

We also consider cluster size variation by tuning the electrostatic

repulsion at room temperature upon changing dielectric constant �

and charge of the particles, Z at a given salt concentration, while keep-

ing the hydrophobic part unchanged. Dielectric constant of solvent is

known[46,47] to control self-assembly of charged colloids. Here, we

model different solvent implicitly by changing dielectric constant, �.

We show VC(r) for different values of � and Z in Figure 2B. We

observed that VC(r) is longer ranged for �=60 than that for �=40 for

the same value of Z(=28). The prefactor of the electrostatic repulsion,

X, decreases with increasing �. However, inverse Debye screening

length �* also decreases with increasing � which renders the range of

F I G U RE 1 Probability distribution of cluster size P(Cs) of model
system, in presence of a fixed solvophobicity mediated attraction
(�* = 3.0) and different �*. A, Finite size cluster for �* = 2.0. Inset:
Radial distribution function g(r) vs r plot. B, Coexisting small clusters
and aggregation for �* = 6.0. Inset: g(r) vs r plot. C, Large aggregation
at �* = 13.0. Inset: g(r) vs r plot
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the repulsion longer and outweighs the decrease in X. We observe

(Figure 2C) that for �* = 3.0 the cluster size decreases as we increase �.

The enhancement of electrostatic repulsion, compared to the hydro-

phobicity mediated attraction, VA(s) (inset of Figure 2B) leads to

decrease in cluster size. Similar enhancement in range of electrostatic

repulsion by decreasing charge at the center (Z) (Figure 2B) leads to

decrease in cluster size (inset of Figure 2C). Here also, the increase in

X, is outweighed by increase in the Debye screening length with Z,

leading to decrease in electrostatic potential compared to the hydro-

phobic attraction.

We now turn our attention to temperature dependence of self-

assembly in our model. Since the dielectric constant of a normal liquid

varies inversely with temperature[40] the electrostatic repulsion is not

sensitive to temperature. However, the hydrophobic potential is sen-

sitive to temperature.[32] The width of liquid-vapor interface around a

solvophobic particle increases with temperature in a subcritical sol-

vent due to increasing compressibility.[43,48] On the other hand, the

surface tension decreases with temperature.[42] These two effects

compete so that �* has nonmonotonic dependence on temperature as

shown earlier.[30,32,49] We use known experimental values of surface

tension of water at different temperatures.[42] The experimental

values of isothermal compressibility at different temperatures[43] of

water have been employed to calculate the interfacial width using

relation derived in Meyer et al.[27] Meyer et al.[27] considers Lennard-

Jones fluid, not polar water. However, compressibility is related to

long wavelength fluctuations of density[40] primarily governed by the

positions of the oxygen atoms. Hence, orientation of water molecules

in the solvent would not be important for compressibility. The data in

Figure 2D indicates that for small value of �* (= 2.0), the cluster size

shows nonmonotonic dependence over temperature with maximum

at an intermediate temperature. We also observe that at physiological

temperature (37�C) the cluster size is ~2.0. In the low and high tem-

perature region, the error in mean cluster size is around 1%, while that

in the intermediate region close to maximum cluster size is ~10%.

3.1 | Case of misfolded protein clusters

Since misfolded proteins form an important class of self-assembled

structures with exposed hydrophobic parts,[1–3] it is interesting to

compare our model to the self-assembly of misfolded proteins. The

most important feature of the model is the presence of gas bubble

surrounding the solvophobic particles. Formation of gas bubble[50,51]

has been observed at interface of hydrophobic solid and water. The

solvation behaviors of proteins are complex due to presence of hydro-

philic residues in the vicinity of hydrophobic moieties. We perform full

atomistic molecular dynamics (MD) simulations of polypeptides in sev-

eral functional proteins[52–56] (details of the peptide, simulation proto-

col, and the secondary structures along with root mean squared

deviation plots of the peptides are in Table S1, Supplemental material

and in Figures S1(a)-(j), respectively) having both hydrophobic and

hydrophilic amino acid residues in water in physiological condition to

calculate solvent distribution around different residues. The simula-

tions have been carried out using the Amber99ILDN[57] force field

parameters in the Gromacs package.[58,59]

We compute water distribution around different types of residues

(	(r)) by binning the separation r between oxygen atom of water and

backbone carbon atom of the polypeptide over equilibrated trajecto-

ries. It may be noted that the water distribution about different resi-

dues are resultant of different interactions between water molecules

and the atoms in a residue. Figure 3A shows the distributions around

F I G U R E 2 A, Phase diagram in �* and
�* in plane showing finite size cluster and
large aggregated structure. The solid line

shows �*e �*
th

� ��1:5 dependence, while

dashed line represents �*e �*
th

� ��0:2 for
aggregation threshold. B, VC(r) vs r for
different values of � and Z. Black solid:
�=40, Z = 28, gray solid: �=60 and Z = 28.
Black dashed: �=80, Z = 50 and gray
dashed: �=80, Z = 90. Inset: VA(s) vs s plot
for a fixed value of �* (= 3.0). C, Increase
of Cs with decrease of polarity (�) of the
solvent. Inset: Decrease in cluster size
Cs

� �
with increasing charge of the core

(Z). D, Decrease of Cs with increase of
temperature (T)
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acidic, basic, polar, and hydrophobic residues. The figure indicates that

water distribution is largest around acidic residues and then follows

the basic residues, while polar and nonpolar residues are having water

distribution weaker by about 30% compared to the acidic ones. We

assume that picture of stabilization of low-density water vapor holds

near the hydrophobic residues of polypeptide so that our model can

be applied at least qualitatively. The hydrophobic effects are repre-

sented by a smooth solvent repelling spherical surface. The hydro-

philic charged sites are given by charge at the center of the sphere.

The phase diagram in Figure 2A shows that the aggregates are sta-

ble with increasing �* for a given �*. This is qualitatively consistent

with observations that the stretch of hydrophobic parts of the pep-

tides favors amyloid formation.[15] Fluorescence correlation spectro-

scopic (FCS) studies[15] indicate that size of clusters increases with

increasing ionic strength of the solution by adding NaCl. We find from

our simulation that the cluster size increases monotonically for a fixed

value of �* below �*
th. The lnCs vs lnI* plot in Figure 3B for �* = 3.0

shows Cs ~ (I*)2.3 dependence below �*
th(=13.0) which is in qualitative

agreement with FCS studies.[15] Scattering measurement shows that

salts of divalent metal ions at micromolar concentration[16] leads

�-amyloid to precipitate, forming large sized assembly. This is consis-

tent with our results, for increase in valance of metal ion increases

�*which would result in larger clusters. The variation of pH of the

medium leads to changes in charge state of the residues. FCS stud-

ies[15] also show that increase in residue charges due to decrease in

solution pH leads to smaller clusters. The reduction in cluster size with

increasing Z, observed in our model system, is qualitatively consistent

with these experimental results. The system spanning aggregates will be

insoluble in aqueous phase. The minimum of solubility line in the salt

concentration at a given temperature, reported in Adachi et al.[19] can be

understood from the algebraic dependence of �* on �*
th. The experimen-

tal solubility curve is parabolic in salt concentration at a temperature.

Since �* has a maximum as a function of temperature, the algebraic

dependence implies that there is a maximum in �*
th as well.

3.2 | Mean field theory

We account for the aggregation line from a simple theoretical frame

work. The structural information of thermodynamically stable system

is given by the scattering function[40] s(q). Clustering in a system is

represented by peak at low wave vector (<q0 = 2�/R) of s(q), while for

aggregation the peak shifts to q ! 0 limit. s(q) is connected to of liquid

correlation function,[40] c(q) via s(q) = 1/[1 � 	c(q)] for a system of den-

sity 	. The peak of s(q) corresponds to that of c(q) as well. We examine

the low q peak of c(q) from a mean field treatment. At low density, the

mean field approximation[60] c(q) � � 
u(q), where 
 = 1/kBT and u(q)

is the Fourier Transform of the interaction potential. In the mean field

approximation for our system, c(q) = Celectro(q) + Csolvo(q). Here

Celectro(q) is Fourier Transform of direct correlation function for DLVO

potential and Csolvo(q) is that for solvophobic term. This is valid for

long-ranged electrostatic potential, namely low �. Since, the sol-

vophobicity mediated term operates till s � 2�0, we use mean field

treatment for this term also. As q ! 0 (details in Supplemental Mate-

rial), C(q) � C0 + C2q2. Here C0 =
������
2�

p
�
�=Rð Þ c0f g�4
X

������
2�

p
=�2 ,

where c
0
is function of �0. C2 = (p/�4 � �g), p depends on prefactor of

DLVO potential (X), for a fixed temperature g depends on R and �0.

We find that C(q) has a minimum at q= 0, if C2 > 0 and a maximum

at q= 0, if C2 < 0. Hence, the condition for aggregation is C2 = 0, which

yields that � ~ ��4.0. The mean field analysis reveals that the stability

of the aggregated phase is in qualitative agreement to that obtained

from our numerical simulation for low �*. This is not surprising for the

mean field treatment is valid for longer-ranged potential. This qualita-

tive agreement suggests that the stability of the structures is achieved

in thermodynamic sense. However, in this analysis we overestimate

stability of the aggregated phase which could be due to mean field

nature of the analysis, ignoring fluctuations.

System spanning clusters, similar to our model, have been

observed in SALR models as well.[44,45] The contrasting feature of our

model compared to colloidal SALR models lies in attractive part of

interaction. In SALR models, the short-ranged attraction is due to

depletion of solvent molecules, also known as the Asakura-Oosawa

model depletion.[10,11] To the contrary, the range of attraction in our

model is given by radius of vapor around the particles, and is not nec-

essarily short-ranged, depending on the thermodynamic condition of

the solvent. For instance, the interfacial width of the gas-liquid

F I G U RE 3 A, Distribution functions (	(r)) of water around
hydrophilic and hydrophobic residues of protein, black solid line;
acidic, gray solid line; basic, gray dashed; hydrophobic and black
dashed; polar residues. B, lnCs vs lnI* plot to show cluster size
variation with ionic strength
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interface increases as the gas-liquid phase coexistence is approached,

the width being divergent near gas-liquid critical point.[27] Our model

captures qualitatively the competition between attraction between

hydrophobic parts and electrostatic repulsion in stabilizing self-

assembled structures in macromolecules with exposed hydrophobic

groups. We predict the existence of aggregation line, demarking the

system spanning clusters with finite clusters. System spanning clusters

will be insoluble in aqueous phase. Our prediction can be verified by

extracting cluster size distributions on misfolded proteins, as in

dynamic light scattering experiments.[15]

However, it is important to note the caveats: Most common end

product of misfolded protein aggregation is extended �-amyloid

fibril[61,62] having � sheets parallel to fibril axis. The model ignores shape

anisotropy and inherent roughness of the protein surface. The charge at

the center mimics the charged residues over the protein surface. The

distribution of charged sites over the molecular surface has not been

accounted for. Since the protein is represented by a rigid sphere, the

internal motions including those of the side chains have not been

included as well. The solvent effects are taken through the effective

potentials, not explicitly. Moreover, due to spherical symmetry of the

effective interactions, the clusters are also spherical. These limitations

bound us to compare our results with realistic data only qualitatively.

Quantitative comparison will require including the subtle details in the

model. For instance, ignoring the distribution of charged residues

amounts to neglecting multipole moments of the charge distribution,

which may be important for anisotropic self-assembled structures.

The simple forms of interaction in the model are likely to make it

robust, holding for a large class of systems with exposed hydrophobic

sites. There is algebraic dependence between effective parameters for

the hydrophobic and electrostatic parts, namely, �* and �*
th respec-

tively over the aggregation line. The exponent is independent of sys-

tem details, determined by gross properties, like surface tension,

compressibility, dielectric constant, the Debye screening length and

overall charge on the macromolecule and should hold in general.

4 | CONCLUSIONS

To summarize, our studies describe a model to capture stability of

nm-sized clusters over aggregation in macromolecules with solvent

exposed hydrophobic moieties. The finite clusters are stable below a

threshold value of the inverse Debye screening length and aggregates

are stable above the threshold. The experimental observations on sta-

bility of amyloid clusters are qualitatively explained by this model. Our

model may provide useful guideline to control self-assembled struc-

tures formed by macromolecules with exposed hydrophobic sites.
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